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Resistivity of the liquid gallium-lead miscibility gap system
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We present our electrical resistivity measurements of the gallium-lead system which shows a very large
miscibility gap between 2.4 and 94.5 at. % lead with a critical temperature of 606 °C and composition of 40
at. % lead. A small negative deviation of the experimental temperature coefficient of the resiFHvRy
appears near the critical composition of the alloy. The resistivity of the alloys is interpreted and discussed in
terms of the extended Faber-Ziman formula usingttineatrix formalism with hard-sphere and experimental
(for pure metals onlystructure factors. An approach is proposed, taking into account the information given by
the experimental density of states which allowed us to explain the resistivity of pure lead and that of the liquid
gallium-lead alloys. As a conclusion it was shown that two electrons in the conduction band of liquid lead
better explain the experimental resistivity than four electrons.
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. INTRODUCTION DreiracH® and for liquid alloys by Dreiractet al,'* Hirata
et al,?° and other authors. We used a description of the ex-
Over the last decade the formation of chemical shortchange and correla_tion_effe%ﬁ)yzzemploying either the lo-
range order in liquid metallic alloys has been the subject ofal density approximatioLDA)=* approach only, or the

increasing attention. The understanding of the mixing behay=DA approach with a generalized gradient approximation
ior of two elemental metals forming a binary alloy has al- (GGA) contribution: It is clear that the position of the

ways attracted interest for physicists and metallurgists. Th elrmllenergy, with rﬁsFeclt to tr;ﬁ scsilttetrlng_ mtuffln-tln Foten-
positive enthalpy of mixing can induce the miscibility gap of 1al, piays an essential rofle in the electronic transport prop-

the liquid alloys. Several classical experimental methodsgrt'eds'bltft p03|t|(|)nt_de;ier:gs on :Pe ipcatlon Oféhe ct?]ndur?tmn
chemical analysis;® thermal analysié;® neutron scattering and bottom reative to the muttin-i zero and on the shape

; ; 14
on Li-Na/ Cu-Pb® Bi-zn,? and more recently the isopiestic of the density of states. Dreirael al.”* assumed a free elec-

technique® have been used to measure the degree of immigron density of states band whose bottom is shiftedSay

cibility in phase-separating liquid alloys. It is interesting to :‘rorré tfhfl mgffm-tm zerc[Flg. 1(3)]' TheZI_En%avallzjeo;_s calcu-d
investigate the effect of the immiscibility on the electronic ated following an expression due to Zinidmng discusse

transport properties of these alloys explicitly by Ballentine et al?” Espositoet al'® postulate
Most liquid alloys composed of nontransition metals be-that the bottom of the free electron band is located at the

have as nearly free electron conductors, and their electronf@umn'ﬂn zerof[Fi%. 1(b)]'dBUt. theybtalfje ibnto aqcounLtl thg,
properties can be well described by the theory of Faber anpue shape of the conduction ban y using Lloyds

Ziman'! which was originally developed by Zim&rfor pure ormula® to calculate the integrated density of states. In this
normal metals and was “extended” by Evaesal®® to ap- work, we make a synthesis of the two approaches, and take

ply to liquid noble and transition metals. They simply replaceinto account the fg‘Ct ”‘?t' "%‘CCOfdi”Q to th_e _experimental total
the weak ion pseudopotential in the Ziman thédiyy thet density of state&’ the liquid Iead. is split into two bands
matrix determined using the muffin-tin approximation ex- separatedd t_)y a gap. Tdhelyjaﬂaand IS located r;l?l%;we thffs
pressed in terms of phase shifts. Within the “extended Zimarptates and is separated by a genuine energ e take
formalism,” two approaches have been developed. The firs'{‘to. account this expenmenta'llmformanon n o_rder o de-
one was initiated by Dreiracét al1* and the second one by sc_rlbe the shape and the position of fheconduction band
Espositoet al® The main difference lies in the fact that the [Fi- 1C)- _ -
former includes onlys andp electrons to form the conduc- In Sec. Il we recall the theoretical formula of the resistiv-

tion band whereas the latter also takes into accountdthe ity and th_e calculation.of bottom of thg free electron band_.
We describe the experimental method in Sec. lll. Our experi-

are based on the scattering of nearly free electrons by poteRi€Ntal results are presented in Sec. IV and are discussed

tials. We used an approach called the “method of the neutraf€miguantitatively.
pseudoatoms” introduced by Zimdh.It starts with the

muffin-tin potential of an atom and takes into account the

exchange contribution through a Slafefor Kohn-Shartf) A still unsolved problem is the number of conduction
formula. This method was first used for liquid metals byelectrons of liquid lead. Nearly all earlier papers consider

II. THEORY
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FIG. 1. Determination of the Fermi energy following the methods of Dreirach, Esposito, and our approach. The muffin-tin p@tgntial
is represented on an absolute scale of energy whésehe energy necessary to put an electron at infinity with a velocity zero. We use a
second reference of ener@y The zero corresponds to the muffin-tin zero potental.Dreirach approach: the bottom of the conduction
band is located dEg from the muffin-tin zerofEg can be positive or negative. The band is a free electron band inclsdindgp electrons.
(b) Esposito approach: the bottom of the conduction band is located at the muffin-tirEzer®{; the band is a free electron band corrected
by using the scattering theory expression of Espasiital. (Ref. 15 derived originally by Lloyd(Ref. 28. It may include & electron band.
(c) Our approach: we separate thg band into as andp band following experimental DOSRef. 29. Thep band is shifted byEg as in
Dreirachet al. (Ref. 14 and the DOS is corrected by Lloyd’s expressions given in the EEG paper.

that four electrons are accommodated in the conductiomhere(}, is the atomic volumeq is the transfer wave vec-
band. This is in opposition with the experimental density oftor, a(q) is the structure factoi(q,E) is thet matrix ex-
state measured by Indlekofér®* and Wotherspoo where  pressed in terms of energy dependent phase Yhifts

a valence of 2 seems more adequate. Similary, theoretical

density of state§DOS) calculations of solid lead within a

semirelativistic augmented plane way&PW) method by 2mh3

Zdetsiset al2 and of liquid lead by Jank and Hafriétead t(q,E)=— ———2> (2

to the same conclusions. So it is of interest to test the effect my2mEQ, |

of the valence on the electronic transport properties and to +1)sing(E)exdin(E)]P/(cosd),  (2)

compare the results to our measurements. iChaal>® in-
terpreted the resistivity and thermopower of liquid copper-
lead using the same assumptiah<2) and the crude Slater whereP(cos6) are the Legendre polynomials amds the
exchange contribution in the construction of the muffin-tinangle between the incident and the scattered wave vector.
potential. The phase shifts,(E) are calculated from muffin-tin poten-
tials constructed following the method of Mukhopadhyay
et al3’ The same formalism has also been applied to transi-
A. Expression of the resistivity tion metals taking explicitly into account the fact that elec-
We express the electrical resistivity of a normal metal as d&rons with spin up and electrons with spin down do not feel
function of both the energg and the wave vectd follow-  the same potentidf. To compare with the experimental re-
ing a scheme described by Makraet a|_21 using the SiStiVity, the formula(l) has to be taken at the Fermi energy
Ziman'? formula. The resistivity can be written as function (E=Eg) and at the Fermi wave vectok€ k).

of energy: The wave vector is written
3mmiQ, (2 ( Ne( E)) 3
- - - 2~3 k= 2 )
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k andE are related by = #2k?/2m, + Eg (Eg is the bottom 2. Density functional theory

of the free electron band and will be discussed if21 Sec).llC  The density functional method provides a framework for
In the case of alloys, the expressiafq)|t(q,Ef)|® is re-  the calculation of the ground state of atomic one particle

placed by potential. While density functional theofFT)* is exact in
5 principle, a practical implementation of the method requires
t3(a,Ep)[c(1—c)+c?a(q)] the approximation of the exchange-correlation potential. The
2 B 2 simplest and most widely approximation used to calculate
+13(9.Ep)[c(1-C)+(1-c)%ax(a)] the exchange-correlation potential is the local-density
+14(0,ER)tE (q,Ep)c(1—c)[ars(q) — 1/2] approximatiorf? which is valid only for slowly varying den-

sities. The LDA has been improved with the development of
+t5 (0, Ep)ta(q.Ep)c(1—c)[a(q)—1/2].  (4)  the generalized gradient approximafidff in which the
exchange-correlation functional incorporates density gradi-
The Fermi wave vector is obtained by a linear interpolationent terms. All details of the construction of the liquid single
of the number of conduction electrons of the pure metals site potential and the superposed muffin-tin potentials are
given in the paper of Makradit al?

N&Y(E)=cNE®+ (1—c)NEP. (5)
The atomic volume is a linear interpolation of the atomic C. Fermi energy determination
volume of pure metals Two approaches are widely used for the determination of
the Fermi energy.
QdY=cS+ (1-c)Qf®. (6)

. . . . . 1. Dreirach et al. method
c is the concentration of the first speci@gllium) and (1 refrach et al. metho

—c) is the concentration for the second spediead. The The first method has been proposed by Dreirath
phase shifts are taken at the Fermi energy of each met&nd has also been used by Hirataal*° In this method the
band. The number of conduction electrons is that of the alloy-ermi energyEe is related to the muffin-tin zero potential
as in Dreiractet al1* Of course this “two band model”is an [Fig. 1(@] and can be written as

approximation since we have to use and fill the “alloy den-

sity of states” band by the conduction electrons. hzk'é

EF:EB+ 2m* ’ (9)

|14

B. Muffin-tin potentials

The construction of the ||qU|d lead and galllum pOtentialSWhereEB is the bottom of the band arid: is the free elec-
is based on the superposition of neutral atomic charge. Thgon Fermi wave numbeEg is a structure independent quan-
phase-shifts entering in the expression of the electronic profty that can be related to thephase shift of the muffin-tin
erties are calculated from a muffin-tin potential using thepotential?®2” The parametem* is an effective mass that
LDA-GGA approximation. In all our calculations we use the prejrachet all® determined from the band structure in the
exchange and correlation effects of Perdew, Burke, and Ermeyystalline state. The enerds is counted from the muffin-
zerhof (PBE. tin zero energy[Fig. 1(a)] and not from the bottom of the

free electron band.
1. Hartree Fock formalism
In the framework of the Hartree-FodiHF) theory, the 2. The bottom of the conduction band

atomic one particle potential is given by Zimarf® has proposed a method to calculate the energy of

— the bottom of the band depending on the properties of the
va(r)=— E+ f p(r—r,dr, + Vey(T), (7) ~ S-p-d wave phase shifts produced by a muffin-tin potential.
r lr—r’| This procedure enables us to numerically calculate the fol-

. . . lowing results: For the lead ai=750°C, the bottom of
wherez is the atomic number. The first and second terms are, . tron band i€5=—0.24 Ryd and for the gallium &f

the potentials due, respectively, to the Coulomb interaction_ o B
withahe nuclear chargepand wit¥1 the other electrons. The last 550°C, the bottom of electron bandfig=—0.35 Ryd.
term is the exchange and correlation potential. The exchange
correlation contribution has been approximated by Stater
who introduced a weighted average over occupied states:  The second approach was presented by Espesit!®
who proposed a consistent method to deternfitpewithout
3 any value ofEg and m*. They introduced the number of
(Q)P(r) ' (8) conduction electrons per atoly. (effective valencgwhich
is different than the valencg. The Fermi energ¥g is ob-
where p(r) is the local density of the system in question. tained by filling the density of states curve Hyelectrons.
This expression has been used by ®hetial*®° The Fermi wave vectokg is obtained fromEg by

3. Espositoet al. method

1/3

Ve (r)=—3
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TABLE I. Fermi energyEg, bottom of the bandg, “effective number of conduction electron®N,
and calculated resistivityp) with Dreirachet al. (Ref. 14, Espositoet al. (Ref. 15, and our approach.

Metal Lead g=2) approach 1 LeadZ=4) approach 2 GalliumZ4=3)
Dreirach approach Eg=—0.24 Ryd Eg=—0.24 Ryd Eg=—0.35 Ryd
NC: 2 NC:4 NC: 3
Er=0.1655 Ryd Er=0.4038 Ryd E-=0.389 Ryd
p=435.740 cm p=52.48 u) cm p=51.93ucm
Esposito approach Eg=0 Ryd Eg=0 Ryd Eg=0 Ryd
Nc=2.51 Nc=4.60 Nc.=3.58
Er=0.47 Ryd E-=0.71 Ryd Er=0.8311 Ryd
p=68.80u{) cm p=39.37u cm p=33.82u0 cm
Our approach Eg=—0.24 Ryd Eg=—0.24 Ryd Eg=—0.35 Ryd
Nc=2.68 Ne=4.51 Nc=3.75
Er=0.2534 Ryd Er=0.4575 Ryd Er=0.5069 Ryd
p=148.110 cm p=46.67 n) cm p=30.07 ) cm
(2mEg)? method®® We have introduced the number of conduction
F=— 5 (10 electrons per atoml, (effective valencewhich is different
than the valenc&. The Fermi energy is obtained by filling
The effective valenc®l; is obtained fronkg by the density of states curve & electrons per atom. Contrar-
. ily to the Espositoet al. approach? we choseEg# 0. This
N ke{do (1 ~means that in our scheme the density of StMEE) is
CT3n? shifted and, as a counterpart, the free density of states can no

longer be corrected by Lloyd’s formula for electron energies
below the muffin-tin zero. As a result, only electrons with an

'@nergy higher than the muffin-tin zero, give rise to a Lloyd’s

‘contribution in the density of states. Thus we can summarize
our approach as follows:

The interpretation of this prescription is based on Llo§fl’s
expression for the total integrated density of states per ato
appropriate to a system of nonoverlapping muffin-tin poten
tials:

N(E)=N0(E)+%§|: (21+1) 9 (E)+Ny(E). (12 N(E)~No(E) for Eg<E<O,

2
No(E) is the free-electron integrated density of states propor- | N(E)~No(E) + ;El (21+1)y(E) for E>0
tional to E®2, #,(E) the energy dependent phase shift of the (14)
single-site scattering, ard,,(E) the effect of multiple scat-
tering. In order to obtain the Fermi energy together withthe Fermi wave vector is obtained fromkg
other free-electron parameters, consistent with the Fabet=2m(E-—Eg)/# andN, is obtained fromkg by formula
Ziman formula$® only single-site scattering has to be taken(11). It cannot be considered as evident that the number of
into account. According to Lloy& this implies thatEr has  conduction electrons iZ=4 for liquid lead if one observes
to be determined using the total number of valence electronge experimental and theoretical densities of state¥Thus
per atom in the conduction band: we did the calculations within two assumptions: the first one
) with a conduction band containing four electrons and the
_ ~ “ second one with two separated bands. The latter assumption
Z=N(Eg)~No(Ep) + 7-r§|: @+ 1)mEe. (13 implies a lower band completely filled with two electrons
. . . _and an upper band considered as the conduction band par-
The location of the Fermi energy with respect to the muffin~4)ly filled with the remaining two electrons. The resolution

tin potential is illustrated in Fig. (b). The multiple-scattering Eq. (10) gives rise to the results reported in Table | which
termNy(Eg) has been neglected. This point may be a weakyyjj| pe compared to the results obtained by Dreirattal 14
ness of the approach but its importance has not been checkgg Espositeet al1®

for computational reasons.

4. Our method I1l. EXPERIMENTAL DESIGN

The Fermi energy has been determined with respect to the Resistivity measurements were performed by using the
muffin-tin zero potential taken as the origin of the energyfour-probe metholf with a quartz cell fitted with tungsten
scale[Fig. 1(c)]. It depends on the integrated density of electrodegFig. 2). The resistance of the sample is given by
statesN(E) which has been obtained following Lloyd’s R=pC, where C is the geometrical “cell constantC
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i FIG. 3. Experimental electrical resistivity of liquid gallium-lead

alloys as a function of temperature for different atomic concentra-
FIG. 2. Experimental measurement cell. tions.

=J5[dI/S(1)]. The cell constant was determined at room tem-orted in Table II. The difference between the polynomial
perature by using triple distilled mercury whose resistivity iSand our experimental result is lower than 0.03% below
well known. Since the variation of the cell constant due to1000°C.

the expansion from the room temperature up to 1100°C is  When the temperature decreases, it appears clearly in Fig.
less than 0.5%, we have neglected this variation. The cel§ that, at a certain temperature, the resistivity increases rap-
was used for the investigations of the entire concentrationdly. The observed phenomenon indicates that we reach the
range of the phase diagram above the binodal ctires in  miscibility gap temperature. Thus the resistivity behavior re-
the homogenous alloysThe measurements were made in 10veals to be a useful tool to determine the binodal curve or
at.%. steps. The temperature was measured with thre@ore generally the liquidus curve.

chromel-alumel thermocouples in contact with the cell. We summarize in Table Il the temperatures of the phase
separation T) that we obtain and we compare these values
IV. RESULTS AND DISCUSSIONS to those of the literature. We obtain a “critical temperature”

of 616 °C. However, it is useful to precise that our alloy in
not homogenous in temperature along the capillary. Thus the
The entire system was connected to vacuum or argon atbserved phenomenon occurs when the lowest temperature
mosphere. The alloys were prepared from gallium and leadf the capillary reaches the miscibility gap. It introduces con-
supplied by Johnson and Mattey with a nominal purity ofsequently an error of about 5 °C.
99.999%. The experimental resistivity was measured with a The obtained value of 616 °C is 10°C higher than the
resolution of better than 0.01% and an accuracy of 0.3%. Téiterature valugMassalski*> and lower by about 12 °C than
our knowledge, the electrical resistivity of gallium-lead alloy that of Sokolovskiiet al*2 Concerning the resistivity, the dif-
has only been measured by Kononemkal*! for the dilute  ference between their values and ours is more than 20%.
alloys (until 1 at. % Ph and by Sokolovskiet al**who have  Since the temperature dependence of the resistivity is linear,
measured the “electroconductivity” of the same liquid alloy this disagreement does not influence the resistivity but over-
in the entire concentration-temperature range of the miscibilestimates the liquidus curve. The remaining difference may
ity gap. Our resistivity measurements versus temperature fdse attributed to the uncertainty in temperature measurements
all compositions are presented in Fig. 3. The experimentabr to the prescriptions used for measuring the diagram re-
data have been fitted by fourth-order polynomials namely ported in Massalski® We can observe that all the resistivities
=agta T+ a2T§+ a3T§+ a4T‘C‘ and the coefficients are re- seem to be a linear function versus temperature both for pure

A. Experiments
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TABLE II. Coefficients of polynomials fitted on the experimental resistivity of liquid&a_, alloys at
different gallium concentratioRg,.

XGa ag a; X107 a,x10° azx10° a,x10% Between
(uQem  (uQemC?l  (uQemC? (wQemC?® (uQcemCH T(°C)

1 25.057 2.0660 0.1486 —0.7478 4.3039 30-1100
0.9 35.237 —0.0324 4.6126 —4.4424 15.5512 509-1100
0.8 38.956 1.3250 2.1823 —2.2407 8.2353 589-1100
0.7 41.552 2.9000 —0.1655 —0.4923 3.4012 612-1100
0.6 61.787 4.4430 14.9321 —14.2702 50.8363 616-1100
0.5 44.481 7.0560 —7.4336 5.4135 —14.2730 612-1100
0.4 50.159 7.4250 —7.6648 5.5713 —14.5684 601-1100
0.3 67.746 1.9790 2.9519 —3.0976 11.8924 577-1100
0.2 73.498 2.0220 3.61410 —3.73122 13.3985 526-1100
0.1 73.278 5.0580 —1.4744 0.60707 0.28780 415-1100

0 78.703 5.0460 —0.7350 —0.1846 1.2015 327-1100

metals and for liquid alloys above the phase separation tensodium-lithium alloy, the TCR presents a positive peak at the
peratureTs. The nonlinearity which appears in Table | is critical composition and at the critical temperature. Philippov
small if one observes Fig. 3. The experimental resistivityet al*° have observed a large negative deviation of the tem-
temperatures coefficients of the liquid GePh; ) alloys  perature coefficient of the sound velocity near the critical
versus the temperaturd €630, 700, and 800 °C) and con- composition for Ga-Pb. They indicated a similar behavior of
centration are presented in Fig. 4. The TCR coefficient dethe temperature coefficient of the adiabatic compressibility. It
creases linearly with the gallium concentration. A relativejs known that the adiabatic compressibility is related to the

minimum of the TCR appears at the critical compositionstrycture factor at the long wavelength lini(0)] which
when the critical temperature is approached. We interpret thexnipits a divergence for this kind of alloy.

phenomenon by relating it to the divergence of the structure
factor at long wavelength limitssmallq values. The diver-

gence of the structure factor at low angles has been observec 0.040 T T " T T
for other liquid alloys/Cu-Pb(Ref. 8 and Bi-Zn(Refs. 44, experimental TCR
45)] which also present a miscibility gap. o GaPb,,
By analyzing the experimental measurements devoted to%, [ e T=630°C
the electrical properties of segregated and demixed liquid &
alloys, we note that Schonan and Park§ measured the re- ¢ 0.035 - —e—T=700°C |
sistivity of the demixing alloy(Ga-Hg but that they ob- é \ —a— T=800°C
served no anomaly in the derivative of the resistivity. How- 5
ever, they showed a strong divergence of the specific¥ieat. B R
Schirman and Park§ also observed that for the liquid $
o 0.030 1 - 1
TABLE Ill. Temperatures of phase separatidny with the cor- ;’5_ !\
responding resistivities compared to the literature values. _8 \.
C
Sokolvskiiet al. Massalski é \
This work (Ref. 42 (Ref. 43 g 0.025 "'ﬁ!
o
T (©) Pexp Ts (O Pexp Ts (O [0} \
XGa (pQem Q) (1Qem O = '
S
09 509 42.22 517 g l\!
0.8 589 50.66 565 42.6 583 £0.020
0.7 609 58.53 603 45.0 602 ﬁ
0.6 616 65.02 628 51.1 606 1 . ] . 1 . 1
0.5 612 70.18 604 01 02 0.4 0.6 0.8 09
0.4 601 77.35 628 59.4 595 Composition of gallium
0.3 577 84.50 576
0.2 526 88.97 596 68.8 536 FIG. 4. Isotherm of the temperature coefficient of the resistivity
0.1 415 92.35 442 of gallium-lead atT=630, 700, and 800 °C near the miscibility
gap.
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500

[7(T)=Aexp(=BT)]. It appears that if one uses Dreirach’s
approach(free electron density of states agkgd+0) the re-
sistivity obtained with four conduction electron$2.48
nQ cm: Table ) underestimates the experimental resistivity
(113.4 ) cm). On the other hand a valence 8f=2 over-
estimates it(435.7 u{) cm). With the approach of Esposito
(Eg=0 and density of states determined with Lloyd's for-
mula we obtain 39.4 and 68.8() cm with, respectivelyZ
=4 andZ=2. We are far from the experimental value. But
- there is no reason that the bottom of the band starts from the
muffin-tin zero energy. Furthermore, there is no reason that
the band is free-electron-like as has been shown by an ex-
perimental determination of the density of stat&s! Thus
the only reasonable approach seems us to be a combination
of Esposito and Dreirach approaches taking into account the
informations given by UPS spect#&.>!In our approach we
obtain, withZ=4, 46.67 u{) cm which is two and a half
Pep=113.40u02.cm times smaller than the experimental resistivity. If we use the
“Esposito's approach - valueZ =2 we obtain 148.110 cm which is 30% above the
experimental resistivity. The agreement with the experimen-
| | tal resistivity can be improved by a few percent if, instead of
our approach 5 e e using the hard sphere structure factor, we use the experimen-
0 (H.S. a(c!)) : tal structure factor. We obtain 141.34) cm which is now
* ’ ' * 24.6% above the experimental value. It appears that within

0.0 0.2 0.4 0.6 0.8 1.0 the model used for the DOS and the resistivity calculation a

}Lead at 750°C using the PBE approximation

—e— calculation with HS a(q) and E, =0 Ryd
—e—- calculation with HS a(q) and €, =-0.24 Ryd

—o— calculation with Exp. a(q) and E; =-0.24 Ryd
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Energy (Rydberg) valence 4 for lead does not give the best agreement with
experiment.
FIG. 5. Energy dependence of the electrical resistivity of liquid ~ Other experimental and theoretical values also conclude
lead compared to our measurement. in the same way. The calculation of Jank and Hathshow
“a 6's band which is separated from the ®and by a gap of
B. Theoretical investigation discussion 1-2 eV related to relativistic effects, which tend to lower the

For the theoretical interpretation of our experimental re-> __statelssz relative to the higher-angular-momentum states.
sults, we used the extended formula of Faber and Zimarlf|Uttne measurgd the optical properties of lead and con-
expressed in terms of the phase shifts. We have calculat u<_jed thgt 'eéd is far from showmg Drudes pehawor. He
the phase shifts as a function of the energy for electron& tributed it to interband effects confirming earlier measure-

scattered by a muffin-tin potential. Its construction has beel ents of Inagaket al.>* No definite 00”50'“5'0“5 can be ob-
adapted to the liquid metals by Huget al®® and supple- in€d from Hall effect measuremertts” The experimental
mented by the recent contribution of PBE's exchange-s'tuat'on is not clear since the valence obtained in a free
correlation potentiat® electron model goes from 1.5 to 3.5 electrons per atom.
fHowever, a free electron model cannot be used to interpret
measurements as emphasized by Balleftiwao introduced

a contribution due to “skew scattering.”

Based on the Indlekofer experimental determination o
the density of state derived from UPS spettr® we have
assumed that the outes6and @? electrons are split into . S oo . .
two individual bands. This means that the lower band fiIIedb %a”'uﬂ' Th_e ret5|s|té\7/|ty (.)f I|qg:dtgall|urg hKashbegrrl] studied
to the top with two electrons cannot be considered as partici—?f] en a:jssmee | at'. usF,)lng ;’l‘er an tho EDA gnéAex-
pating to the conduction process. The remaining two electtange and correlation. Fresently, using the - ex-

trons occupy the energy states of an unfilled conduction banaressg)n_l%ne dcan .;)bs?rvte tm FI?.I 6 dfhs(t)r,éw dr'estjlts tﬁret im-
which serves in our approach for the determination of theProved. 1he densily of states ot Indie maicates tha
Fermi level. the DOS is near that of a free electron one. It is clear that we

have to takeZ= 3. In Fig. 6 we represent the resistivity cal-
culated with Eg=0 (Esposito approagh and Eg=
—0.35 Ryd (Dreirach et al'* and our approadh Our ap-
Lead We calculate the resistivity as a function of energyproach takes into account the deviation from the free electron
by using the muffin-tin potentials constructed as described ilDOS given by Lloyd in the determination & .
Sec. IIB. Two curves are plotted in Fig. 5, the first one We also represent the curve calculated with the experi-
corresponding t&eg=0 (Esposito approaghand the second mental structure factafat Eg= —0.35 Ryd only. It appears
one toEg=—0.24 Ryd(Dreirach and our approachBoth  that this curve differs only at higher energies than the Fermi
curves use the hard sphere structure factor with a packingnergy. Taking the hard sphere structure factor does not alter
fraction obtained with Waseda’s formula 3.1.1 of Ref. 51the resistivity.

1. Resistivity as function of energy for pure metals
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100 —— — 10—+
Gallium at 550°C ]
. . . - @ - our experimental results
using the PBE approximation e s Dreirach approach: 2=2 for Pb
N our Epproach A Dreirach approach: Z=4 for Pb
HS a(a) E,=0 v Esposito approach: 2=2 for Pb
HS a(q) E,=-0.35 Ryd i Exp. a(q)) v  Esposito approach: Z=4 for Pb
_ —8— our approach: Z=2 for Pb
75 k- Exp. a(q) £,=-0.35 Ryd N o our approach: 2=4 for Pb
—&— our approach fitted on pure metals
Dreirach's approach
100
p—, —
£
5 5
g Esposito's approach Ci
= 50 - -
2 2
2 2
- £
X [00,=35.97u02.0m i 2
8 PpPooocooco= 8 50 Aa
z m [=]
25
our approach L Gabe1_x (T=750°C)
0 L 1 N 1 N 1 L 1 . 0 L 1 L 1 L 1 L 1 L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Energy (Rydberg) Concentration in gallium

FIG. 7. Comparison between experimental and calculated resis-
tivities of liquid lead-gallium alloys as a function of atomic concen-
tration at 750 °C. We plot simb initio calculations withz=2 and
Z=4 using Dreirach, Esposito, and our approach. We also compare
our experiment to a calculation where the Fermi energy is fitted in
order to obtain the experimental resistivity for the pure metals.

We represent the resistivity as a function of concentration
in Fig. 7. It appears clearly that with=4 for liquid lead, the

resistivity of the alloy is systematically underestimated. Thegg 54 & bands is progressively filled. But as the partial

only c;lm;lgtkl‘on which gives an a}CE:)ep.tablﬁ, resudlt IIES Our.tar,)'resistivities are weighted by the square of the concentration,
gcr)?]i(; tvsv Vl\ﬁthlzs_azconhgr?;nn']S;n?n Ez'i?c(;e Sa?]r; » CS;nosb'g Yhe lead rich alloys behave as if the the valency of lead is 2,
P - 9 pancy while on the gallium rich side we may take a valency of 4,

attributed to the inherent inaccuracy of such a calculationthe square of the concentration minimizes this contribution
Indeed a small error in the experimental pair correlation q '

function used to construct the muffin-tin potential can have
an important effect on the resistivity. We have also fitted the
calculated resistivity on the experimental one for pure met- V. CONCLUSION
als. We obtain a Fermi energy of lead Bf=0.2878 Ryd,
which corresponds tdl,=2.97 and a Fermi energy of pure  In conclusion, our approach, inspired by the experimental
gallium of Er=0.4322 Ryd, which corresponds tbl,  density of states, allows a satisfactory explanation of the re-
=3.34. The calculated resistivity of the alloy is very near thesistivity of lead and gallium as well as that of the liquid
experimental curve. We can conclude that the structure of thgallium-lead alloys. The results presented in Fig. 7 clearly
alloy is pretty well described with our calculated HS struc-show that the resistivity calculated from a conduction band
ture factor. The main contribution to the resistivity comesoccupied with two electrons is revealed to be closer to ex-
from the first peaks of the structure factors. Its divergence gperiment. The raised question of whether the conduction
low g values has only a small effect on the temperatureband of liquid lead contains two or four electrons appears to
coefficient. us definitively in favor of a conduction band occupied by
However, a weakness of our calculation may stem fromtwo electrons in agreement with DOS, optical measurements,
the fact that we combine the density of states of pure leadnd calculations. The resistivity measurements are a very
and gallium. In fact we can consider that the true alloy densimple and efficient tool for the experimental determination
sity of state is the result of a mixing of the two individual of the liquidus. We have shown the existence of a small TCR
densities. This means that, on alloying, the band gap betweeanomalous behavior in the neighborhood of the critical point

FIG. 6. Energy dependence of the electrical resistivity of liquid
gallium compared to our measureméhorizontal ling.

2. Resistivity of alloys
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