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| INTEODUCTION TO LIQUID METAL ALLOYS
M.P.Tod
‘ Diputimento am‘rcmwamm,uy

1. Phave Snoratiy

In ordertoiniraduce a praliminesy classiticetion of détotent types of Bquid bineryalloye’, we ewind the readerin Rg. 1
of the vwious types of phase diagras that theae systems ey exibit,

Dhmlqhmthcwmlm,mmcmmm have the same velence and cloa sy simier sl omic valumes
(seeTabis 1). Thisiscisatyine simplastiyps of phase Sagram, showing acomplele rnngeic! valulions in both the selig
wndtheliquid. Diagrem (b)is insteedior Cu-Zn; sthoughthis aloy of hndl slemonts tivaws averiely of s0d
Phesea, with charsc gmalic crystal structurss which become stable over ke renges of conceriration (b.c ¢ -brusa,
complex-cubic ybrassand he.p. €hrass, the verious nnges of Rabiity being sasentislly prvemad bythe
siecironialomratia ¢y, + ¢22; inamennertisl deacibyd by Hume-Rotheryl, we donatnentilo devashp

dstinction bdvemtiistwodawtmmdnﬂnﬂhlpmoilm oftypefa) ¥ we me:concsmed onlysith their
lquid phase.
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Dingrams (c) and|d) reterinsteadto Ag-Cuandto Pb-Zn. The Ag-Cusysiom showd o chancbetistic estoctic
bebeviowr: the bwy canplitwents are onfyaiighthyaciuble ity ene snctherinthe 30kd, whichthenwore tends Lo separaie
intoa Agich phase anda Cuich phase, but they become complel oty miscible inthe quid. Lowsebiitystiow
temparaiure impies thyl the intemad endrgy ofmbdng AE is posiive (and of the order of alevkonihs of an eV paralomif
the salubiltyis downtgaiew paent satemporature of yever hundred centigrades): this aneeypy lalls nmnalingflea
walue of order 9.05 oY perelominihe idde of the composition rngefor Cu-Ag), sothel tve mubuel solubiityis groster

V1.E. Faber, Theory«f LiquidMetais™(Cambridge University Press, 4972}

inthelquid phase. Inthe Pb-2n systemthe intemal energy of mixinginihe soid ks stil poaitive but solargethal the
soiubiity of PbinZn cannot 8 shown onthe scals of the diegram (andthe salubiity of 2nin Pbisjust barely visitie): in
apile ofthe decreass of AE enmaing, iherais st pertial miscibiltyin the kquic phasstill the tempensture is rss e d
suficiontly, above acriicallemperslure {whichis about §00C for PbrZn).

Forthe systems dacussed uplothis point, the diterent phass behaviows srein Qualitalive ¢ oelation with differences
inszemndinwisnce of e constituenty, a & quick look to Table | will ahow. Althese wystema should be contrasled
‘iththe A-Sb aystem, whoas phase disgrun is shown in (s} Thenewlesiure hers isthe appeanancy ofthe compound
ASbinthesolid phase, vhichis pertic ularty stable {energy of mbdng of order 0.5 0¥ puralomat conceninlion ¢ =05,
and high melting tempersi we). & i cleer thet chemmical bonding [wnd not pursty wiences andazes]isnow pleyngarce.
To amphasize this puint, we showin(f)the phncﬂmdthtto-imtm,mhdc-o.ﬂmtm lonic compound
cosiumiodide.

"Wo shallimmedeloly baiow aharpen up the distinction betwasn 'nmmwlmmcunpemd-lmm binwy
baud b3 bycontrasting their obasrved Iquid structwre. We shalithon procesd withthe discussion of “nomnel” alloys, with
the exciusion of compaund-foming systems. Progress can be made in understandingths lomer syatems by adaplelion
nd axtenaion of the cencepls already developad/er pure hquid matals, Compound -famming syat oms wil be laken up
separatolyinior.

2. Ligwdaiuctue of bioervloyds

Ina binwyliquid, twes pair distsibutionfuxtions are widnilyrequiredforacemplels description of iquid pair
sructrs. Deneting by 111‘:1,“!]& Ihasvaagenumber of fHype llomainaspherical shel cantred onan adype
stom [where a Grask sutfix labais the elomic species ind Mg = Coy Iakhenumbar of sloms of apacies & peruni

velameinths dwl,mnuemthocamnmﬁu partial strnucture factons &gkl by

(o . il 2
l.’(k) =1 Mml.I{o“'(r) 11——” rdr

thecaborontly scaltered Xeay{orneutron)intensity (k)is given by

2 2
KK) o m'fm,ﬁ*:—:ﬁln,,tk)-u * :—:':lan(k)-ﬂ
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thers beingihe scaitering amplitudes of the bwo sl omic speciey. We have usedabove the defintions and notalion
wiven by Faberand Zman' forthe partial siructure fectors. An ekemalive definkion, grven by Ashcroft end Longraih?, s

[ _ g1 5intkr) 2
Sap‘k) = ﬁu’du nuns ![gup(r) ”—_kr rdr

leading ¢

Ko ) Syl v S0 0204800 (ke 55— 8in 8)

Complete resolution of e three partial diffction pattemainthe above expressionsforthe scaitered intenslyis
alowed by muti-pattemneutron difractionmethods besed onisotopic envichment: theseinvolve neutron scaltedng
fromithwas samples of the 3ame chemicel mel edal prepared with difterent isotopic concentrations, these semple having
the saené partial structure tactons fin the classical ink) but diffsrent Isttope -averaged scaltering ampitudes. Tive partial
structurs [actors measured bythis method? inthe iquid Cu-Sa systom ot composition CuySng are shownin Fig. 2.
These clearty show resamblance with the partial structure factors of & midure of herd spheres which are shownin Fg. 3
(&t # quimolor composition inthe Percus-Yevick approximation). Thus, grossfeetures of the shod runge ordarin
“nomal” Nquidalloys are [asin pure iquid mateis) avaocieled with screaned -ion sizes.

The datain Figure 2/ortheliquid Cu- Sn systemnew equimoler compostion ahoud be contrasted vith those ol en
ieic ol oriet suth 43 NaClin the iquid stale*, which we shownin Figwre 4. The obvious dforoncesarsthal Sy %)

and Scyc{k) are clos sty similar (in partic ular, thelrmain poaks wrein phese] and el Sy fk) has developed a deep valley.

On Fowrier trans! orm ong aeeathel these foalures imply chemicel short ~rnge order L.e.afiest noighbowr stoll sround
any givenion which is composed of lons of the otherspecies (see Figurs §). Similer qualitative features charact iz e the
Fquid structure of compound - oming metalic shoys suchas Li- Pb e the “sloichometic” concentralion L Py,
whersasno auchtyps of orderis 29enin the pair distribution funclions o CugSng.

Themost direct wayto omphasise the degree of chomical short range orderin the primery diliraction dataiato
conatruct fromthem the so-called Bhatia - Thomion structure factors®, exprassing the comelations batween Ructuations

IN. W. AshcroltandD. C. Lngreth, Phys. Rev. 158, 695(1981).
34.E. Enderby,D.M. Nothand P. A, Egelstal, Prd. Mag. 14, 961(1966).

4F.G.Edwards, J. E. Enderby, R. A Howe andD. 1. Page, J. Phys.C 8,3483(1575); S BiggnandJ. E. Enderby,J.
Phys.C 15,L305(1882).

3H. Ruppersberg andH.Reier, J.Phys. F 12, 131111982}
SA B BhatmandD. E.Thomion, Phys. Rev. B 2, 3004(1970).

veriables which are the Huctuation Nyrjinthe tolal pasticie density (iwespectively of the species) andthe huctualion in

concentrationcir]. These variables ere defined by

NI = minengn  and o=y "1‘"",‘.%“:‘”

andthe coresponding structure factors are

Sdk) =€,S (k) + 6,8 ,,0) + 2. [e,c; S, 00)

S, (k) = c,r,l &Sk + €S0tk - 2 o0 S,,m]

Syefk) = c,c,l Sk~ S35k + (e €} Stk 1 ferey ]
Thase are shownin Figure 6 forthe CugSng iquidslloy, from the experimentsl dale of Figure 2. kis seenthat Spalk) is
Verysmiastothe standard siructure factor of a pureliquidmetl, whereas Sccfkilacks anry sigrficent siructure, being ot
ol vaiues of k veryclose o the vaiue ¢1¢3 thel ¥ would have in enideal mndom alloy. The Bhetia - Thomi on structure
factors Sppfk)and S.(k}formollen NaCl, shownin Figure T, showinstead thel tive mest remarkoble structurel { ealures
inthis lquid aro associal e d with ScclK) i.e. withchemical shoi range order. Finally, we show in Figure 8 the
concentralion-conc enitration structure factor S..(k) of Kquid LiyPb a3 measured byneutron diiraction®.

3 nmmﬂmmdﬂmmmmmmﬁ

in éscussingpure kquid metals we muemlhilhelmg-muenmhﬂ Stk 0) of their structure factoris directly
relatedto ke mean square Huctuation <{ANR> of the number of particiesin & given volume and hence tothe isothennal
comprassibty. Sienikr reiations holdiora binery lioy”, whose iquid structure factors ars determinedalong
wvavelengths bylhe isothemnal compressibilty, the concentration dependence of the moler volume, andthe mean
aquere fluctuation «{Ac)¥> inthe composition of the slloy. partic:ular,

(3.1}

2
)
S = N <(ac’> = Ni, T/ (;c—f-),.,, = (1-¢! ('—’—':;—33),_,

where cisthe solule concentration, G is the Gibbsires energy ofthe sloyand a isthe aclily of the solute, relatedtoils
chemical polential by 1 -y, = kT loga. ¥ This diference in chemical potentiais{reialive tothe pure stk of the soiute)

can bemessured as an electromotive (orc o in o suitable dlectromotive cell, on example of such dala being shownin

1).G. Katwcodmnd F. Buff, J.Chem. Phys. 19, 774(1951).
81.5.Darken, Trns. Melal Soc. AME 238, 80(1967).



Figure 3forthe iquid Na-Cs sllay.® We nolsmmedatelythat ¢ oncentration ituctuations o long vevolangth wil be
enhanced reialive Lo arandom allaydin systems whichshowalendencyto phese sepantion {phase diagrams of tyges
[c) or(d)in Figwe 1) and depressed nwlhe‘dxlﬁmoﬁt‘cmpuﬁ'mhcmpomu-mm‘ng yystemy, indead, they
arelolally supressed bychargeneutraiityin amoken salt,

The Gibds free energyG con be witten

o-feshocct] s,
Which definesthe Gibbs ires anesqy of mng Gy, G, 1% beingthe Gibbs free anergies perstom olthe pure
components ol the same pressure andtemperalure asthe slloy. Cleaty, the daashownin Figurs § wlowe direct e of
sulwionmodelsfor G,

The simpiest realistic model of onc entrelion fiuctuations in “nomal” Equid ellays saems 1o be L cond armal salulion
madel of Longuel-thggins!® orthereguar solution model inthe zeroth order approximation!!. Tse tres energy ol
mixng is wiitten

G, = Nk'T[clogcnn ~¢)iog (1 -c)]'Noﬁ -cw {3.2)
The tirst temm arises lromithe idesl enlropy of mbing: thus, if ws0 one gets wmideadrendomalloy Ilorﬁhlb cuslly
seentrom egn (3. 1)that Sc{0)= o{1-c)j. The Guaniity w is an"interchange energy’, assumedinthese modeds to be
ndependent ofconcenlrdion,suchlhdhnwed-noiahth-Apfrmdth-Bpai'nnphr,ad bytwo A-B
pairs, the energy of the sloyincresses by 2wi2, z bengthe number of nearast neighbowrs of an stem. Apositive v
implies thal like - stamnearast neighbour pairs are energeticaly prefered over unike -alom pairs, mdtherefore i w is

lrgej atendencytowerds phase separalion. In offect, the validity of the model requires two condiion:12:
[i) The size diference botweenthe twotypes of stomsisnattoolarge, roughly 12 « viiOv, ) < 2 vhorethe vaare

the alomic volumes of the two purs species;
(W) wi 2 should be small c ompered with the thermal energy kg, since othervise lhe random distribaion of sloms

wizedin oblaningthe expresuon (3. 2)ior Gy ia nol approposie. A more detaied analysis suggests \kBT| < 2 asan
approprisle range of approximal e velidity of the model.
Using eqn (3.2), with w independent of concentration, in egn(3.1] enelinda

¥ chkawaandJ C. Thompson, J Phys_F 4, 9(1974).

19H.C. Longuet-Higgns, Proc. Aoy, Soc. A 205, 247(1851).

11 5ep 0. E.A Guggenheim, “Modures™ (Oxford University Press, 1952).

124 B. Bhalia, in "LiqudMotais® (inst. of Phys. Cort. Series No. 30, Bristel 1974).

1
S = e -l (2w ikyT)

Good agreement withthe experimentsl dalaforNe-Kiquid sioys hes been foundforws § | kpT. 93 Ths has slovedin

tum an eveluation of the iquidus curve forthis system, "4 wihresuts whichare shewnin Figwe 10. The samemodedis
expectedto hoidalao for olheraloys, for example Ag-AuendCd-2n, lor whicikthe above condiions are mel.

Havevwr, wmwmlhuumﬂammaﬁdild,e.m bavccnmidnhlumwvthouc = 2insoms akoys,
for exampie Cd-Pb. One woudneedtointroduce aconcentraion depandencenthe interchangs energyto accoun

for such asymmetry. .
Flory'® has argued that whenthe ralio b= ¥ Oty () of the stomic volume is appreciably déferant trom unity, eqn[3.2)

Bmoreapproprisl elyreplaced by
G_-NK'TIcIogotﬁ -¢)log (1 -‘)] * Nwdc +{1 -c]lh]
whore 9=cbi[1-c+cb] isthe concontmtion byvalume. The above expression has beenlound by Bhatia and March 18

toreproduce tive main feat wes of expenmentel dalafor theNa-Cs Moy 3system, A direct comparison with the measwre d

slaciromalive foreis shown in Figure $,end Figue | 1reports aamilar comparisan forthe iquidus curve. kmay bs
noledthal Lhe oum‘ccmm«)c,.- 0.2inthis system corespondsloaverylwge peakin Scc(0] versus

concentralion, denolng aslrong enbancament of ¢oncentmion liuctualions sl ts composktion.

3.1 Slectroniheory of heal of miing andintarchange energy. The omanprical theary grvan by Medema snd

covorkers!?orthe heat ofmixing AHgfc) in an AcB,. motallic sloy iderifies major eleclronic factorsinthe déference
Ny Mg inthe electron densiies al the boundary of bulk alomic cely ofthe A and Bmetal and inthe diterence 0a-0p
inthe melalic slecironsgativities. Their axpraasion forthe heat of mixing s
AH,fc) = c{1-c")AH,(Ain B) ‘
v o opn o]
c -cvamlcv‘\ +{1 -c)v"m ]

-1
AH.(A inB) = 2 V‘:mln::n * n:n] I'P{M)z .0 ‘Mml?]

13A B. Bhatia, W. H.Hargrove andN.H. March, J. Phys.C 6,621(1973}.

14 8. BhalinandN. H.March, Phys. Lett. 41 A, 39T(1972).

Bp gy Flory, J. Chem. Phys. t0,51(1942].

1% 0. BhabioandN. H. March,J. Py  F §, 1100£1975).

VAR Misdema, F.R. deBoerand P F. deChaiel,J. Phys F 3, 1558(1973), A K. Miedema, P. F. de Chatedand F.R.
e Baer, Physica 104 B, 1(1980).



wheracdisthe cell swtac o concentration ol the A species, Pand Qare positive constants, snd A denotesthe
Giference betweenthe bwo companents. This expression yields a succ essful classification of a very great number of
alloys, with both positive andnegative heals of mixing (see Figure 12).

Comparing the above expression with the.conformal solution Lom, Alonso snd Merch?? extract ed a concentration -

dependentinterchange energyv(c)as

Joma
s

wi(c) = AH.(A in B)

l oRnI (0121

+{1- ) vy

This vields in pertic uler

AH_{Ain B)
w(0)Iw(1) = [ ! ':v"’]m ik it
AH, (Bin A)

The dalashownin Table 2suggest adependence of the interchange energy on conceniration in seversl kquid akal
melolalloys, where the above ralio is appreciably diff erent irom unity.

Tabie 2. Test of cond omal solutiontheory/oriquid okeli metal slov
Aloy(AB} NeCs  NoFib MK KCs RoCs  ¥Rb
(Va0 vyt 20 048 057 064 076 032 0.8

AHJAINB)f AHfBINA] 028 043 062 0M 1D 1.0

4.1 Electnc resistily. Ris generally absarved that the electric resistivily of a binaryliquid alloyis a smooth function of
concentration of constent temperature. Figure 13, laken fromihe book of Faber!, reports some examples of sbserved
behaviaurs.

Abasislor qualtalive understanding of these datais provided bythe Faber-Zimantheory,19 which extendsto sloys
the wesk scaltesing Zuman approach for pwe bquidmetals, The essential assumptions ere the neady-free - slectron

18, A Honso andN_H.March, Physice 114 8, 67(1982),
V97.€. Faberand J. M. Ziman, Phi.bag. 11, 153(1965),

modeilorthe conduction electrons andthe idea that the scalteing of electrons s the Fermilevel bya single screened
fon of species o may berepresented by some seliconsistent screened pseudapotential ¥, {k], which is weak enough

that the scaltering process may be described bythe first Bom approximation. Theresistiily p is convenientiywitlen as
the aum oltwoterms,p = p' + p" with
P =e, Vz(k} + C,V’(kll afkp . p*w <ce [V (k)Y (k) - atkyp

2
<m> ﬂ’e’ . ]m(sz) (2k )
q ﬁma,.m 2 20 5V 0V 008 0 c,V,tm,,tk)

, 1(k) +2¢,6,V (kIV, (k) +c2 l(k)

Clealy, ajk)is an elective-nteraction-evernged structure factor, which for quaitative purposes may be visualized as
sitrdar tothe structure factor of & pure iquid metal.

The concentration dependencs enters these fomulas inmarty woys { density and Femmi momentum, eff ective
interactions, struct ure factors) but again for qualitalive purposes, ot least if the two components of the aley are not greally
differentin velences and sizes, we mayassume that it is described bythe expiick concenlrationfactorsin p'and p:the
[ormertemn then vasies roughlyinearty between the resistivties of the bwo pure quid metals whereas the lalter gives nise
toaparaboiic devialion. This devialionis expectedio be fa) positive foran alloy of monovelent metels, where Zgheswel
bolowthe main peak in the structurs factor, | b) negativeforan alloy of divelent melaly, whers Xglesjustabovethe man
pesk inthe structure factor, and (c) essentisly neghgible foran alloy of polyvalent metels, where Xgliesintheregon
where the siructure factoris essentially unty [se¢ Figure 14). Thisreasoning, which parsllels the explanalion given in the
Zimon theaeylorthetemperature dependence of theresisinity of pure iquidmetaisin dependence of their velence (8
posiive temperalure coefitient of the resislivity inmonovelent metals, anegalive one for divelent metals and a smal
coelfcient tor polyvelert metals), leads to predicted resistivityis othems which are shown in Figure 15, in quailative
accord withthe obyerved behaviours shown in Figure 13 [Convexresistivilyisotherma Formonovalent systems ke Na - K
ndamost inver iyothemsfor polyvelent ones lke Sn-Pband Sb- Bi). Amore complexargumentisneededforalloys
of hoterovalont elements, where the varislion of k- with conceniration has Lo be laken into account: resistivlyisotherms
of thetype showhin Figure 131orCu - Sbappearas a possible behaviour.

A great dosl of numerical calculations of the resistivty of liquid metalic alloys have beenreportadinthe Rerature, s
sempie being shownin Figure 13 forthe Na-K system. Special cases are the amaigams of Hp with othermetals, wherea
kvge drop of remistiviyis observadin sloyng. Aspect effect of concentrafion fluctuations on scallenng of the
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conduclion eiectrons in sysiems with amiscibiity gap has been observedasa decrease ofironsstraty inin e
neighbourhood of the coticst pomt: Faber! argues thal the snhancement of conc entradion:fhuctudtionss atiory)
wavelengths Sublracts from the structure factors, and hancefromthe catiomng, inthe regioniol winesyium wav)
numbers which are most npordant in yesistive scaltering.

4.2 Eleciromigrlion. The codtituents of n dloylendto separsie whena d.c. curentis passertivoughii, themmsaing
sleady siste beng onein whicha gradiont of concontration s sat upandthe curentinduced il Daiarceid iy
datusion i the revarse direction, The drit velocky v acqured bythe solule in afisld E conhurwaition wil it hulliahp i

the Nemst-Einst ein reiation &y

v, = 21| ED /KT

whera Disthe ditusion coefficient of the solute:this £quation defines the eff sctive velence2% ¢ ihas oludd inilius
slectromigntion process. nthe madyahlowmmlhumulwmqn of the yolute the uec o/ o ditor)
de

-D'd—x =V,

and horcy

o) « -:pl- f,;—x] « "‘"l'zkj%!rﬂl

whichallows the detemination of 2* roim experiment. The experimentalresuls suggest aconvectivn biweon s g
of 2*fi. o.the drectionin whichthe solgte migrales] andthe sign of - dpidc. Forinstance, invt e du+ & Systorni ind by
ngralestoline anode|i. 0. 2%y ¢ O)whien £y is small bullothe calhode vhenc,hiahrge,mdhnmhlﬂmmmm
nearlhocammmvhmtnermymnmun!suﬁnm 135

Aconneclion belween the aeclromi gradion pracess angthe electrical resistivity can be seenhytiilokowing
agument The elfectivetorce 2* o E that the solule experiencesisthe sum of the finldforcé Z)g Ei ¥ bawngition g
valence of the solule, snd of the Jore Fidus tothe slectranathal comde wRhE{l. . duslothe cume | minorimm
Orectiytothelield):

2 je|E = Zjo|E+F

Cnthe other hand, sicethe electrons donot accelerste, theheld fonce -nje| E onthe electrons must be balanc ed by
Ihelotalforce nFy exerted byihe system of screenedions in electronon colisions. With Fre -J{1-¢) Faotvary * ¢ F

neinds
n
(- OF g *F = -] E = -2, o ]pj

whweZ,, isthe average wence of the sloy. Ad6pNaion botweon Foge. 1d Fis sbowod bythe Faber-Zimen theory
ofthe resistimty, yielding

¢ ol 3nmzn,
- - L]
Zav -ﬁae’k:p

V3™ e Vilkila k) - 1] (1 - eV, kiV,tka (k) - 1) E

Hare,the sultixes | and 2 denotetha solveni sndthe solute, respectively, andihe snguler beack ets have the meanung
sreadyshownin§4.1. Fora diute alloylhe above expression can be simpified by{uther approxamation Lo weld

B

inthecase of amonoveient soivent, and

2 x-

13*252
Z z-om'p i LA~
Pure solvent

# balhsolvent and solule are potyvalant. Thesa crude predictions describe the rend of (e xpenmontairesuls, 835
ssonin Tabie 3,

Tabve 3. Effecivo valence 2* of soiutes i eleciromyraton*

Soss K C4 Hg T Pb N W T P G B
Sovert N N N N MK K K K S0 s
Tomg.(C) 106 110 110 - 110 160 100 110 w00 300 350
oot D8 13 (18 (18 (20 05 10 -0 22 +06 03
Toor 5 B W - 60 4 g - - g 53




R was first shown byHasfiner2® thal isotopic separalion occursin a chemically pure Iquid metel under passage of a
large d.c.curent density overlonglimes. In ol systems whersthe Haeffner eff ect has been oberved, thehghterisotope
colects althe snode. Fabes! argues fora similarity with obaervalions on soidmetals, showing that & concentration
gradient of laltice vacanciesis sel up under a strong curent. Huctuations fromthe average/oce exerted nthe on
Sysem bythe electron colsions maytendto be above the average nearight lons, which woudthen be praferentisty
draggedalong bythe curentand collect ot the enode.

5 Chemecal shot rng orderinfqud dlovs

Fullyionized saks with alarge band gap ike the akal halides remain ionic acrosa metting. Onthe olher hand, melting of
covalent s emiconductors suchas Ge orinSb invoives acolapse of the covalent structure, drectiyrevesied byan
increase of coordnation from4 1o velues inthe range 6 - 8 and byen increase in electricel conductivityLo an ¢33 ervially
metalic type. Betweenthese extremes, anumber of systems have been identiied which show avariety of interme il ¢
electronic behavioursinthe iquid phase. thmgcmmnmnmyrrwndoicﬁmm, one cancrossinthe iquid
statethe borderareas betweenthe canonicaltypes of bondingin solids floni: systems, #lectronic semiconductons and
melals, motecular systems) 21.22,23

Amongtheseliquid systems special altention has been givenrecentiyto [i) slloys of metelic elements havinga
relaivetylarge diff erence in dlecironegalivity, suchas Cs - Ay or Li- Phand olher aboys of alkalis with Pb endin, which
fom intermetalic compounds ot certain stoichbometric compositions in the solid siate; (] solutions of alkall metals and
okel hoides; and (i) aloys based onchalcogens suchas Cu-Te orhi-Te,
S.1Cesium - gold alovs. The stoichiomelric compound CaAu crysializes inthe CsCHype structurs andis astrongly poler
semiconductor with an opticel benid gap of 2.6 e¥alroomtempersture. Ry electicel conductivity r0ps onmeltingtoa
velue whichis comparable tothet of molten sals. Blectromigration experiments onlthe met Oive evidencethal Cy
megratestothe cathode and Autothe wnode, one Cs*and one Ay- beingtransparted per dementarychargetothe
tlectrodes.

20E Haeftner, Neture 172, 75(1973).

A E Enderby,in"The Metol-Nonmetel Trarrslionin Disordered Systems™(ed. L. R. Friedmen andD_ P Tumstal; The
Uriversity of Ednburgh, 1979).

12F Hensel, Adv. Phys. 28, 555(1979).
M Rovere andM. P. Tosi,Rept. Pragr. Phys. 49, 1001(1988).
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Measurements of edectrical conductivity, magnetic susceptibiily sndnuciesrmagnietic resonance onthe mek show
thal for mall conc enlrations of excess cesium [excess concentnlion less than sbout 7] the excess slectrons arein
localzed slates. Wereportin Figure 164rom Solier ot o 24 acompariaon of the electrical conductivities of Cs - CaAuand
Cs-CaX systems [where X = helogentacrossthefulenge of composition. Yery sinilar elecironic behavious are clearty
indicated for el these systems, vith some margingl gilf erenc ey near stoichiometry, Allowconcentration of excessmetal,
Risknowntorthe akei - skell halide Systems, from oplicet abs orption and other expatiments, thal the xcess elsctrons
weleappedin sisles which sre the iquid state anelogues of Fcentresinthe sokd, vithresidence limes ofthe order of 10
“xec w9 estimaledivom nuclew reluation rates?S. Somewhat shorterresidence limes, of the order of 1013 sec, are
sugyestedforthe locized excess tlecironsin Ca - Cauner stoic Momelry, A continuous trensition from en £33 entialty
ionic:to asr otalic meRis seen in Figure 160 occuras the concentration of the akaliis increasediowards the pure fquid
metal. The same transitionis ahownin Figure 17through data on the exc 33 magnetic uscephibiity for several akal -
kol halide systema20. The susceptibiityls of peramagnetic typeand becomes closelo the Cusie value forsnis ol ed
sleclron spin as stoic hiomelyyis approached.

Neutron ditfraction measurements2? of the Nquid structure of Cs - Aualloys overarange of composition upto §0% Ca
showarsiher sirong degree of chemical short range order(Cs preferentislty surounded by Auinthe first neighbowr shel
andvicevensa):the Cs- Aufirst neighbour distance & 3.6 Acan beloowed uplo 80 % Caandine Cs-Cs datance ol 5.9
Awhschis charact eristic of the pureliquid Cs metal emerges at 70% Cs;llrese dislances being liltle sensitive to
composition. Futieu'nm,velmylrunaloicNmetrympidh:rmehlhoHMyscdtmddamlmpms
observed, which indicat es large density fiuctuations ¥ long wavelengih becoming slowed by conduclion siectron
sereening.

5.2 mmmmmmm&nm Aconnection between local chamical orderinthe kquid
dloyendthe opening of a pssudogapinthe slectron energyspecirum wes demonstrated inalight binding approach by
Kitier and Falicov?®, Franz e o 29 have developedihe model upto detaled corlect withthe experimental evidenca.
Theywite alight binding Hemitonian

345, Sotier, H. Ehmeand F_Meid, J Non-Cryst. Solids 61162, 95({1984).

25 5. Solierand W. W. Warren, J, Physique Col. 4 1,CB-40(1980); A. Dupree, D.J. Kirby, W. Frevend and W. W,
Warren, Phys. Rev. Letl. 45, 130(1950,W. W. Waren, 5. Soierand G Brennert, Phys. Rev. Lett. 58, 1505(1983).
6N, Nic 1930 8nd W. Fraviand, 2s. Physic. Chom. 135, 39{1%33).

ITW. Martin, ¥, Freiand, P, Lamparter and 5. Stesb, Phys. Chem. Liquids 14, 51{1879).

295, C.Killerand £ M. Fabcov, J, Phys. C 9,4259(1976).

J.R Frorz, P. Bravers and C. Holzhey, J, Phys. F 10, 235(1880),
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where |n > isalocaized stale o Sko nandt,, are hopping Integrals betwean il neighbowranes. The site anergy
lovel €, foran A-lype alom, say, istekenlo depend onthe amount of charge gained orlost bythe stem fora given value

ol the conconlration, &y well &y onashotnnge order parameler mesduring the avemge occupation of neighbousing
stesby B ~lyps sboms relalive to arandom alloy. Aceiculstion of sings particle Green’s functiona yielda the an -site
donsiies of stal ey, from which the charge trensf or can be evilualed uplo salfconsistency. The Siort -range order
parameteria finakly detemmuned by miimizingthe irse anergy.

Achargetransier ol abowt 0.6 elactrons from Cto Auis found forCs -CaAu overthe whelerenge of compsation,
combinsd with an exces: probabilylor wniice noighbowrs with a maximum o oquimolar compoaition. Such aninciesss of
locel order of the lwo species with goid concentration framthe pure Cs ond counterbalances the increasing width of the
Au bany a:atam,;uldnqumudnwddcmmiﬂmhlhsmgo. The broadening o the Au band linelly
destroysthe gap ontuther sddition o gold bayond squimoiw compostion. The bahaviour of the density of siales wilh
compositionis shownin Figwe 154 thelower bandcontaing predominantly gold stales andthe upper one cesiumn
states], and Figwe 19.b shows the caiculsled donsity of stale3 ot the Fennilevel as alunclion sf composilion. With
theasresults, salistactorycontact can be made with dala on sectric conductivty, magnelic susceptibily, and Krighl
shits.

Consideringnex the whole series of alkai - goid alloys o aqﬁnﬂwcmyoﬂim,bmputmmrm«hhmuhd
the lransiion from melalic to norvmotelic behaviour occurd batwoon Nedu snd RibAu,with KAunearthe bordeding. From
thetight bindngmodsl of Franz i, the density of stakes et the Femilevel andthe Gapcan berspasantedtivough
the aeries of systems s lunctions of the ralio Adl<t> betweonthe slecironegativity &if erence snd L gvennge hopping
rlepral(see Figure 1939). Sicethe &vernge hoppingintegri veries tvoughthe swies in paralel with ihe deciron
denally( ncreasing from Caauto Lidu, the nonmolal -msta iranation can be viewedin essence as abdol! ransiion
occumng when the elecironic screerwiglength becomes comparabls withihe distance betwoen unikeions. Screening
B most effeclivein LiAu, whers the electron denaityis highest, whereas ot the other extreme # cannot preveni Codomb
interactions from openingtne ppinCaiu.

30C_Hoizhey, F. Brouen, J. R. Franzand W. Sciwmacher, J. Phys. F §2, 2601{1982).
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9.3 Qther skeh - based oy with chesnico) shod range order. Wierspecies ordenng has siso deen repotediora

murber of other alkali - based alloys the alowng pariners beng elements of groupl,i¥ and Y [see ¢.0. Meyer gl a1},
Thefonmation of chomical order ot G et compaosdtions is signalled by anomaiiey in etectronic properties suchasihe
doﬂﬂcdremymdlhammuicwxeplibity,wichrdled armnamuninthe densiy of steies ot the Femiieveld not
tne opering of e gap duetolulcharge teansfer. Anilusiration ol resistiwly behaviours 1 aloys Wi group ¥ dlementsis
@venin Figwre 20. Tivee ditierent kinds of compound fomation e represented;

li) compoundrommationnearthe octet composiion A.B, asi Li- Pbang Li-Sn;

i) compoundfonnation nearthe equimolar compesiion AB, asin K-PbandRb-Pp;

H) compound tonnation near boththe above compostions, s3in Li-8i, Li-Ge sndNa-Sn.

The availabls daluindicate increasing stabiity of the octet composkion compound throughthe sequence i, Ge, Snand
Py, and decreasing stabsitythroughthe series from Li (o Cs.

We have seady seenin Figure 8. dirsct observation byneulron diraction of the chemice order in iquid L Pb. 8
The dynamics of conc entration Hluctuations in this lquid has also been studied byneutron quasi-slastic acallemng 32 A
Guatative pciure of the elecironic density of stalesinlhe systominvoivesa velence band destved (rom the owterp
Stales of Pb, whichisfiked by siactrons from the 29 band of Liira proceasinwhich cherge transter andlocal chetiucal
order are mutudlly reindorcing each other. Alocel mnimumin the density of states st the Fami level, rdnerlhr;n
pasudogap batwoenthe walence andthe conduction band, is sxpected iromthe fact that LigPb is stil metalic, though
willranther highrescslivily{see Figure 20).

Forthesloysinthe classes [s) andliil,instead, Mexer gt o7 have proposedamodeifor orderal equimolar
composidion which invokes fomation of assantialytelrehedral Pd* or Sng* polyanions, such telrahedr bang seenin
Uhe soid siructure of the equistomic compound. Insuchatetrahedr clusterthe pslaes of Pb, say, would be spid into
bonding and anlidonding statesandihe /omercoud befiled by electrons fromthe alkeki aloms,

5.4 Telsium - based ofioys. Formation of chemical short Arge order bas iso been studiedinliquid efoys lomed by Te
wmmmhﬁ,cmuma T. Pwe Teinthe sokd phmisasmicondunrwhnlructwecmatmd hetical
chans, which is bebevediochange onmekingintos 3D network ofcowelent bonds. Some of the velence slecirons are
sill.ocaizedinthe bonds, while Lhe resl lom a se4 of conduction elecirons. Notable behaviours of the leclic resistiviy
ofiqud Te-based aloys are2! A sharp minimum in the conductivity o “stoichiomelric’ composRions comespondingto

ny AMeier,w.Gemmmdw.mderLugl,J. Phys.F 15, 899{1989).
M. Sobwsch,D. Quimenn, H.Ruppersbergand J. B, Suck, Phys.Rev. B 28, 5583(1983).
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AgyTe, CugTeand TiyTe, whereasinhe- T e acontinuous ngease inconductivly is observed upleacomposhion

comespondingloNizTe.

The observed electronic trnsport properies kave beenrelatedtothe observedliquid structwein beth Ni-Teand
Cu-Te, animportant role being played by ¢ electrons. Figure 21 showsthemeasured mdie! distribution functions in M-
Teotwocompasiions 3 These giveclear evidence of chemical shot range ordercombined with a sireng penetration
of Niatomsintothe first coordination shell of ahi atom, the Ni- N oordination number being of order 2- 3againsta Ni-
Te coordnationnumber of order4 - 5. & is sisoremarkable thet the Te-Te coordination numberisinersssed from about

3inpueliqud Tetosbout 10inthetwoalloys, andthatthe Te-Te distance is similatyincressedirem 2.91 Atoabout
3.55A, The Teatomsin the alloys form an essentialycloss packed structure similarto Lhat of ¢ hiorine ions inmok en alkal
Chiorides: this suggeststhet Niand Te are behawng as calions and anions, respectively, while a the same time the close
contact between Niions gives apprecuabie overlap betweentheir d stakes Lo yield metalic d bonds.

The iquid siructure of CuTeis broadiy simiarto that o/NiTe, bul theresiativtyincreases on alloyingin the fomer
system and decreasesinthe lalter, The difference in electronic behaviows has been reialed™ to diferencesind

electron structure andto the lecation of the Femilevel retaltive tolhe d bandsinthetwo sysiems. Considering hers onty
theCu,Te soichiometsic composition, it is evident thel the presence of Cu*ionsin the ¢19 configurstion vill nalumlly

leadtoa lowconductily.

n A A i 1 i i
Cs Cot it
CaiCal,

Figure 1. Typicsl phase diagrams for binary alloys.
Diagram (f), for the Cs = I system, shows
also the electrical conductivity of the
liquid (upper ourve, with scale on the right),

S= Sgl.&wx,'.- L\\h:c\m

22Y.7.Nguyen, M.Gay, J. E_Enderby, R. J.Newport andR. A Howe, J. Phys. C 15,4627{1982).
R J.NewportR. A Hove and . E. Enderby, J. Phys. C 15, 4635(1982)
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Mgars ;}. E:cess magnstie macdptibility of metal-woclten alt

solutions st 1100°C, in units of the Pauli Sustaptildisty of
the metal, as a funotion of metal concentrstion l..'
The enpty sguars on the vertical axia shows the Curie
o.00eptibility of an isolated spin, wiile the bars maxr
the top of the Cigure give rasnges of <oncentration ia
which the slecirical conductivity of the solitiens
has ths indicated valuen, Prow Nicolose amd Freyland

(19830).
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derivative (bottom] for licuid mikeli-Ph syatms
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