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ABSTRACT

We evaluate and extend an earlier proposal for a microscopic theory of the nonmetal-
to-metal (NM-M) transition which occurs on dissolving an alkali metal in its molten
halide. The transition is viewed as involving a balance between the free energy gain from
the binding of valence electrons into localization centres and the excess free energy of
the ionic assembly screened by the electrons. Using parameters estimated for solutions of
potassium in potassium chloride and assuming that the elementary process of electronic
trapping is the formation of F—centre like clusters, Thomas-Fermi screening by metallic
electrons is shown to lead to a very sharp NM-M transition at a concentration in the
range of 25-30% added metal. Thermally activated hopping of the localized electrons
and the evolution of the localization centres with composition are uext crudely taken into
account by allowing for an additional contribution to the inverse screening length, which
is estimated from the electronic localization length. This is shown to lead to a progressive
break-up of the localization clusters, accelerating into a NM-M transition in the same
concentration range. This simplified theoretical scenario is consistent with the available

experiinental evidence.
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1. Introduction

Solutions of metals in their molten halide salts and their nonmetal-to-metal (NM-M)
transitions have attracted considerable atiention for a number of years (for recent reviews see [1-
41). The mechanisms of localization of valence electrons in the salt-rich region of the phase
diagram and their evolution with increasing concentration ¢ of added metal towards the NM-M
transition have been the object of especially intense and careful stedies in the case of solutions of
alkali metals in molten alkali halides. It is well established that in these systems at very high
dilution trapping of single electrons occurs at favourable structural fluctuations with the help of a
coaperative rearrangement of the ions. From simulation resulis on K-KCl1 [35, 6] the very old F-
cenwre madel for the Jocalizaton sile in this concentration regime has received substantiation and
a microscopic description as consisting of an electron with a first-neighbour shell of about four
K+ ions on average, the electronic residence time being of the order of a few picoseconds, With
increasing conceniration of metal a reduction of unpaired spin densities {7] and the emergence of
a new optical absorption band [8] have been observed, which indicate progressive formation of
spin-paired stales and small metallic clusiers. The absorption associated with F-centre electeons
is still present, however. The NM-M transition in K-KCl at T = 8({°C occurs at a concentration
¢ = (124 [3], well below that of the critical point tor demixing at ¢ = (1L.39, There is as yet no
strong evidence that may allow one to airibute a specific (Anderson, Mott-Hubbard or
pereolation) type o the transition [91.

[t has reeently been proposed by Yurdabak, Akdeniz and Tosi | 10} (hereafier 1o be
reterred to as 1y that a microscopic theory of the NM-M transition in these sysiems would involve
balancing the [tee energy gain from binding of valence electrens in localized states associated
with ionic clusters and the free energy change from dissolving the components of such clusters
inte an ionic assembly screened by mewallic clectrons. The crucial consideration is that, as
electrons are released into conduction states because of nawral limitations on the available
localization sites (e.g. the number of K+ ions needed to form F-cenire-like clusters), the onset of
metallic screening would rapidly lead to a dissolution of the bound states and to a collective
transition of the valence clectron assembly to a metallic staie. This argument, combined with the
available simulation data {5], immediately suggests that the NM-M transition in K-KCl should be
found at ¢ = (125, in agreement with experiment. It was also shown in 1 that, by using at the
simplest level of theoretical description a2 model of charged hard spheres for the ions and
Thomas-Fermi screcning [or the metallic electrons, such a theory is amenable to an analytic
solution within the mean spherical approximation (MSA).

In the present work we first evaluate the model proposed in I in its original form, using
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parameters appropriate to K-KCl at 800°C. The NM-M transition is indeed found to occur at ¢ =
.25 - 0.30 and to be extremely sharp. We then proceed to elaborate on the model by including
some allowance for the finite lifetime of the localization clusters, due to thermally activated
electron hopping, and for their evolution with composition. We show that this leads to a smooth,
progressive dissolution of the localization centres and hence to a smooth transition 10 a metallic

state, with an insignificant shift in its location.

2. The model and its parameters

Following I, we view a K-KCI mixwre at chemical composition ¢ of added metal as
composed of {K4)3* clusters in molar fraction cx, free K+ ions in molar fraction (1 - dex) and
tree Cl- in molar fraction (1 - ¢), with a residue of unbound "metallic” electrons in molar fraction
(1 - x). The equilibrium value of x is to he determined by minimization of the Helmholtz free
energy F at constant composition ¢, temperature T and molar volume v.

The free energy 1s writlen as
(h F = xcfy + ¢(1 - x)Eg + F - TSy + Fx
where Iy is the free energy of binding of a cluster relative to its conslituents in vacuo, Ey is the
ground state energy of unbound electrons, Fy is the ideal translational free energy, Sm is the ideal
entropy of mixing and Fey 18 the excess {ree energy arising from the interactions between the
components of the melt. As shown in 1, minimization of the free energy in eqn (1) with respect
10 X yields a law of mass action for the equilibrium concentration Xeq of bound clusters with an
activation free energy which depends self-consistently on xeq.

The excess free energy Fex in egn (1} can be estimated in analytic form by resorting o a
maode! of charged hard spheres exponentially screened by the electrons with an electronic inverse
screening length A, the solukion of such a model having been given in the MSA by Blum et al.
[11, 12]. Thal is, the condition

%7
kpT'r

) o =- exp(- Ar}

is imposed on the Ornstein-Zemike dircct comrelation functions c;(r) for r > Ji (o + 0j), zj being
the ionic charges and ¢; the ionic diameters for the various components of the melt. Using also
carlier results of Ginoza {13, 14} it was shown in I that this yields

(3)  Fox = Uex +kpT % (+22)

where I is an ionic inverse screening length 10 be determined by solving self-consistently the

equation
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and Uy is the excess intemal energy of the melt, which is given by
2 et 2

(5) Uy=-TyPAPCAG) xpp
i1+ crjl'fbﬂ(lci) 2QA

In these equations p; are the partial ionic densites, | - A = lﬁlEi Pic: is the packing fraction and

AP+ ip)
2 204

Do(y) = (1 - exp(- y)I/y. Expressions for the quantities D(I",A), Py, €2, Ty and Ay can be found
in the work of Ginoza |13, 14].

All the calculations that we report in the following will refer to the temperature T = 800°C
and make use of the data of Garbade and Freyland |15) for the molar volume v as a function of
composition. [n the rest of this scetion we tum 10 assess the various parameters of the model,

Let us consider first the pure components at the two exireme values of the concentration
range. For pure molten KCl at 800°C we adopt the values ok = 2.79 A and 6y = 3.05 A for the
ionic diameters, from the work of Senatore ef al. [16]. Using these values in eqns (3)-(5) we get
F =- 823 kJ/mol and Uy = - 694 kJ/mol. The latter value is in acceptable agreement with the
value Uex = - 6515 kI/mol from experiment at 760°C [2], since in a charged-hard-sphere model
no account is taken of the overlap repulsive energy between the jons. Most pleasingly the same
value for the ionic diameter of K*, combined with the Thomas-Fetmi expression for the inverse
screcning length and with the value of Eg obuained by Vosko et al. [ 17] from a fit to quantal
Monte Carlo data, leads with egns (3)-(5) to a very reasonable value for the (ree energy of pure
molten potassium at 80°C, This is F = - 262 klmol, which is to be compared with the
measured valuc F = - 265 kJ/mol for liquid potassium at 63.5°C [18}.

The evaluation of the free energy of the solution at any intermediate concentration
involves two lurther model parameters, i.c. the binding free energy f and the effective diameter
oS¢ ol a hound (K4)™ cluster. We recall some relevant resuits from earlier calculations. Senatore
et al. |16 have estimated that the electron in an F-centre state is bound by 2-2.5 eV in a pitential
well having an ctiective radius of roughly 3 A. The quantal simulation results of Parinello and
Rahman {5] for the electron - K* pair distribution function in an F-centre state show that the peak
of the distribution lies at a radius of about 2 A and that four K* ions are contained within a radius
ol about 4 A. One should also bear in mind deviations from spherical shape of a (K4)3* cluster
and the possibility of penctration by neighbouring halogens. In fact, an upper bound on the value
of &¢ is set by the requirement that the packing fraction of the solution should not appreciably
exceed that of pure molien KCL ie. | - A £ 0.6. From the above we have been led to adopt fj, =
- 170 kI/mol and 6; = 5 A as preferred values for illustrative purposes. This choice of o is

compatible with an ionic packing fraction of abowt 0.6 over the whole nonmetallic range of the

solution. Neither the precise value of fy nor that of o (provided it is not larger than about 5 A)

are critical for the results to be presented in the following sections.

3. Nonmetal-to-metal transition with pure Thomas-Fermi screening

Within Thomas-Fermi theory the metallic electrons, in molar fraction ¢(1 - x) determine
the value of the inverse screening length A as
(6) At = holcl-xvigv}'® .
o being the inverse Thomas-Fermi screening length in pure molten potassium and vk Lhe partial
maolar volume of the metal in the solution. We adopt this expression for A in this section, thus
omiiting any account of screening of the ionic interactions from thermally activaied hopping of
the localized electrons.

Minimization of the free energy yields in this case, with the choice of parameters
presented in section 2, that the localized states on clusters are completely stable over the range of

concentration 3 €c < 41 Namely, xeq = | and A = {} over this range, a [inite valuc of A being

unfavoured by the loss of Coulomb excess energy that it entails (cf. the first term on the right-
hand side of eqn (5)). This result is stable against changes of fy, and &, within reasonable ranges,
as well as against changes in egn (6) that would allow for the exclusion of metallic electrons
from the cores of halogen ions. The laner effect can be crudely taken into account by replacing

the total molar volume v in the denominator of eqn (6) by the partial molar volume vg.
Once ¢ exeeeds the value 4l. however, the assumption made on the nature of the

localization sites as involving tour potassium ions immediately forces a value for xeq below unity
and hencee a finite value for the inverse screening length. The result is a sharp increase of the
value of the free energy at equilibrium, leading 10 a sharp NM-M transition within a very narrow
range of concentration below ¢ = (0.3, These behaviours are illustrated in Figure ] for the
cquilibrium number of bound clectrons and in Figure 2 for the inverse screening length as
functions of composition. These figures also show that very litle changes are found when the
value of the effective diameter & is lowered from 5 Ao 4 A,

Across the transition the calculated free cnergy of the solution shows an equally sharp
increase from the typical molien salt value F = - 760 klfmol to the ypical alkali metal value
F = - 290 kJ/mol. Onty slow changes of the free encrgy with concentration are found in the

nonmetallic region and in the metallic region of the soluiion.
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4. Inclusion of screening by hopping electrons

As already briefly recalled in section 1, localization of elecirons in salt-rich solutions of
alkali metals in alkali halides is not due 10 the presence of static trapping centres, but involves a
cooperalive rearrangement of the ions around a favourable structural fluctuation. 1n turn, a
localized electron is not permanently bound to its localization site, but hops out of it after an
average residence time of the order of a few picoseconds. Evidently, this thermally activated hop
involves dissolution of the localization centre.

The crucial concept which allows one to take some account for this type of cooperative
electronic and ionic dynamics in the problem at hand is, we believe, that of the localization length
for an electron in a state of hopping motion. Beaning in mind the above characteristics of the
trapping and hopping processcs, on the long time scale involved in thermodynamic properties the
localization length should diverge in the high dilution limit ¢ — (. It will, of course, also diverge
at the NM-M transition. On the other hand, in the intcrmediate composition range beiween high
dilution and the NM-M transition a hinitc localization length can result from the electron-electron
interactions leading 10 spin-paired states and higher aggregates, as again bricfly recalled in
section 1.

In view of the foregoing we propose that the electronic localization length L should be of
the same vrder as the mean distance between oecupicd localization centres, 1. e. of order
M L= (bvimexy”?

We also supgest that the hopping clecwrons can effect screening of the jonic interactions over
lengths of the samc order of magnitude.

Specitically, in the caleulations that we report in this section we have adopted the
tollowing recipe for the inverse screcning fength A 1o be used in egns (31-(5):

(8 x = Dy + (1 0k

with Ay given by eqn (6) and Ay, given by

@ = a(rexen)”

The quantity & in eyo (3) is a numerical factor of order unity, which can be chosen so as to
control the sharpness of the calculated NM-M wransition,

Figures 3. 4 and 5 show the results that we have obtained with the choice ¢ = 4. It is
seen from Figure 3 that the equilibrium number of (K4)3* localization clusters decreases
continuously across the salt-rich range of concentration, accelerating towards its vanishing point
atc = 0.29. Figure 4 shows the corresponding hehaviours that we find for the two partial inverse
screcrting lengths as well as for the total inverse screening length. At relatively high dilution

minimization of the frec cnergy is achieved by having A1y = Ap, which implics that a finite

6
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fraction of the electrons are available to effect metallic screening. These start 1o dominate the
screening at ¢ = (.15, above which the pure Thomas-Fermi limit of the metallic state is rapidly
approached while the localization length approaches its divergence at the NM-M transition.
Finally, Figure 5 reports the behaviour of the free energy as a function of concentration
in the solution at equilibrium. There is quite a rapid, though continuous rise of F from the molen

salt regime to the liquid metal regime across the NM-M transition region.

5. Summary and concluding remarks

As already remarked in 1, the pure Thomas-Fermi screening model that we have
vvaluated in scction 3 would probably he more appropriate 1o describe a situation where the
localized elecuronic state is strongly bound and s nature is little sensitive 1o variations of
composition on the approach to the NM-M transilien. Such a situation appears to be realized in
solutions of some polyvalent metals in their molien halides.

For alkali - alkali halide solutions, on the other hand, thermally activaled hopping of
localized electrons and evolution of the focalization centres with compaosition have clearly been
established experimentatiy. We have been able 0 erudely account for them by assuming in
section 4 that the localization length of hopping clectrons plays a rele in the problem as a measure
of the distance over which these clectrons can screen the ionic interaciions in the melt, in parallet
with Thomas-Fermi screening by clectrons in [ree-conduction states. We have there displayed a
smooth, progressive dissolution of the localization clusters and a smooth transition to a metallic
state, still occurring in the maodel at ¢ = 25-30 %. Such a theoretical scenario appears to be more
in tane with that obiained from experiment on the evolution of the electronic assembly in alkali -

alkali halide solutions towards the NM-M wansition, as it was summarily recalled in section |,
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Figure captions

Figure 1. - Equilibrium value xgq of the fraction of bound electrons versus composition ¢ in K-
KCl at 800°C with pure Thomas-Fermi screening, for two choices of the diameter 0 of the

localization centres (full curve, g, =5 A; dashed, oc=4 A).

Figure 2. - Inverse Thomas-Fermi screening length At corresponding to the cases shown in

figure 1.
Figure 3. - Equilibrium value Xeq of the fraction of bound electrons versus composition ¢ in K-
KCI at B00°C, with inclusion of screening by hopping electrons (full curve) and with pure

Thomas-Fermi screening (dashed). The parameters used in the calculation are o¢ =5 Aand w=4.

Figure 4. - Inverse screening length A corresponding 10 the results shown in figure 3 (full

curve) and its components Ay (dashed) and Ay (dot-dashed).

Figure 5. - Free energy F (in kJ/mol) versus composition ¢ in K-KC1 a1 800°C.
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