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The study of electrical resistivity of simple binary liquid alloy Na—K is presented as a function of concentration.

Hard sphere diameters of sodium (Na) and potassium (K) are obtained through the inter ionic pair potentials

evaluated using Troullier and Martins ab-initio pseudopotentials, which have been used to calculate partial

structure factors S(q). The Ziman formula for calculating resistivity of binary liquid alloys has been used. Form

factors are calculated using ab-initio pseudopotentials. The results suggest that the first principle approach for

calculating pseudopotentials with in the frame work of Ziman formalism is quite successful in explaining the

electrical resistivity data of compound forming binary liquid alloys.

PACS: 61.25.Mv, 71.15. Hx

The most popular method for study of electrical
resistivity of liquid metals and their alloys is electrical
conduction theory developed by Faber and Ziman!"2]
using the concept of model pseudopotential. This
concept of pseudopotential for calculating various dy-
namic properties of metallic systems has been ex-
tremely useful over the last three decades.>~% How-
ever, this approach has not been found adequate to
explain anomalous electrical properties of many lig-
uid alloys at a specific composition.

More recently, the construction of pseudopoten-
tials has been shifted from modelling to the ab-
initio construction of pseudopotentials. Problem with
model pseudopotentials is of their transferability. Be-
cause sometimes with change of environment, change
of parameters are also required to obtain good agree-
ment with experimental results. Ab-initio pseudopo-
tentials are free from this defect. Moreover, ab-initio
methods provide a lot of information about electronic,
static and dynamic properties,® which enables us to
have a comparison with experimental results.

The success of the computational efforts required
to calculate the properties of complex crystals and
liquids lies with the improvement of computational
methods for the electronic structure calculations. In
order to obtain reliable results, this effort is of utmost
importance in spite of advances in computer tech-
nology. In ab-initio pseudopotentials the core elec-
tron wavefunctions of an atom remain essentially un-
changed when placed into different chemical environ-
ments and since the core wavefunction’s only major
contribution to chemical bonding is to enforce the va-
lence wavefunction’s orthogonality to the core states,
the true atomic potential can justifiably be replaced
by a pseudopotential that effectively reproduces the
effects of the core electrons. While calculating the ab-

* Email: anil t2001@yahoo.com
(©2005 Chinese Physical Society and IOP Publishing Ltd

initio pseudopotential the main objective is to produce
a pseudopotential that reproduces adequately the all
electron behaviour outside the core region when placed
in different chemical environment and should still be
computationally efficient one.

There are many such pseudopotentials which sat-
isfy the above criteria. One such example is the all-
electron potential, i.e. a pseudopotential which is not
pseudized at all. Thus the essence of the pseudopo-
tential must lie in its computational efficiency and
accuracy. A known aspect of the pseudopotential is
that it gives nodeless pseudo wavefunctions for va-
lence states. By removal the nodes of wavefunctions,
we have a lower kinetic energy and a weaker poten-
tial, therefore a faster convergence. There are dif-
ferent types of pseudopotentials available to optimize
the convergence: ab-initio pseudopotentials, empiri-
cal pseudopotential and model pseudopotentials. The
ab-initio pseudopotential represents the start-of-art.

In the present work, ab-initio pseudopotentials
have been applied to hard sphere diameters as a func-
tion of concentration by minimizing the interionic pair
potentials in the determination of partial structure
factors. Then in order to see the concentration de-
pendence of observed electrical resistivity these par-
tial structure factors have been used to calculate the
of electrical resistivity of simple liquid alloy Na-K.
As compared to the other simple binary liquid al-
loys, Na—K with weak scattering potentials gives ex-
cellent agreement with experiment using Ziman’s for-
mula. For other alkali metals the structure factor S(q)
data are less reliable.”) Moreover, Na and K are s — p
bonded metals and therefore ab-initio pseudopoten-
tials can be easily used to calculate the interionic pair
potentials.

An important application of pseudopotentials is
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the calculation of transport properties of disordered
materials such as liquid or amorphous metals and al-
loys. Electrical resistivity of binary liquid alloys has
been explained in detail by Faber and Ziman. We give
here only the essentials of the Faber—Ziman theory.
Further details can be found in Refs.[1,2]. Atomic
units with A =1, h/(me?) = a, = 1 and m = 1/2 are
used throughout.

Liquid binary alloy requires three partial struc-
ture factors for the calculation of electrical resistiv-
ity. Hoshino[®° using Hiroike’sl?! solution of the
Percus—Yevic equation has derived expressions for an
m-component hard sphere system. We have calculated
partial structure factors using Hoshino’s expressions:

For the m-component hard-sphere mixture model,
diameters are taken as o; < 02 < 03— < 0., and hard
sphere ratio is given by v;; = ~%. The 2m — 1 param-
eters which describe the hard sphere system involve
xi:nl Z‘Y,ni:%andzizlxizland
packing fraction n; = %niaf’ satisfying n = >_1" | m;

where n=

To calculate the partial structure factors for binary
alloy, we use the hard sphere mixture matrix given by

S11(k)
Sa1 (k)

S(k) = ilj((:))) . (1)

In order to calculate hard sphere diameters, inte-
rionic pair potential can be used by generalizing
Harrison’s[!! approach of pair-wise potential between

the metallic ions.

The pair potential has the familiar form of the
screened Coulomb potential

Z*Z*
‘/Zj: 1__/

where Z7 and Z;[lz_l‘l] are effective valences and

28],

FZJJV (¢) is a normalized energy wave number depen-
dent characteristic that contains total band-structure
effects in the alloy using the self-consistent electron
screening. In many cases, especially for non-local
pseudopotentials valence, Z is replaced by effective va-
lence Z*. We note that when a non-local pseudopoten-
tial is used, the calculation of F¥(q) and Z* requires
the self-consistent solution of a system of coupled non-
linear equations.!'?! The effective valence charges zr
and Z7 are given in the form Z7Z} = Z;Z; — 71'7]‘,
where Z is the true valence and Z is the depletion
hole charge that originates from orthogonality condi-
tion between valence and core electron wavefunctions.
Fijj\-r(q) is given by

Fl(q)=- (%?Z]_)Fij(% (3)

where F;;(q) in the general case is given by

0 e(g)—1 1
Py = (%) [m@uso) "o ],

(4)
Here the quantities w;(q) and w;(g) are the Fourier
transforms of self consistent bare ion (unscreened)
atomic pseudopotentials for metallic component of al-
loy, obtained by using generalized the first princi-
ple pseudopotential theory. We have used Troullier
and Martins (TM)[H’] unscreened pseudopotentials.
In the present work, a semi-local form of pseudopo-
tentials have been used to calculate pair potentials
which relies essentially on a single reference level for
each [ component. With ab-initio pseudopotentials
there is no effective charge and contribution of ef-
fective valence charge can be ignored. Here G(q) is
the exchange-correlation functional of Vashishta and
Singwi,[1] €*(g) is a modified Hartree dielectric func-
tion. 2 = Ligear = (1 — c2)21 + c2825 with ¢y being
the concentration of the second component in the al-
loy, and £2; and {2, are the atomic volumes of the pure
elements. In the present work, §2; and {25 are atomic
volumes of the pure elements taken from the density
data.® The hard sphere diameters are determined us-

ing the relation V;;(0;) = Viin + gKBT at tempera-
ture T' = 373 K for NaK alloy. Here V,,;, is the first
minimum in the interionic pair potential. Pair poten-
tials have been calculated by Eq.(2) using ab-initio
pseudopotentials.

The Faber—Ziman formula for electrical resistivity
of a binary alloy can be written as

3r 402 !
:%W/ [Clv12(‘I)511(Q)

)+ 24/ C1C2Vi(gq
d(q/QkF)a

hk
where Vg = (—F> is the Fermi velocity and krp =
m

+ 02V (q)Sa2(q

- (q/2kp)?

q)S12(q)

(37r2Zs

1/3
) is the Fermi wave vector. Z, is the mean

number of valence electrons per atom and is given by
Zs = [(1 — C)Zl + CZQ] — 27’L3,

where C1,Cs, and C5 are fractions of concentration
of the elements and the alloy. Vi(¢) and Va(q) are
the non-local screened pseudopotentials for the com-
ponents of binary alloy.

For the calculation of ab-initio screened pseudopo-
tentials we have used the Troullier and Martins (TM)
method, because this method produces computation-
ally efficient pseudopotentials with a plane-wave basis
set. There is also no problem of transferability as com-
pared to traditionally used model pseudopotentials.
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TM pseudopotentials have proved their applicability
with the calculations of systems of a larger number of
elements in the periodic table in contrast to other ab-
initio pseudopotentials like that of Bachelet et al..l'”]
In the present work we have used the fhi98PPI[8]
code to generate TM ab-initio pseudopotentials. First
the ab-initio pseudopotentials are constructed by all-
electron calculation of free atom in a reference config-
uration and then the method of Troullier and Martins
has been used to construct the screened pseudopoten-
tials.

Table 1. Electronic configuration for constructing ab-initio
pseudopotentials.
Metal  Electronic configuration
Na 351.03p0.253d0.25
K 481'04p0'04d0'0
Table 2. Pseudo-core radii for constructing ab-initio pseudopo-
tentials.
Metal  Core Radii (a.u.)
Na re(s,p,d) = (2.4,2.4,2.4)
K re(s,p,d) = (3.1,3.1,3.7)
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Fig. 1. Fourier transform of screened form factor for Na,
K, and their alloy.

In the formulation of present work only one pseu-
dopotential per atom has been used and pseudopoten-
tials for angular momentum [ = 1 have been calculated
for both Na and K. Here general rulel'] has been ap-
plied that if atoms have states up to [ = [, in the core
then we need a pseudopotential up to angular momen-
tum [ > [, + 1. Angular momentum [ > [.+ 1 will feel
the same potential as [ = [.+1, because for all of them
there is no orthogonality to core states. As a conse-
quence, the pseudopotential should have projections
on angular momentum up to l., and [ = [, + 1 should
be a reference state for plane wave (PW) calculations.
This rule, though not very strict, has been found to
be very useful. In the present work, according to the
configuration used for Na and K (Table 1) [, is = 0
for both Na and K. Therefore, pseudopotentials can

be calculated for .+ 1, i.e. [ = 1. Also, to have good
a pseudopotential it should yield satisfactory results
over a range of atomic environments, which is essen-
tial for ensuring transferability. Although thorough
tests of transferability are complicated, in a simple
way the same pseudopotential to calculate the eigen-
values and wavefunctions of several atomic configura-
tion have been used. Pseudopotentials have been de-
termined from the ground state atomic configuration
and then used to calculate the eigenvalues of excited
states. Transferability has been checked by compar-
ing the obtained eigenvalues and wavefunctions with
all electron calculations. The calculated values of elec-
trical resistivity of Na—K alloy are shown in Fig. 2. as
a function of percentage concentration along with the
[20]' Calculated values agree rea-
sonably both in magnitude and gradient. The good
agreement is indicative of the free electron behaviour

experimental results.

of this alloy. For the calculation of electrical resis-
tivity, screened pseudopotentials have been shown in
Fig. 1, which shows that the form factors in the alloy
state have been found more negative than the form
factors of constituent metals.
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Fig. 2. Electrical Resistivity of Na—K alloy as a function
of concentration.

Electronic configurations along with the core radii
of Na and K are listed in Tables 1 and 2, respectively.
In most cases, atomic ground states work very well for
the occupied atomic orbital. However, a specific way
for the configuration to resemble the solid state can
be used if it does not change the result much. As in
the present work the electronic configuration of Na is
taken as shown in Table 1.

that the calculated elec-
trical resistivity varies smoothly with the concentra-
tion of each constituent and well defined “electrical
resistivity surface” pattern of continuity is followed.

It is clear from Fig.2.
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These results suggest that the Ziman formalism when
used with ab-initio pseudopotentials is successful in
explaining the electrical resistivity of simple binary
liquid alloys.
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