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behaviour of liquid HgNa alloyst 
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E-18071 Granada, Spain 

Received 2 October 1990 

Abstract. The magnetic susceptibility of liquid-mercury-based alloys containing5,8,15 and 
Bat .% Na is investigated. Changes in the paramagneric contribution of the conduction 
electrons are discussed in terms of negative excess molar volume. The anomalous variation 
of the total magnetic susceptibility with the composition is analysed. The occurrence of Hg, 
units appears to be corroborated from the composition deoendence of the effective mass 
ratio mfm'. 

1. Introduction 

In an earlierwork (Extremera 1988) two interesting features of magnetic propertieswere 
observed in liquid-Hg-based alloys containing sodium: one is the very large reduction in 
diamagnetism produced when an exceedingly small quantity of sodium is introduced 
into liquid mercury; the other is the tendency towards formation of intermetallic associ- 
ations with short-range-ordered structures asdeduced from the remarkable peculiarities 
in the concentration dependence curve of the total magnetic susceptibility. The former 
might require a more detailed study, since one wouid expect-iii p'inciple-a decrease 
in the paramagnetic component as a result of the negative excess molar volume in 
the dilute solute concentration range. The latter was speculatively explained by the 
formation of clusters in which outer-shell electrons could be localized around mercury 
ions. 

For the Hg-Na system, Morikawa el al(1987) have recently carried out measure- 
ments of the excess molar volume, 

VEX - (1.1) M - VM - (XIV? + x 2 @ )  

where V, is the molar volume, x ,  is the atomic fraction of component a, and V: is its 
molar volume in the pure state. They found that Vg has negative valuesvaryinglinearly 
with the concentration of Na. Using their measurements obtained by the pycnometer 
method, we investigate the contribution of VE to the total magnetic susceptibility, it 
being at first sight tempting to speculate about the part of the susceptibility due to 
the tightly bound (ion-core) electrons, xi. We have extended our analysis up to the 
concentration 18 at.% NawheretheNaHg,formsperitectically (Extremera 1982,1987). 

T This work was originally presented at the EPS First Liquid Matter Conference (Lyon, France, 7-11 July 
1990). A special issue dedicated to papers from this conference was published in December 1990. 
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To determine xi, various approximations have been employed in dealing with cal- 
culations from self-consistent charge densities (Hurd and Coodin 1967, Feiock and 
Johnson 1969, Mendelsohn et al1970, Banhart et a1 1986). However, under the assump- 
tion of interacting electrons with an effective mass my, calculations of the electronic 
susceptibility, ,yc, enable us to estimate xi if one takes into account the observed values 
for the total magneticsusceptibilityX,(Timbie and White 1970). Thislatter methodalso 
leads to the discovery of the composition dependence of the effective mass ratio (or 
band effective mass in a low-temperature context). 

2. Experiment 

The procedure for preparing the samples has been described elsewhere (Extremera 
1988). The magnetic susceptibilities were determined by means of a modified Gouy 
method. The temperature was kept nearly constant (18-19°C) during the measure- 
ments. The Gouy tube was made of Pyrex glass with a ground glass stopper and was 
suspended by a fine copper wire from the centre of the left pan of the balance. Three 
tubes each 11 cm in length and 0.97, 0.86 and 0.66cm in diameter, respectively, 
were used. For each tube, measurements were taken at three different magnetic fields 
corresponding to current strengths of 5 ,6  and 7 A. Hence, using three tubes and three 
field strengths, nine readings could be taken for a composition. 

3. Results and discussion 

The total magnetic susceptibilityxTof simple metals is written as follows 

XT = Xi + Xc (3.1) 

x e  = PPaPBm 2 N23/&2(3~2)3/2 1 -  ,113 v?? (3.2) 

In the free-electron approximation, the contribution of the conduction electrons to xT 
obeys 

where @is the free-electron mass !c effectbc mass ratio (i.e. m/m*) and Tis the average 
number of valence electrons transferred to the conduction band. N A ,  m, f ig,  f i0  and 15 
have their usual meanings. The expression of xc for interacting electrons corrected for 
effective mass is (Collings 1967) 

xe = (1 - fa%p/[l - (1 - @)olP/x:)l (3.3) 
where x‘p is the electron spin paramagnetism for free electrons and xp is that for ‘free’ 
electrons taking into account the Coulomb interaction. 

Showing a common tendency of mercury alloys containing alkali metals, Vp 
decreases with increasing solute concentration in the form (Morikawa eta1 1987) 

(3.4) v e x  - - - 9.859 x 10-6xN, - 3.76 X lO-’xZ (m3 moI-’) 

for the composition range extending to 14.38 at.% Na. From equation (3.2), the frac- 
tional change GxJxc of the electronic susceptibility and the volume contraction 
VK/V,  are related by 

6xJxe = IV%/VM (3.5) 
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Figure 1. Fractional change of,y,(curvel) andX.(curve 11) for variouscompositions at 18 “C. 

assuming V ,  = 15.14 x m3 mol-’ as takenfromdataof Morikawaandco-workers. 
Since our previous results corroborate characteristic anomaljes in the plot of xT against 
composition, we may compare Sx./x,  with the measured fractional change of xT at 
1 8 T ,  now focusing our attention on the behaviour of the ion-core contribution. This 
qualitative analysis might involve the formation of clusters around specific concen- 
trations. 

Figure 1 displays the composition dependence of the ratios ISxT/xTI (curve I) and 
ISX./x,l (curve 11). The latter, which has been obtained by using equations (3.4) and 
(3.5), shows a linear variation. It is apparent that the correction of xe leads to a small 
decrease in paramagnetism. 

However, the competition between the diamagnctism of the core atoms and the 
paramagnetism of the conduction electrons appears to be reflected in the curve cor- 
responding to the experimentally observed values of \8xT/xTl plotted against at.% Na. 
WhenminutequantitiesofNaareadded tothealloy, theNagoesintosolution,favouring 
the paramagnetism as a consequence of the interaction between the Na single spins. 
When largerquantitiesof Naare added to Hg, the Naatomsoccupy the holes between the 
zig-zagbandsof Hgatoms (NielsenandBaenziger 1954), formingpairswithdiamagnetic 
behaviour. The prominent diamagnetic deviation around 18 at.% Na suggests the for- 
mation of square-planar clusters at the composition NaHg, (Corbett 1969). 

If we now turn to equation (3.3), Hedin and Lundqvist (1969) have obtained xp for 
metallic mercury using the Fermi liquid theory. The free-electron spin susceptibility, 
xk, is estimated from the value of the inter-electronic distance r,, which is calculated 
throughout the observed range of densities of metallic mercury (Takahashi and Shimizu 
1973). xi for pure metals can be estimated by subtracting xe calculated with (Y = 1 from 
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Figure 2. The effective mass ratios in the liquid H&Na system up to 20 at,% Na 

the experimental values xT. If x y g  and xp remain unchanged on alloying, we can 
determine the composition dependence of m/m* using xT for each composition. The 
result for the liquid Hg-Na system containing less than 20 at.% Na is shown in figure 2. 
The initial fall in m/m* corroborates the increase of the paramagnetic enhancement 
(m* > m)in thecase ofverydilutealloys. Thus, thestructureoftheliquidHg-Nasystem 
is not far from that of a random mixture of atoms, Nevertheless, in the range of 
concentrationswhere the Hg,unitsareclearly bridged by the Naatoms the paramagnetic 
enhancement would be drasticallv reduced because of a redistribution of the electrons 
(Shimoji eta1 1988). 
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