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ABSTRACT

In the present paper the atomic and electron transport property of Na-Pb
zintl alloy have been studied employing Harrison’s first principle
pseudopotential technique. The thermodynamical properties haveal so been
cal culated on the basis of compound formation employing Bhatia-Hargrove
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technique near the melting point. These techniques has been used to com-
pute the thermodynamical mixing properties, partial and total structure
factor, concentration — concentration fluctuation at long wavelength limit
S..(0) and chemical short range order parameter (CSRO) of the alloy. The
results are in good agreement with experiment. Useful information has

been interpreted regarding the nature of this alloy.
© 2016 Trade ScienceInc. - INDIA

INTRODUCTION

Theliquid binary aloysand especially zintl aloys
are subject of investigation, both experimentally and
theoreticdly, duetother interesting physical properties
andimmense practica applicationg"®. It hasbeenwell
known that they show anomalous properties with
respect to composition. A typical exampleistheliquid
akali-group 1V aloy, for which avariety of properties
suggest that compounds form at well defined
compositions. However, in Na-Pb the small hump
suggests the possible existence of an equiatomic
compound besides the octet compound indicated by
the peak. A simple explanation for the shift of the
goichiometryinliquid dkai-group IV dloysisprovided
by the stahility rule proposed by Geertsmaet all” in
termsof theso-caled Zintl iong®. Zintl ionsarereferred
totheionswhich areisoelectronicto Por Asatomsand

hencetend to form tetrahedralike the tetrahedral P,
andAs, moleculesinthe gasphase. According to the
works of Hoshino et a®® and of Lai et a1 the
vaence-electron chargedensity changesdrasticaly in
going from pure metalsto an aloy. Thisredistribution
of valence electronshasbeen shown by Lai et a9 to
be dueto large el ectro negativity difference between
componentsof thedloy. Thetransfer of vdencedectron
charges from more electropositive ions to ions
comparatively more electronegative has found to
sgnificantly affect theHS diameters. Thisleads, eg., to
a strong concentration dependence of the
thermodynamic, el ectroni ¢ transport properties®. The
electrical conductiontheory intheliquid metal using
pseudopotential concept providesan aluring field for
investigating the el ectron transport propertiesof liquid
metals and alloys asthey are used in many fields of
engineering andinmetallurgical processes.
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Similar fitting process and assumption have been
madeal so by Hoshino and Young*? intheir theoretical
study of the entropy of mixing for liquid Na-Pb. In
contrast to the thermodynamic mixing properties, the
theoreticd interpretation of resstivity of Na-Pbdloyis
even morequditative. Matsunagaand Tamaki*¥ have
proposed themodd of multicomponent scatteringwithin
asingle conduction band. In thismodel threekinds of
scattering centers, Na, Pb and NaPb, areassumed to
exigintheliquid satedloy.

Inthispaper, we present Harrison’s first principle
pseudopotential technique (HFPP) to study theatomic
and dectronictrangport propertiesof Na-Pbdloy. Also,
the Bhatia-Hargrove technique has been employed to
study thethermodynamical propertiesof mixing of the
system under study. Thisapproach hasrecently been
gopliedtostudy smilar propertiesof variousliquidaloys
and hasfound to be quite successful™19, The pre peak
present inthepartia structurefactor of unlikeatom pair
signifies that there is a possibility of formation of
compound inthesystem. Hence, it isproposed inthis
work to incorporate the concept of complex formation
inthegtructureof Faber-Ziman’s* formulaasthemost
popular interpretation of anomal ous thermodynamic
dataassumesthe existence of chemica complexes(or
associ ates) with finitetime, although thereisno direct
evidencefor it. However, anindication for such type of
preferential association of the congtituent speciesof the
dloyisfoundinther phasediagramandasointher X-
Ray and neutron diffraction pattern. The computations
have been done for al the properties at 700 K as
experimenta dataof thermodynamical propertiesare
availablefor comparison.,

FORMALISM

Thermodynamical properties

In complex formation, all mixed atomsarenotin
random arrangement. Some of them are randomly
digtributed whileotherscod esceinto smdl groupsbound
by covalent bond. Hence liquid metal binary aloy
becomesaternary system consisting of free constituent
ions of the component metalsand chemical complex.
Complex formation mode 14161924 gssumestheliquid
binary aloy A— B as a ternary mixture consisting of
free atoms A, free atoms B and their preferentia

association, referred as chemical complex A, B,

(A=Na, B=Pb, u=4 and v=1). Thecomplex formation
iscal culated through the minimization of the Gibb’s

function G,, expressedas
Gy =-nz0+ RTini(lnni—lnn)+ZZ%Wij €]
i=1 i
HereW; (i, j =1,2,3) aretheinteraction energies, R

iIsthe molar gas constant and nisthetotal number of
atomsinthe case of compound formation.

Theequilibriumvauesof thechemica complex n, may
be obtained through the condition
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The eguation can be solved numerically to obtain
theequilibriumvaueof n,. Thework hasbeeninitiated

considering the chemica complex Na,Pb in Na-Pb
aloy. Theinteraction energiasV\/ij and g have been
computed onthebasisof proceduresuggested by Bhatia
and Hargrove[19]. Thevaueof g hasbeentakennearly

equal to — (i +v)G,, asastarting point andthenthe

interaction energies W,,, W,, and W,, have been
adjusted to get the concentration dependent free energy
of mixing G, through equtions (1) and (2). Theprocess
has been repeated for different setsof energy parameters
until agoodfit for G,, isobtained. It may however be
noted that once the energy parameters have been
s ected, they remainthesamefor al mixing. Thisgives
the number of complexes n, with respect to
concentrations at equilibrium and also the Gibb’s

function. The computed values have been shownin
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Figurel aongwiththeexperimenta vauesof Hultgren
et al."®. Oncetheexpressionfor G, isobtained, other
thermodynamic functionslike heet of formationH,, and
entropy of mixing §,, whicharerelatedto G, through
standard thermodynamic relation followsreadily as

oG
Hy =G —T( M J
Mo T )ion )

Hy -G
Su =(H} (©)

Thehesat of mixingand entropy of mixing havebeen
computed through equations (5) and (6) respectively,
and are presented in Figure 2 along with their
experimental valuesasobtained by Hultgrenet al. [ 18].

Electrical resistivity

Theresultsof electrica resistivitiesasfunction of
composition of the constituent species of the alloy
depend on the computed va ues of equilibrium vaues

0.2 =

n

—= Fuyll Paper

of thechemical complex (n,), formfactors (vvij(k,q))
and partial structurefactors(S,(k) and S”.(k)). Hence
anaysisof theresultsof electrical resistivities needs
analysis of these parameters. The computation of
electrical resistivity of ternary systemsrequirethree
scattering potentia s(form-factors) corresponding to two
component metalsand chemical complex anddsosix
partid structurefactors. Themode parametersobtained
by Eseand Reisdand, 1973 asshownin TABLE 1
has been used to determinetheform-factors.

Theliquid eectrica resistivity of binary dloysis
computed through the well-known Faber—Ziman
formalism. The commoningredient form factor w(k,q)
have been obtai ned through model potentid represented
by

W, =-Aforr=r_

N

=——forr>r

m
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Figurel: Thevariation of Gibb’sfreeenergy of mixing asafunction of composition
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Figure2: Thevariation of heat of mixing and entr opy of mixing and entr opy of mixing asafunction of composition

and thelocd unscreened form factor isgiven by
of\_) | 4nZ ) | 4nZ
W (CI)—{ [Qoqz]cosqrm} { [Qoqz]

(sinary, —ary, cosary, )} @

where, r_isthemodel radius, Z thevalence, Athemodel
parameter, Q, theatomic volumeand qthe phonon
wavevector. Themodd parameter iseva uated through
the usual procedure of matching the logarithmic
derivative of inner and outer wave functions. The
Vasishtha-Singwi (V-S)24 form of exchange-
correl ation has been used to obtain the screened local
formfactor givenby

_W°(q)
W(q)= )

where £ (q) isthemodified Hartree diel ectric function.
Theliquiddectrica resdivity of thebinary dloyisgiven
by

p=(:TuZI%J<F1(Q)+ F>(a)) ®
where

(Fi(@) = 4f e (k. 0)5, )+ c,2lk, )5, (k)
+2(c,6, ) 2w (k,q)w, (k,0)S, (Kl °dr

(F (@) = 4] ek, )8 (K)+

‘ 2((:2(:3 )}é W, (k 1q)W3 (k J q)%z (k)

+ 2(C1C3 )}/2 Wl(k , Q)Ws (k , q)Ss,l(k)]U3d77

where 17 = %kp :
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Here, SK) and w,(k,q) withi =1, 2, 3 respectively
represent the partial structure factors and non-local
screened form factors of the constituent elementsand
chemical complex.

The values of screened form factor w(k,g) asa
function of compositionshave been obtained using the
energy dependent non-loca optimized mode potentia
of Shaw!®! becauseit has proved very successful inthe
study of dectronictransport propertiesof liquid metas.
The screened non-local pseudo-potential matrix
elements can beexpressed as

wi(k,q)=fi(,q)+
with

G(a

megt-ch el o

leqk +q|r)xj,(|k|)‘2dr (10)

j; (x) arespherical Bessd functionsand R, (Cos8)
are Legendre’s polynomials, g(q) is the non-local
screening contribution given by
6,(0)= 5 | hk.a)

d3k
rczqza(q)KSKF K? -k +q\2

lo Ke
P = 42 20 +1) Ikzko.j, Kr(SSAE ]rzdr )
20

where, kisthee ectron wavevector, p; isthedepletion

holewhich hasbeen determined following the procedure
of®l and | is the highest angular momentum to be
model ed. For agiven angular momentum, the energy
dependent model parameters A, have been determined
by matching thelogarithmic derivative of wavefunction
at theboundary for differentionictermvalueswhichin
turnyield crystal parametersat E=E..

Thedectrical resigtivity hasbeen calculated onthe
assumptionthat 2n_valencedectronscontributetothe
formation of the chemical complex and therefore are
localizedinit. Thenumber of conduction electronsn_

—= Fuyll Paper
movinginthedloy volumeisgiven by

n. =[c,2, +¢,Z,JN-2n_

and the mean number of valenceectronsper atomis

Zs =[ 141

<. - (37?223 j%
Q

Sructurefactor

Thepurpose of the present study of partial and total
structurefactorsof liquid dloy indetail throughout the
whole composition range is two fold: (a) to know
whether the hard spheremode predictsthecorrect total
structure factors which is essential to ascertain the
correctness of the present approach and (b) to know
towhat extent the partia structurefactorsaresuitable
for predicting the correct electrical resistivity. The
experimental dataof partial and tota structurefactors
of compound forming binary dloysarenot availableat
different compositions; also they have insufficient
accuracy. Thusonehasto divulgeinto computational
effort and thisis achieved through the hard sphere
reference system, obtai ning the sol utions of Percus-
Yevik equation for m-component hard sphere
mixture??1, Thetotd structurefactor Sk) isgiven by

Sk)=¢;Su(k)+c,Sp(K)+
2cic, )% Siz (k )

+ 2(‘3103)}/2 Sis(k)+ 2(0203)% Slk) (12)
where S, (k) and S (k) arethepartia structurefactors,
¢ Saretheconcentrationfractionsof thethree scattering

AB, (A=Na B=Pb, u=4 and
v =1). Herekisthewavevector.

These computations need two ingredients namely
hard sphere diameters o; and packing fraction n
related by
n= ”(GQ)_lzCi Gis
Here, ¢ arethe concentrationsof thespeciesand ¢) is
thevolumeof thealloy.

The hard sphere diameters o, and &, are

centers A, B,
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calculated by matching thefirst peak of the structure
factors of the constituent elements at their melting
temperature. They have been assumed to be

independent of temperatureand o, havebeen taken

as8.2nmfor Na-Pb alloy. Thevaluesof hard sphere
diameter of Na-Pb dloy hasbeentabulatedin TABLE
2. Thenumber of complexesn, inconjunctionwiththe
hard spherediameters are used to computethe partial
and total structurefactors.

TABLE 1: Model crystal parameters* (a.u.=2ryd.) and
their derivativesat Fermi ener gy

5a,/ oa
2 86O/aE e J5E

Metal dg a,

Na 0312 0357 -0.187 -0.117
Pb 193 20 138 -044 -0.20 0.28
Complex**
Na;Pb 2242 2357 -0.34 -0.14

*Ese and Reissland (1973)

TABLE 2: Hard spherediameters (a.u.) of Naand Pb in
Na,Pb alloys o, =8.2, Temp = 700K

Volume

Conc. of Na

Cha Q Ona Opo
1.0 277.2 6.15

0.8 220.2 6.140 5.36
0.6 218.3 6.128 5.425
0.5 218.1 6.115 5.568
0.4 218.0 6.110 5.580
0.2 217.9 6.097 5.596
0.0 217.72 5.530

Diffusion

Theavalablediffusondatainliquidadloysaredivided
into two groups: oneis concerned with self-diffusion
coefficient, used to describe diffusion of radioactive
tracer alomsin liquidswith uniform composition, and
the other isduetointerdiffusion coefficient whichis
cdledfor indiffusion experimentsassociated with non-
uniform composition. For abinary system of constant
molar volume Darken, 194828 showed that the
interdiffusion coefficient may berepresented as

dinf,
dinc,

Dy, = (Cle + ClDz{lJr (13)

wheref istheactivity coefficientof 1, D, and D, are
the sdlf diffus on coefficientsof thecomponents 1 and

2. Thevariationintheterm (c,D, +¢,D, ) accounts

for two-thirdsof thetotal variation of theinterdiffusion

coefficient with composition.

Concentration —Concentration Fluctuation, S, (0)
The stability and microscopic structuresof binary

aloysmay be studied through theeva uation of Bhatia-
Thornton partid Sructurefactorsfor thelongwavdength

limit g — 0. Thishasbeen termed as concentration-

concentration structure factors S_ (k) related to
Ashcroft—Langreth structure factors S”.(k) as

Scek)=cic, [02511 (k) +c,S(K) - 2cyc, )% Sy, (k )] (14)
Theided vaue S (0) isgivenby

S€c(0)=dl1-c)=c;c, (16)
and the actua S_(0) isgiven by complex formation
model as
3. n2 2 oY we

sl B ()

ij= ! i<j
where
<] 7
where aprime denotes differentiation with respect to
¢,. Onthe other hand, Scc(0) computed through the
experimental Gibb’s free energy of mixing are termed
asexperimenta Scc(0), obtained through

2 -1 -1
Scc(o):NkBT 0Cu :(1_C)aA[%j
ac? . oc

T,P,.N
T,P.N
where
a, =a, +a,C+a,c* +.... +a,,c"
a, =b, +bc+b,c® +......... +b,,c*°

Here, a, and a, are activity of the first and second
constituent metals. At temperature above Debye
temperature and in thelong wavelength limit S (0)
representsthe mean square therma fluctuationsinthe
particle. The long wavelength limit (S..(0)) of the
concentration—concentration structure factort®¥ isof
considerable importance®? to study the nature of
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aomicorderinbinary liquiddloys. Thebas cadvantage
of Scc(0) isthat one can determineit making useof the
thermodynamic relations. Thelast two equditiesof EQ.
(18) can be used directly to compute S.(0) from
observed numerical data. Thisis usually known as
experimental valuesof §_(0). Itispossibletousethe
variationof S (0) with concentration to understand the
nature of atomic order inliquid alloys. Basically, the
deviation of thisquantity fromitsideal valuesgiven

by S (0)=c,c,, is significant in explaining the
interaction between the components of the binary

mixture. Thebasicinferenceisthat S..(0) < S (0)

impliesatendency for hetero-coordination (preference
of unlikeatomsto pair as nearest neighbours), while

Sec(0)>S%.(0) implies homocoordination
(preferenceof likeatoms as nearest neighbours). For a
demixingsystem, S...(0) >> S%(0). Theexperimentd
determination of S, (0) from diffraction experimentsis

quite complicated; however, it can be calculated from
the measured activity data.

Chemical short rangeorder (CSRO) Parameter,

oC

The CSRO is yet another important parameter
proposed by Warren® and Cowley™!. Singh and his

coworkers®* have linked S_(0) for g — 0 to the
CSRO parameter ¢ through

(A'B)I,m,n =C(1_a‘l,m,n) (15)
where 1, m, n are the coordinates of the nearest
neighbour of atom A or B. (A,B), . = denotes the
probability of finding A atom at theatomicstel,m, nas
a nearest neighbour of a given B atom. In order to
measure the degree of order in the liquid alloy, the
Warren—-Cowley short range order parameter®3" ¢
can be computed. Experimentally, thevaue of «can
be determined from the knowledge of the
concentrati on—concentration structure factor and the
number—-number structure factors. However, in most
diffraction experiments, these quantities are not
measurable. On the other hand, o can be estimated
from the knowledge of S_.(0). Knowledge of «
providesanimmediateinsght intothenatureof theloca
arrangement of atoms in the mixture. ¢ =0

—= Fuyll Paper

correspondsto arandomdistribution, ¢ < 0 refersto
unlike atoms pairing as nearest neighbour, whereas
a > 0 correspondsto like atoms pairing in thefirst
coordination shell. From a simple probabilistic
approach, one can show that thelimitingvaluesof «

lieintherange

—-C 1
(1_C)Saéll CSE and
_(l_C)ZazL c>1

c 2

For equiatomic composition the aboverelations
simply reducesto
-1<a<+1

Theminimum possiblevalueof ¢ isg™r = _1,
which impliescomplete ordering of unlikeatomsas
nearest neighbour. On the other hand, the maximum

value 5™ — ;1 impliestotal segregation leading to
phase separation.

RESULTSAND DISCUSSION

Thermodynamic propertiesof mixing

Theinteraction energiesobta ned through themodel
aeW,=-3.89, W, =-28 W, =-35andg=3.6
at 700K (intermsof RT). On experimental groundsa
higher vaueof g> 3.5 suggeststhat Na-Pbisastrongly
interacting systeminthelight of formation energy gand
it comesinthe category of theHg-Na, Hg—K, T1-Te,
Mg-Bi, etc., for which the formation energies are much
largeri.e., 8.294, 9.965, 10.84, 16.7 respectively in
contragt tothelight interacting sysemslikeMg-Sn, Ag—
Al and Cu-Sn systems. Further, we observe that the all
theinteraction energiesarerepulsiveinnature. Thisalso
supportsthestrongly interacting nature of Na-Pb aloy.

Thevariationsof computed va uesof Gibb’s function
dongwithther experimenta vauesand theequilibrium
vauesn, of the complex asafunction of composition
of the congtituent speciesof thealoy have been shown
inFgure 1. Thegraphof G, isinfairly good agreement
with experiment. Also we observe that G, is
symmetrical for Na-Pb contrary to Al-Ca, Ca—Mg,
Mg-Zn and Cu—Mg, etc.

A perusal of Figure 2 representing the heat of
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formation (H,,) and entropy of mixing (S,) of Na-Pb
aloyfor variouscompositionsat 700K along withthe
experimental dataof Hultgren et al. revea sthat both
heat of mixing and entropy of mixing are in good
agreement with the experimenta ones.

Electrical resistivity

The computed valuesof electrical resistivity have
been showninFigure 3. Theelectrica resigtivity of the
systemisfound to beasymmetric. No anomaousvaue
isobtai ned & any concentration. Thecontributionsfrom
complex have been found quite asymmetric having a
sharp peak.

Sructurefactor

InFigure4 (a), the Partid Structure Factors (PSFs)
of Na-Pb alloy has been drawn. In Figure 4 (b), the
Total Structure Factor (TSF) of Na-Pb alloy is
represented. It can berevealed from Figure4 (a) that
S, (K) remains positive throughout the rangewhiIeS”.
(K) hasboth positive and negative values.

Itisfoundin Fgure4 (b), that thereislaterad shifting
of main peak of the TSF towards higher k with the
amount of doping of Pb atoms. Thisfeature may be
attributed to chargetransfer taking placeinthe system.
The transition from metallic to ionic regime is
accompanied by acons derablevolumecontraction[39]
dueto shorter interatomic distances, whichisreflected
by the shift of the principal peak of S(k) and of the
dispersion minimum to larger k. Formation of strong
Na-Pb bondsa so causesashift of thedispersion, till
dominated by the Na-Na correl ations, towards higher
frequencies.

It should be mentioned that, the TSF, S(k) shows
the behaviour of random mixing without asub-pesk or
asymmetry of thefirst pesk and showsthebehaviour of
compound forming with a sub-peak below the first
peak ), Thepartid structurefactorsof unlikeatom pairs
havemaxima, whichliesin betweenthoseof like pair of
atomsin caseof random mixing. Ontheother hand, in
compound forming alloysthe partial structurefactor of

i R(pQcm)
500 O Van der Mareletal, k6 1
400 - N
0]
—~ 300 -+
g 0
[
c 0
= 200
@]
a -
(8]
100 S -
0 - T T T T T T T T 1
0.0 0.2 0.4 0.8 0.8 1.0

(Pb

Figure3: Variation of resistivity with respect to concentration
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unlike atom pairshave avery sharp peak with asub-
peak below the main peak which can alsobeseenin
thefigure. Variousalloysa so show their behaviour in
between thesetwo types. Negative peak in thelower
region of k/k_indicates preferencefor unlike nearest
neighbours. The humpsinthelower k regionsaredue
to short-rangeorder (SRO) with preferencefor unlike
nearest neighbours*y. Positiveva uesof partia structure
factorsimply that therepul S ve core part of theeffective
interionic potential isdominating whereasthenegative
valuesimply that the dominating part isattractivein
nature.

Diffuson

Thereareafew sysemsfor whichaninterdiffusion
coefficient has been determined as a function of
composition. Such ca culaionsmight beof interest for
compound-forming systems, since the existence of
‘molecules’, even of a transient nature, would surely

—= Full Paper
impedediffusion. It isfound that aslong astheterm
(c,D, +¢,D, ) variesmonotonously with composition
an dloy exhibiting anegative deviationfrom Raoult’s
law should haveamaximuminthereationship between
diffusion coefficient and composition. Smilarly, aloys
with positive deviations from Raoult’s law can be
expected to exhibit aminimum, whilethosewithidesl
behaviour should show monotonous concentration
dependence. Figure 5 represents the composition
dependenceof interdiffusion coefficient of Na-Pb aloy.
Itisinferred from thefigurethat Na-Pb alloy shows
negativedeviationfrom Raoult’s law.

Concentration — Concentration Fluctuation and
CSRO

The computed CSRO ispresented in Figure 6 for
perusal. From Figure 6, we observethat for Na-Pb we

get S..(0)< S (0) for &l concentrations, while ¢ is

S 11 ( K )
______ S,,(K)
1.6 = g=9.24 e S,,(K)
C szo'i —O=S , (K)
1 ~#-S (K)
1.2 - -
______ e -
~ 0.84 4
o £
i !
sl I
Jd -
/ O
0.4 - I3
0.0 by ———
d Eew ¥
— i CJI_.J \\. {_:'
e . \ /
- P
-0.8 -

Figure4: Partial structurefactorsof liquid Na,Pb alloy
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Figure5: Composition dependence of inter diffusion coefficient
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Figure6: Concentration dependenceof S__ (0) and CSRO

throughout negative. Thetheoretical andidea dataof
S,.(0) areingood agreement.

CONCLUSIONS

The pre peaks in liquid aloys result from the
formation of compounds or complexes. Thisis
certainly suggestivefor describing energetically
favorableconfiguration of ionsinliquid dloys.

. The Faber-Ziman formula in conjunction with
complex formation model (CFM) has been
considered to determine the concentration
dependent e ectricd resigtivity of liquid Na-Poaloy.
. Thedectrica resistivity hasbeen calculated onthe
assumptionthat 2n_vaenceelectronscontributeto
theformation of thechemicd complex andtherefore
locdizedinit.

. Substantial effect of equilibrium valuesn, of the
complex onthestructurefactorsof liquid Na-Pb

dloy hasbeenfound. Theposition of thepesk vaues
has been found shifted towards the longer
wavelengthsidewiththeincreaseinthevaueof n,.

. Thesub peak prior tofirst distinct peak inthe PSF

of like as well unlike atom pairs indicates the
formation of compound in thissystem.
Thechargetransfer takesplaceinthesystem when
thePbisaddedtoliquid Naasevident from Figure
4 (b).

. The composition dependence of interdiffusion

coefficient reveal sthat the alloy shows negative
deviationfrom Raoult’s law.

. Thetwinheaded pesk foundin S, (K) signifiesthe

existence of someshort-range order between like
atoms.
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