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l, lnlroduclion

lhc clcnlcrlls il the -ld lrallsition mrlals serics nalnel)'1llc (llr

rnd Zn hare conplctel,r llllecl tl- bands along nith 1iLlcd s

ban.ls c\ccpl ( LL 1b11oning thc Ar-base.l clcclronic slluclure
lheil physical pr-op.11ics ale grciLti)'inllrtclcc,:l b) thr: slrong

rl ban.l scallcli)rg ol lia sd ttansrtiort or-sd hlbridlzetloti. For

thls basic rci{son. thcsc clements ar'c kno* tr ls tt ansillon
ructaLs. lLrey rrc 0lso kno\\n as polyvalctit liclLrid rrttals. A
.roDrflclr d.scription ol lhcsc clcmcllial s) stenrs clllails a

iro(lcl 1o lacklc into !ecolLnl both sp-anc1 d'batd cliccts in thc

Lntclionic interacllo]ls. I-rclLrid slata sll'Llcttlrcs o1 thc ilbo\c
llansltlo]r nlclals rtsiug a simple ellacti\c l)alll irltt-r'acliorr ill
.oircurrcncc *'ith thc lincalisccl \\ .'cks ( hlutllcr' .\n,:lcrsen

I\\r \r l r'n I|rlr'!lrrr.r'l: i"r Ir., r 'l ,.r I Lr

iracn prcscrll(rd.

\ nroclci pscrrdoprttenhal uas proposcd b)' Brltollnct and

:rlbc|t (13S) t' to dcsclibc c1'1Lc1tve intcrionic inlcractions.

:.r'rnlLlill'. ltl liqLrid transition mclirls l'his model trcats orbital
... lncl cl bands s.paratel)'' \\ilhin the prcsuDled cllccli\e palr
-,)Lcrlial lbl l lisnr. l hc sp-balld is erliclt]ate cl \ 14 thc empty

-Lrrc nrorlel. thc d beld colltribut()n is lcsLtlliug liolll the d

' r'r'l .\'.rll(lllr- I'r' .. .l ll \r .t' .t ,, I r' - .l'r"rill
r.ploach rvilhin lhc colc rcgion Ihc teslrltatit model

- . JLr(lopotcnlial Lhlls takes a simplc locill lbt tu n lrich ts citsl' to
,rdlc compulxtionalll N4oteorcr'. thc local lbrnl allows ollc

Joclop this rnodcl to othc. licluid mctals 1br *hiclr thc

:-its of scl h-vbridLZalrcn are sigliflcanl. Sonre prcliolts
rks ill coLrculrcncc rrith lhe tlict rnod ltanlicalll selt'

i.i:,1.u1 \'\lllNI intcgral eciuatio]r tlleor.v br- Llhtti)'all et al

-:rrorLra.gcd ma 1o inrcsligrlc ol slalic strLlclLLres o1 licluld

rn,:1 ln by l.\V('A licluid slale lheorv lirt thtch
'-lm.ntal s(q) data rrc arailablc in rcl. L'l ihc problcru

:.rck1cd by \'\4llN(' theory. but tlic pre!cnl attcrr.rpl is

.ronlincd or tlcatrng rt b1'haltl sphcte (llS)thcor)' Lhc
,:rrc posilioull ltalulcs al licluid statc lias been clcpicted

i:.' lLclui<l strLrctrLrcs \\,hich asclibes drt detailcd
r.rliorls xrd conelalioDs o1-respcctl\c iilrls arlcl S(q).-1
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,\bstract

Itosilional tspccls ol ions arc re\cillrd lronr \tatic properti€s. 'Ihe eflecli\e inlcrio ic interaction is a signilicanl
Itctor li)r-lhcorcticrll\ st d\ing ol il. \ nrodel p\cudopotential is used lbr such t!pe of calculttion \lhich combinti
the sp- llnd (l-b:ln(l contribuli0trs to dc(iucc the rllecli\e interionic intericti0ns. Ihc liquid strutlure is ca)cnlrlerl
using thc Iinrariscd \\'rcks-(lhnn(llcr- \rder \rn (t-\\ ( .\) thermodJ nami( prrturbation theor) ol liquids. C alculated
rcsults ol thr !lttic structure f,lctor'\. S(q) rn(l lhc lrorresponding paii-correlrtion funclion, g(r) thet attained bl

nnd q(r) (oDcur- tlell \\ilh lhe r\prrirnrnlrl \-rll\ dilJraclion dntl.

rrrrlicates rLn cortclatloD aDrollg the expcril'ncntal X-ra!
drlfraction data.

l{egardlng ol liqtlid statrc aspecls r.e. static struclure Iaclor.
S(c1). or its Foulier translblnr. g(r). is the rsscnlial teclulrcnrcnt
rur thc fbrrrulalious of liquicl mctais 1bt a conrplctc dcpictrcltl tl1'

slatic or dynanric stntctttlc. lhcLtuodvnamic anci lrarlSforl
propclhcs. This arliclc contpliscs hard sphetc (iIS) dianlctcrs.
packrng clcnsities. stalic stnlctulc factors and thcir in\crsion
functrols that are jDspcctcd both at melttng and at the \ icinit]
ol slightll abole nrciling len'tpet-atllres. A lhcnlrodl'nanrtc
perturbatjve LWCA'L 'l li.luid state theory is used 1o crlcLrlitr
the hard sphere diamctcts aud other telatccl paraitlclcrs an.l ollc
colnponeDt struclural iollnula ts Llsed to cajculalc tlle s1[LctLllcs

ol thc liclurd metals

llic plan ol thrs rrliclc is as ibllo$s: ur scrtrolls 10 colne lhL

Lrncler'ly ing lolnralrsms are bne1l1 aniculalcd. and ntccltaursrrrs

ol parameleriratior atc p|esctttcrl iitllo$'c,:1 bl scVclal

. ott. Jtt,rtr; r. r' 'r\- .'r'l'!lr.l trt.tlr'i,'tl

2. Theories

'1. 
Ellcctivc pair potenlials

l he elfuctrlc pairrvise modcl polential rLs.s thc sp- ancl d batlcl

conlribritjons prcsrLmed liom au inretsc scattelillg lnctho(1

*'ithin the corc region. The bale posrtion.lcpendel'lt elliclivc
potential can bc colistructcd by the snperpositiotl of thc sp autl

d barrd contribtLliors fbr metallic systcm \\hich nright bc

rpp .d.n 1..1.r.ltru ' tt ,r'rnLt.rl -

/J,,, exp(a) .[or r <. R,
L]1(I

(])
1.e'

for r> Il,,

I he potcntial por-lr'ayed thal insiclc thc core rt!:ioll it varics

exponentially and oLltside tlte cor. it 1a1ls llilr'rsel)/ \\ illl L lhc
lerln outsidc the core is pLllely tltc Cotliolrb inlcractioll

t
Lr (r) -
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bet$'cc[ an electron and alt io]'1. l he uon-screened folm factor
associated with the potential parameters has the analytical form
AS:

I]t .1 , 
^ 
lt .t | +/TLltq/\tll 4n ! - ro.{V( I

[(r ,,vJ lr ,,,rJ 'l

(2)

Wircrc n dcnotcs the ionic [un-]ber denstty and q is the

n-lotrrenlun't transfer'- 'l he coelficjents B,,, is a function of a, R.

an<1 Z, whcreupon J,,, is a functiou of a and R" ancl its nature is

har monic.

B (Zeril{.) (1 2alr{.) exp(It.ia).

B, . (2zci',l{.) (a/lt. 1) exp(0.5It./a)
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B. Static structure factor

For elemental system (single componentl lbe sta** sl]r.i;rure

factors S(q) are calculated lrom tl'le following rclanon t'c'nr.'cn

the structur-c factol atd tiie pair distuibution funcrion:

S(q) - 1 + pn J'le(r) 1l cxpi i[.f )r.lL r 6 r

The essential lngledients ir1 calculating the structurc Iaclors arc
the HS diametels. The valucs of IIS diameters ale determincd
by using the linealized Weeks Chandler'-Andersen (I-WCA)
thermodynamic pelturbation thcoly tr rl. The corrcsponding
pail correlation function nay bc obtained by the lioruiet
hansfbrm of S(q)

*a1:g(r) t, -1 . [(s1.1)
\2n ) '

3. Results and Discussion

sin (,r.1? )_'_:-:
111(rq

Thc eflcctive

u(r.r) 7-lr lI 2l1t l:- dq F\(q) Sin(qr)rq I (4)

'fhc ionic potential indeed varies harmonically. whele Fr(q) is

the r'lon'nalizcd edergy wave number chalactelistic:

intcliouic (ion-ion) potcntiai o.ray bc $r.itten as

I,(q) (qr14nrle:)t wt (q) I 1/e(q)l [1, c(q)l I (5)

in thc ibllorving

t )' exp(i4.;')ri'.1 (7)

'l-he ploper values oI lhe paraneters \. Z, and a ol thc
effeclive pair potential is selected in this scctron. Thc choice o1'

parametedzation is requircd to leploduce the observed
shuctural properties of 3d transition liquid metals. Since the
uscd potential desclibc thc nearly hee electron sp-band by the
empty core model- ue follorv a procedurc' sinilar to that
discussed in refs.t lto fit thc core radius I{.: the \alues chosen
are sho$n in table-1. l he ralues ofa are restricted to lhe rangc
4<R. a<5- so that u(r.n) has both a shon,rangc repulsi\c pan
and an attractile tail. other$ise it becomes purell repulsivc.
Greater ralues ofa produce softer repulsi\e potential as sho\vll
in hg.l (a). The self-consistent calculations b1, \4oriarry lsl

noted that, at llom]al densities, the e{I-ective rumber of neariy
sp electrons take on values in the narrow range 1.15 Z.::1.7.
with a tlpical value of Z. : 1.3. In this alticle, the choscn
typical values arc 7..:1.3 1br Zn and 1.5 ibr Cu in accordancc
with the fitting of stluclural data. Accoldingly, the constlaint
R./a notcd above, the value of thc soltncss parameter, a was
selected which best report for the damprng of the oscillations
of S(q) fol each metal. Notcd that. thc valucs of Il.. r and o
show an upwald tlend u'ith risinq atotnic nunber, whercas Z
and q shorv a dolvnward tlcnd compare to the earlier.
Altenatively, smaller values of the parameter a are a neasure
of the harclening of the lepulsive .ore 1o 

'ol by attributlng tire
filling 3d band across the concemed systems. l'he lower valucs
of o fo| Cu than Zn Dright be attributed of its highcr
temperature that may causcs reduction of Cu haLd sphere (HS)
size by some scattcting mechanisms ofcharge trausfer.

J 2cxpl4]l ^h'"' "1 )1, ,,,,, 11
110 1l ttt.t 

J
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llcrc, t:(t1) ancl (i/r7) urdicate the djelectric fulction and the
locat ficld con.cction. respectively. From tlte expression (4) the
cl1'ectivc pail potential, r(r.n), is obtained by foliowing the
rusual tcchniqucs ol lchimaru and Utsnlni form ref. tol because
thcsc lilnu satisly thc compressibility sun rule and the shoft
rangc conelalion conditions in additiou b applicabiiity over a

rvidc range of rrelallic densities. Iiullheltrore, it requiles that
both W(r) and i1s first derivative be continnous at the core. As
a rcsull, the coeflicients B1 and B, arc wlitten in tcrms ofthe
above threc paraneters wirich characterizc W(r). namely the
cnpty-cole radius, R. the soliness parameter, a, atd the
cllectivc s electrons occuparrcy nrLmber,Z..

'I ablc 1: Input values of 'l-,,, (melting) rnd I' temperaturc; n,,, & n are ionic number densities; R{, core radius; a, soltncss
parancter; Zs, eflective nunrb€r of s-electrons; o., elTective hard sphere diameters, and 4, are packirg fractions.
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--: .on ot sinilar paramelerization *,as iLsetl ir ref L Ll but a

r '-:l:rt paratrcterjzatiol $,as uscd rn a precc,:1ilg \\.ork ofref.
r're lhe choice ol l{. r,1,2. \\.hcle r, is thc \Vrgner-Seit7

- . lhc lalues of a arc fllted to pleasrng thc small cy
', - ior ol S(q) srch as of I{.,a >5 1b| thc ld liqurd metals.

- - orh' the inlposcd couslr'aiilt .1< l{.'a '-5 allo$s the
. -- rr:lal urteraction bctu,ecn thc lcpulsi\ e aDd ettractivc

: ::.rLlrons lo thc potentlal rvhich is thc morc precise plesc-
,n oi l{, uscd. Notc that. regardless ofthc paranelerization

.:n. thc i,\\'CA theory in comblnation ri'ith thc eff'ective
-,: lrotentiaL al\\.a-vs converges to a sohtion. Tlic eflective

- -: ;phelc diametels, o. and the concsponding packing

--:rons both al inelling ancl abore nlelting terrperalures.
- :rr tlre relation r1-nDoti6. arc calculated by tlre I-\\r(--Air rl

-:J as shown in tablc-l. It sho$'s thal thc values of HS

-.;:r:tcls and packing fiactions are sliglrtly 1ar'ger at meiting
-:.'r than above melting. This trend aiso noticcd al ionic
. ::a.r dqnsily data.

:-' courponcnt static strLlctulc laclors ancl llle correspondng

-.r'rcr tlanslolms are compLrlcd using dre stated exptessions

,rnd (7) respectively where thc rcsr.llts of the cffcctive BS

: :rntial and LWCA liqLrid state ll]cory were cn]ploycd. Al
-::Jnncnt of the nurnelical calculations the input thernody-

-::.. cs clata Llscd such as the lemperature. 1. and ionic number

-:-..rlr. n both al rreltirg ard.just above the meLting poirt. arc

,.:n liom rcl.tjl as sholvn in tablc-1.'lhe numetical results
- rrncd lol the llquid stlucture factols. S(q) aDci the coues-

- ::Jinu pair correiations, g(l) of liguid Cu aud Zn ale sho\vn
- :igs.1 & 2 Io reproduce the results theoretically the

,.:lLatcd values arc compared u,ith the availabLe expelinental
.. .:.: r cliffiaction data t'1.

r 1A)

Fig. l: (al Potential p|ofiles ol lrqrLrd Cr & ln. (b) stiltic slrLLcture

faclo[. S(q) !t q ranse- (c) thc cqr]r\alcnt l:orricr invcrsron. g(r) o1'

liquid Zn

The potential prolilcs ol Cu & Zn are shoi r in 1i9.1 (a) that
shows a lepulsive hard core part and an attlactivc tail part
repeatedly oscillating rvith gradr.rally dccaying amplitudes. Il rs

seen that for Zn the potential well is shailowet than Cu. 11 rs

also seen that the value of the position r of the first mtnimur is

mostly same, and oscillations arc allnost rn phasc relativc to
the potel]tials of the Clu. 'l her-cibre. we observe a harn]onic
feature between the potentials. The tail part oscrllalions oi thc
potentials may be understoocl by the Friedel oscillations
contributed by the conduction clcctrons.

The static stmcturc, S(cl) rD additiol] to its Fourier transforlfi.
g(r) of the conce .Ied liciuid mctals alc mostly dctetn.rincd b1,

the harsh repulsive part of thc potcntial. 1'he eflccts ol the

ath'active part and the part ol the fliedel oscillations on S(q)
and g(r) are 1'rot significant. Since tlie tail part ol potential is

less significant to stluctlrle. so at large q it lits less well r'athcr
than the repulsive harcl core part. On the other haud, stncc

LWCA is a thermodyuamic perturbation nethod and it does

not deal \\'ith the full potential lot numctical calculalions, so

this migirt be a possiblc reason for less fitting of strlrcturcs at

large q range. Both thc qualitative and quantitativc agreemcnt
of the numerical rcsults with cxpcrimcnt is finc with a slight
discrepancy in sone cascs, othelwise rt is acceptable.
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Nonetheless. results sho\\, that both S(q) and g(r) ale gradualir
converge for botlt the elements. the tons arc highlv corelated
m a central zone and ionic corrclatiol'l or interaction reduccs in
telms of rising q range with lespect to the central zonc and
S(q)-1 and g(1)-1 termed as Lur correlation among thc
confi gurationall)' sited ions.

,1. Conclusion

The LWCA results fitted rveil with thc available exper imental
data. Thjs rught be the retcrence system in LIS trcalnents of
liquid transition metals Ibr advance research rn this ficlcl to
calculate the statics and transport properties of other liquid
netals and their binary allo,vs. Consequently, I,WCA thcoly is
able to become a substitute of V\,IHNC theory and i1 can be
recomnended, like the \iN,II-INC theoly. Ibr the calculation of
llquid structures in spite ol their crude fbln.r. Dynanic
structures are yet another challcnge to be tackled on the samc
gravity.
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r (A)

Fig.2: (a) Static strucrure lactor, S(q) at q raf-se. (b) the
corr-espondin.q f-ourer inversion. g(r) lor Iiquid Cu

Lastly, perturbative treatneltt of LWCA theory shows a rather
less agreelnent than the previous sell-consistent calculations by
VMHNC theory of liquidstrr ral as it does not cover the full
potential approach unlike the laler one. lhis might be one
possible leason for higher peaks shown in theoretical structural
data as shown in figs.1& 2. Such typical drawbacks may be
o\ercorre by employing the full potential approach.


