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Self-consistent Monte Carlo simulations are undertaken for a lattice-gas model which is driven by the free
energy of electrons described by a Hubbard model with electronic hopping restricted to ions at nearest-
neighbor sites. Our previous work, an independent-electron tight-binding lattice-gas (hodedr fco, is
modified to introduce two effects: the disorder of the dense system and, more importantly, the role of the
electronic correlation. The first effect is achieved using an fcc lattice, but restricted so an occupied site can
have no more than eight, instead of twelve, occupied nearest-neighbor sites. To treat correlations, the electronic
intra-atomic repulsion is, at first, included via the Gutzwiller approximation at finite temperature; this approach
is simple enough to be solved for all cases in the large, disordered systems used in our Monte Carlo simulations
but can still give a good qualitative representation of the main effects of the electronic correlations. Then, the
exact treatment of the Hubbard model for clusters with up to six atoms is integrated into the calculation. We
obtain vapor-liquid coexistence curves and then, approximations to the electronic conductivities and paramag-
netic susceptibilities at coexistence conditions. This simple model is, in part, motivated by experiments on the
alkali-metal fluids[S1063-651X%99)06809-9

PACS numbegs): 05.70—a, 64.60.Cn, 71.38:h, 75.40.Cx

INTRODUCTION netic properties. It has also been used to elucidate such solid-
state properties as a metal-insulator transition and magnetic
Correlations among fermions are of basic interest in treatanomalies. Further, its study has been applied to systems
ing many-body systems by considering effects which go bewith a statistical “frozen-in" disorder in order to study the
yond those arising from the Pauli principle. There are venyjoint effects of interaction and disord¢see, for example,
few systems in which such effects can be treated exactly an@efs.[4] and[5]). Metal-insulator transitions are known to
even simplified models require approximate treatment. In th@rise due to either or both effects. In a fluid, it is of interest to
study of solids and fluids, especially those which may haveouple the interaction of electrons to a “thermalized” disor-
metallic characteristics, the electron-electron interaction inder of the atomic positions, rather than a “frozen-in” disor-
duces correlations which are important in the understandinger. The statistical effects of such two types of ionic disorder
of their electronic properties. Further, in fluids in which elec-are different and the qualitative conclusions on the effects of
tron delocalization can take place, the structural and thermgdonic disorder and electronic correlation on the electronic
dynamic properties of the system are closely tied to elecproperties are in sharp contrast; a brief discussion is given in
tronic effects and thus will also reflect the role of electronicthe last section.
correlations. In this work, we wish to examine the influence In considering the experimental aspect of the motivation
of electron correlations on the structural, thermodynamicfor this study, experiments on the alkali fluids, at phase co-
and electronic properties of a simplified model of a fluid of existence, show several notable featufé§ (1) A pair-
monovalent atoms in which the electrons play the centratorrelation function which, as the density is lowered, has a
role by providing the only system cohesion. Although thisnearest-neighbotnn) distance which is nearly fixed while
type of problem is intrinsically interesting from a theoretical the average coordination number decreas2s.A vapor-
point of view, its study is also motivated by our hope of liquid coexistence curve, scaled to the critical parameters,
obtaining a qualitative understanding which will allow inter- which is substantially more asymmetric than that of simple
pretation of the properties of the alkali fluids; these materialdluids, i.e., with a relatively denser liquid pha$8) A metal-
have been extensively studied experimentally. nonmetal transition which results on lowering the density
A simple model in which to study the influence of elec- sufficiently; at coexistence it takes place in the vapor: i.e., at
tron correlations is that suggested by Hubbdrd It consists  the critical temperature, the conductivity shows a strong de-
in allowing electron transfer between atoms and consideringrease on lowering the pressure, at pressures below the criti-
a constant short-ranged electron-electron repulsion while nesal value.(4) A paramagnetic susceptibility which has the
glecting all other effects of the interaction among electronsfollowing dependencg7]: (i) At the lowest densities, a Curie
Despite its apparent simplicity, the model is not susceptibldehavior, typical oN neutral monovalent atomfsl,uélkBT,
to exact solution, except for small clusters of atoms and oneis observed(ii) Then, as the density increases, at first there is
dimensional lattice systemf2]. Approximation methods a reduction from the Curie dependen@é,) There follows a
have been reviewed]. This model has initially been shown reapproach to the Curie values, in the liquid phdse. Fi-
to be useful in studying a rich spectrum of molecular mag-ally, a decrease towards an enhanced Pauli-Landau limit,
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characteristic of a degenerate-electron sys{@h is ob- bump (4 iii) is also induced by electron correlations: a
served; it has a dependence on density with only a weaBrinkman-Rice[12] precursor of antiferromagnetisifii3].
explicit temperature effect. We label the above statements as speculative since a theoret-
We have attempted a minimal model to study electrorical self-consistent model of a fluid with such interactions
effects in a fluid and theoretically account for the above feaand disordered ionic topologies is lacking. There does exist
tures qualitatively. To date, our simplest model was a selfwork which treats ionic disorder and electron correlations.
consistent treatment of ions and electrons with the ionic confirst, a filled lattice with an imposed Anderson-typid]

figurations obtained from a Monte Carlo treatment based offiSOrder in the site energies and Hubbard onsite teris
a lattice gas, in which the ions partially occupy the sites of alhen, an off-lattice Hubbard model for the electrons with the

chosen lattice. The system cohesion was purely electroni@nic positions assumed to be either randomly distributed in
and resulted from a thermal occupation of the states from

pace (labeled gaslike disorderor correlated exclusively
one-electron tight-binding modéB]. The ionic configura- through hard-sphere interactions among the i¢aiseled lig-
tions were driven by the electronic free energy which de-

uidlike disordey [5]. Although such work claims to represent
pended on those ionic positions. With reference to the aboviodels suitable for the alkali fluids, the statistical ionic dis-
list of experimental features, that model has the fO"Ongorde_r Is frozen .|n and thus is fully decoupled irom the elec-
virtues: (1) The observed feature of the pair-correlation func-ONIC structure; thus, we suggest that the correct statistical
tion automatically results from the lattice-gas mod2).The Welghllng of the relevant effects are not included in such
coexistence curve asymmetry is obtained as a consequen | e;: iall q . | f
of the fact that the effective ion-ion interactions are not pair- 1" this paper, we partially remedy our previous neglect o
wise additive, in contrast to the case for simple flui€R. electron-electron interactions. A_ tight-binding _Hu_bbard
The metal-nonmetal transition results since the electronide! for the electrons and a lattice gas for the ionic con-

properties dominantly reflect the ionic structures, which faillgurations are used. Once again, the electrons and ions are

to percolate at low density; the percolation threshold is founc}re_atedhself-cpnsist(alntIy. Thﬁ Hubbard_ model is first treated
to occur at lower density than that for random ionic positionsuSing the variational Gutzwiller approximati¢s], at non-
ro temperaturg¢16], and thermodynamic and electronic

and occurs in the vapor, at coexistence. However, that modéf ; ; .
yields a paramagnetic susceptibility at odds with observaProperties are obya|n§ﬂ17]. For strong elt_actromc corre_la-
tions. The model results in the following behavior of the toNs, th_at approximation is then part|ally_|mproved by inte-
susceptibility. At low system density, the equilibrium system3rating into the treatment an exact solution of the Hubbard
consists of isolated occupied sites which are charge neutrgidel for clusters of up to six atoms; such a size is at the
only in a statistical sense. Statistically, positive and negativdMitS of normal computational power. Thus, we maintain
ions are given the same weight as the neutral atom speciés!l Prévious model but add “thermalized” disorder in the

but do not contribute to the paramagnetism. Thus, the modgense qu.uid and_ an approximate t.reatment of onsite eleciran-
yields one-half of the Curie paramagnetism of neutra|electron interactions. We reexamine the set of results on the

clusters ap';gsymmetry of the coexistence curve, the underlying cause of

monovalent atoms. On increasing the density, o 4
g Y a{be metal-nonmetal transition, and the paramagnetic suscep-

pear; as spin-paired electrons do not contribute to the para: .
magnetism, a reduction from the Curie result arises. At everPility.
higher density, the energy-level spacing near the chemical
potential eventually decreases to values less than the thermal HUBBARD MODEL AND GUTZWILLER
energy, causing a transition to the Pauli behavior. The model APPROXIMATION
contains no mechanism which might result in any further
features in the susceptibility. We undertook various attempts Our model is to be self-consistent in the treatment of ions
to include effects, in the one-electron model, which mightand electrons. The ionic structures will be described within a
result in a susceptibility bumfas in(4 iii )], such as allow- lattice-gas model: the ions partially occupy the sites of an
ing cluster Charging, but all have failed. The Chargingunder|ying lattice. We wish to consider a wide variety of
mechanism was considered since Redmer and Wafr@h disordered ionic configurations, to be able to describe a fluid
had reported a mean-field calculation, considering chemicavhich ranges from a low-density gas to a dense liquid. For
equilibrium among a variety of atomic and molecular spe-€ach ionic configuration, the electrons, in the same number
cies, and their charged versions, which did yield such &s the ions, are described by a single orbital associated with
bump, due mainly to the positive diatomic molecules. In ouréach ion and coupled, by a hopping matrix elemert to
model, the physical space does not exist for a substantidhe orbitals at nearest-neighbiem) sites which are also oc-
fraction of small clusters, which are isolated from the rest ofcupied by ions. The Hubbard Hamiltonian for the electrons
the system, if the overall site-occupation fraction is to corre-2lso includes an onsite repulsiehbetween electrons on the
spond to the liquid phase at the values required for the obsame sites:
served susceptibility bump.

Clearly, the above model is limited by the complete ne-
glect of the intrinsically interesting electron-electron interac- H=—t E CiT,,C,-(ﬁLUE Nip Ny (1)
tions. Further, published work has included speculations that (h)e !
the experiments have two features that are specifically at
odds with our simplest model. First, that the metal-nonmetaWith c being the annihilation and the number operators. As
transition is not percolative but rather correlation induced: otthe relevant thermal energies turn out to be comparable to
the Mott type[11]. Then, that the magnetic susceptibility the energy scal¢, we require the Helmholtz free energy,
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with both the internal energy and an entropic contribution, ofions are occupied by spia-electrons may be considered; for

the electrons described by the above Hamiltonian: the paramagnetic case = 0.5, but we shall later consider an
alternative, due to the presence of a magnetic field, in order
Fa=(H)-TS,. (2)  to calculate the susceptibility. The Gutzwiller approximation

results in the following. The exact uncorrelated electronic

Note that the electronic Hamiltonian and its associatecdPPectrum(energiese,) is occupied thermally; this yields an
free energy depend on ionic configuration through the con@verage band energy per particle. Note that since the hopping
nectivity of occupied nn pairsi (j). We later close the self- Hamiltonian has zero trace, then the sumepf over the
consistency, within the model, by takirfg, as the only en- entire band, qlso vanishes; th_us, the above average band en-
ergy for the ions in the lattice-gas configurations. The€'9Y is negative. The approximate cluster energy per atom
requirement of thermal equilibrium among ionic configura- (E), for fixedd, is obtained by adding the onsite correlation
tions then leads to our Monte Carlo procedure, weighing th&nergyUd to the above average, which is multiplied by a
pr%b?EilTity of ionic configurations by the Boltzmann factor SPin-dependent band-renormalization factor
e e8! Also, mean electronic properties, such as elec- _ 112
tronic conductivities and paramagnetic susceptibilities, will A(ong,d)={[(1=n,=n_,+d)(n,~d)]
arise from the Hubbard Hamiltonian with connectivities due +[d(n_g—d)]1’2}2/[ng(1—ng)]. ®)
to the most probable ionic configurations.

The thermodynamic self consistency, between ionic andhus,
electronic properties, demanded in our model is similar to
that which might be expected in the alkali-metal fluids, al- _
though their realistic description should include the absence E(d) Ud+k2¢7 A(0:Ng D) ol - @
of a background lattice and other interactions, such as Cou-
lombic and van der Waals ones, beyond those characterizinghe functionf,, is the statistical thermal occupancy of the
this simplest model. On the other hand, this self-consistencgtates. For the paramagnetic cageyaries monotonically
is quite different to that in the type of solid-state problems tofrom zero, atd=0, to unity, atd=1/4; thus, since the first
which the Hubbard Hamiltonian has been applied, for eitheterm inE(d) increases while the second decreases dijta
ordered cases or for those in which a frozen-in disorder ofninimization is possible.
the diagonal or off-diagonal energies are considered. From a However, for nonzero temperature, entropy effects also
practical point of view, the self-consistency we demandneed to be included before minimizing. The entropy for free
poses a difficult problem. The Hubbard Hamiltonian canfermions, required to reproduce Landau Fermi-liquid behav-
only be solved exactly for very small clusters and there igor, needs to be weighed by a factoy which accounts for
strong activity in the search for workable approximations fornonorthogonality of the variational wave functions at fixed
large clusters and bulk systems. However, in our model wel. The free energy per partic[d6] is then given by
require the solution to this Hamiltonian problem with con-
nectivities ranging from isolated atoms to disordered bulk _ _ -~
systems. Therefore, accounting for electronic correlationsF(d)_E(d)+kBT% Wil Fieo I T # (1= i) INCL = Fip) ]
arising from the Hubbard Hamiltonian need to be treated in a (5)
simple approximation which compromises between the re- ) ] ]
quirements of accuracy and of computational cost. We firsMinimizing this free energy, at first with respect tu,,
examined an unrestricted-Hartree-Fock procedure for th¥i€lds the probability that each state is occupied:

Hubbard model. In that case, in the Hubbard term of the _
Hamiltonian, for each spin orientation, the opposite-spin fir={ XAl ekp— pre) (WikeT) ]+ 1} ©®
electron occupation at each site is replaced by its mean—fielf:J1 the above expressiop, is the electronic chemical poten-

average and, for fixe_d ﬁonic connectivity, the electron.ic Spin'tial which is chosen so each cluster is, statistically, charge
dependent problem is iterated to self-consistency; this proce; X ’

du_re is a first-order perturbat_ive treatment of electron cprrefuenucttriilr'] V;Igup;rlo::; ead fgg:ﬁ&giﬁ,ﬁnm.\zﬁ iesntg%pt);/ir\]/\gght
lation effects. ASU/.t grows, it result_s.m strong anomalles from the sum rule arising from the total number of degrees of
for small clustergwith spurious transitions to antiferromag- freedom at fixect. Then
netic structures Then, we proceeded to consider other ap- ) '
proximations which, in principle, are not perturbative. w=[(1—2d)In(1/2—d)+2d In(d)]/(—In 4). (7)

We begin with the Gutzwillef15] variational approxima-
tion, with the Riceet al.[16] extension to finite temperature. Finally, F is to be minimized, usingl, to find the average
In that case, each cluster is statistically neutral and is treatefilactional double occupancy of the cluster and to later allow
independently. Electronic double occupancy of sites is penakalculation of the equilibrium thermodynamic properties of
ized by constructing wave functions with the amplitude ofthe system.
such terms reduced from the independent-electron value by a In using the Gutzwiller approximation to the Hubbard
variational parameter; a cluster with a fixed fractabof the  model, we want to be able to examine the effects due to
ions having two electrons is examined. The possible valueslectron correlations yet we must be careful to avoid quali-
of d range from zero: one electron per site, a situation fatative inaccuracies due to the approximation. We have ex-
vored for largeU/t, to the value it would take for uncorre- plored the effects of the onsite electron-electron interactions
lated electronsd=0.25. Cases in which a fraction, of the  through calculations of the coexistence curve, fractional
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double occupancy, electronic conductivity, and magnetic 1
susceptibility, for 6= U/t<6. This range covers the region in

which the effects of the electron-electron interaction become
qualitatively important. For instance, the exact Hubbard cal-

culation of the dimer energy shows thatuft=6 the bind-

ing energy is reduced substantially, to 0.30 timesUts 0 0.8
value. Within the Gutzwiller approximation, the effect of the
electron-electron repulsion is always overestimated. Thus,
the approximate ground state binding energies of the dimer  Cesium

are reduced with respect to the exact values by factors of h o
0.91, 0.42, and 0.21, fad/t=2, 4.5, and 6, respectively. 06§
For larger clusters and for the temperatures relevant to us,

both the effect due t&J and its inherent overestimation by

the Gutzwiller approximation are strongly reduced. In sum- 05, r > 3
mary, we may takeéJ/t=4.5 as a representative value for plp,

which the effect of the electron-electron interaction is al-

ready |mp0rtant and the Gutzw"ler approx|mat|0n |S St|” FIG. 1. Comparison of the reduced phase diagl’ams obtained
reasonably accurate, while fal/t=6 the approximation has previously for bcg(full circles) and fcc (open circley Iattices,.U
already become qualitatively inaccurate for small clusters=C See Ref[9], with the present resultsquaresfor the fcc lattice
and the small cluster corrections presented later become nef€Stricted so no ion can have more than eight occupied nn sites, also
essary. The range<0U/t<6 can also be made reasonable" ~0- The experimental Cs dafine), from Ref.[6], is also shown.
from an experimental point of view for the alkali fluids. If . ) ]

we compare the calculated binding energy per particle of théhe coefficientss, (T); new Monte Carlo simulations are then
dimer relative to that of the bulk fluitusing the mode] we performed. This process is repeated until it converges to

obtain too large a value fdd =0 and too small a value for yield a self-consistent “thermalized” disorder. The average
U/t=6. accuracy obtained from the fits is found to be of 0.4%, if

U=0, and it decreases to 2%, fol/t=6 treated using the
Gutzwiller approximation.
Our grand-canonical Monte Carlo simulations, for each
The underlying lattice will be taken to be fcc but the chosen value of the Hubbard parameter, consist in searching
partial occupation by ions is to be restricted so that no iorfor the equilibrium fractional occupation of the latti¢the
can have in excess of eight, rather than twelve, occupied niglensityp), and equilibrium configurations, at fixed tempera-
this value reflects the experimental situation in the alkaliture (T) and ionic chemical potential, using the previously
fluids. The lattice-filling restriction results in a disordered determined site energieg(T) and carrying out the self-
system even in the high-density limit. Self-consistency of theconsistent iterations. If the temperature is sufficiently low,
electronic states and ionic positions is then sought as foljumps in density are obtained, corresponding to near-
lows. For each isotherm of interest, and starting with a set ofoexistence conditions. Suitable averaging procedures are
random realizations of ionic positions for a variety of lattice then used.
fillings (restricted as to the number of occupied,nme ob- In Fig. 1, as our first set of results, we compare the re-
tain the exact uncorrelated electronic states for each realizgluced vapor-liquid coexistence curves calculated for the case
tion in the set. The electronic free energy is then calculatedh which the electrons are uncorrelatdd<0): for the bcc
for each cluster and minimized with respectdoThe sum  and fcc latticegno filling restriction, from Fig. 6 of Ref.9])
over disconnected clusters yields the total electronic free erand those for the fcc lattice restricted so no ion can have
ergy. Finally, to simplify the Monte Carlo calculations of more than eight nn, the last case includes a disordered sys-
equilibrium ionic configurations, these total electronic freetem even at the highest densities; the experimental data for
energies are assumed to be a sum of an energy for each idas is also shown. In choosing the restricted fcc model, the
which depends on the disordered local environment onlyshape of the phase diagram is brought into an improved
through the number of its occupied nn. For a set of configuagreement with experiment for the higher density liquid
rations, letting branch; this is a modest improvement we sought. It might be
noted that background lattice causes the critical temperature
8 to only change slightly in going from a bcc lattice, where
F:kZO Nyug(T), (8)  kgT./t equals 0.42, to the restricted-occupancy fcc case, in
which the value is 0.45.

09

T,

0.7

LATTICE-GAS SIMULATIONS

with N, being the fraction of ions witk occupied nn in each

configuration, allows the coefficientg(T) to be obtained GUTZWILLER APPROXIMATION RESULTS
from a least-squares fit to the free energies of the set of
configurations. These coefficients, for an ensemble of ran-
dom occupations, are used as the energies for an ionkwith  The vapor-liquid coexistence curves, obtained with our
occupied nn in grand-canonical Monte Carlo simulationsMonte Carlo simulations, fod =0 and Gutzwiller result for
Isothermal spectra of configurations obtained by the MontdJ/t=4.5 are shown in Fig. 2, together with the corrected
Carlo procedure are then used to recalcukatend reobtain  results, discussed later, of the approximation fbit=6.

A. Coexistence
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FIG. 3. Calculated mean values of the fractional double occu-

FIG. 2. Calculated self-consistent vapor-liquid coexistencepancy of sitesd, as a function of the fractional occupation of the
curves withkgT in units of the hopping matrix elementand p fcc lattice (p), at temperatures corresponding to the calculated co-
being the fractional occupancy of the fcc lattice, for various valuesexistence curve, foJ/t=6. Results are shown for the Gutzwiller
of U (in units of t), in the Gutzwiller approximation. The case approximationGA) and for the case in which clusters of 6 atoms or
U/t=6 has all clusters with six or less atoms treated exactly. Thdess are treated exactly. The lines are obtained by averaging over all
lines are merely guides to the eye. obtained configurations, either at high or low density, at the chemi-
cal potential corresponding to coexistence while the points limit the
jverage to configurations whose densities are in a narrow band
about those corresponding to each coexisting phase; it can be seen
that both procedures give the same results.

They show critical temperatures which decrease weakly wit
U.This is in qualitative agreement with our expectations,
since the only driving force for condensation in our model is
the electronic delocalization, which tends to be restricted by
the electron-electron interaction. The decreasekgf./t, This result shows that the electronic properties may in prin-
with U/t, is not very important; we obtain values of 0.40, for ciple be strongly changed by the electron-electron interaction
U/t=6, and 0.43, folu/t=4.5, to be compared with 0.45, in the range ofU/t considered here. As will be shown, this
for U=0. These differences are comparable to those proehange indeed takes place for the magnetic susceptibility but
duced by using the restricted fcc instead of the bcc lattice atot for the electrical conductivity.
U=0.

The second effect observed in Fig. 2 is that the coexisting B. Electrical conductivity
vapor densities increase witll/t, partially decreasing the , i .
asymmetry of the liquid-vapor coexistence curve. This effect We first focus'on the electrical condgct|V|ty of the syste.m.
is also to be expected since for=0 the vapor phase has a It should be n_otlced that the case of mteres_t to us, a high-
large proportion of dimers and other small clusters, witht€mperature disordered system, contrasts with the usual ap-
large binding energies per atom. Increasldét decreases plication of the Hubbard model for low-temperature solid-
these binding energies and the coefficiamtsn Eq. (8) be- ~ State systems. Whereas in those latter cases the electronic
come more linear witl, thus approaching the bond-additive States retain their phase coherence for long distances before
behavior of simple fluids which results in a symmetric phaset is disrupted by scattering, in our case this distance is ex-
coexistence. Thus, while the critical temperature is not afpected to be short. In the cases of interest to us, we take, as
fected substantially by either the filling restriction on the a reasonable estimate, a phase-coherence length equal to the
lattice or by these electron correlation effects, the latter efnn distance in the lattice.
fects attenuate the difference between the present case andAs in our previous wor9], we consider two different
models of simple fluids. approximations to estimate the electrical conductivity, first

With coexistence ionic configurations having been ob-the “classical” approach by Nielet al. [20], based on the
tained with the Monte Carlo process, we may explore, inconnectivity of the ions in each configuration: occupied nn
some detail, the average electronic properties correspondirgites in the lattice are connected by unit resistors, and the
to such coexistence conditions. Let us consider first the bemacroscopic conductivity is obtained from using Kirchoff's
havior ofd in the Gutzwiller approximation, it is presented laws to obtain the resistance of each configuration and then
in Fig. 3 as function of the density along the coexistenceaveraging over configurations. Alternatively, though still as-
curve forU/t=6. This double occupancy fraction is always suming a loss of phase memdigue to scatteringafter a nn
below the uncorrelated valuwke=0.25, but the difference de- hop, a quantum estimate for the conductivity can be ob-
pends strongly on the density. At intermediate and high dentained. This approach is a variant of the randomized-phase
sitiesd is nearly constant and its dominant effect is the ef-model of Hindley{ 18] in the Kubo-Greenwood formuld.9],
fective reduction of the band energy by the faajorin the  modified for the disordered topology of hopping sites in our
vapor sided depends strongly on density and approaches thenodel. The system is again described as a network of clas-
d=0 limit, in which the electrons would be fully localized sical resistors, but now with each bond, between occupied nn
and the ions in a cluster would behave as independent atomsitesi andj, having a variable conductance given by
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oy, .
1/Ri,jo<n§n&—Gn|¢>n<|)|2|¢mm|26<en—em). 9)

The subscriptan and n refer to different electronic states
which have the same energy, for the elastic scattering case.
The conductivity is then obtained as in the previous case.
Also, in this approach, small clusters cannot have any influ-
ence on metallic behavior, as they are connected by infinite
resistance to other clusters. Then, percolation of the ionic
structures is a prerequisite for metallic conductivities. In our
finite size system, the condition of elastic scattering is re-
laxed, with the delta function being replaced by a Gaussian
of variance equal to 0.16the precise Gaussian-width value -5
has little importance to the results of the nonzerecases, if
it is small compared to U. The required energies and ampli-
tudes were obtained from the exact diagonalizations of the F|G. 4. Electrical conductivity, normalized to the value at the
uncorrelated-electron model for typical equilibrium configu- restricted maximum filling of the fcc lattice, logarithmic scale, vs
rations at the thermodynamic parameters &hdralues of  fractional occupation of the lattice. The conditions correspond to
interest. The results fdd =0 showed that the thermally av- the Gutzwiller approximation, the calculated coexistence curve, and
eraged conductivity depended mainly on the connectivity oU/t=6. All pairs of occupied nn sites are replaced by a constant
the ions, and the metal-insulator transition was determine¢esistor in the classical cagepen circleg or by resistors with the
by the prerequisite of ionic percolation, without important variable conductances of E() in the quantum casequarek The
Changes due to the quantum effects. pOintS and line have the same meaning as in Flg 3.

The usual mean-field treatment of the randomized-phase
model[18,5] should be contrasted with our approach. In thatgument yields the samé dependence as does the partial
usual treatment, the macroscopic conductivity is taken to b@erivative of the Fermi function.
proportional to our R;; averaged over all possible ionic  The quantum approach to the conductivity takes electron
configurations. At high density, when the disorder is weakcorrelations into account, through the decreasing values of
the values of R;; are indeed all similar and, since the con-in the Gutzwiller approximation. It also partially considers
nectivity is high, this approach would give results which aredisorder-induced electron wave function effects, through the
close to our solutions, using Kirchoff's laws, for the network site amplitudes in Eq9). Thus, the “classical” conductivity
of classical resistor®};; . However, at lower density, the of any percolating ionic configuration may be reduced, and
mean-field approach will completely fail to describe the tran-even taken to zero, by the joint effect of disorder and corre-
sition to a nonpercolative regime, as the topological disordefation on the electronic structure, with a Mott-Anderson tran-
in the connectivity is washed out on averagingr;l/over  sition. For some particular ionic configurations, near the ob-
ionic configurations. tained percolation threshold, the results of the Kubo-

For nonvanishingJ, in addition to the configurations be- Greenwood calculation could show a strong dispersion in the
ing used, the term with the partial derivative of the Fermiconductances of the different bonds due to correlations and
function contains the effects of electronic correlations, in arinterference effects. The overall system resistance would
averaged sense, since it depends on the fractional doubiren be very different from that due to setting all “bond
occupancyd. Equivalently, the correlation dependence of resistors” equal to their mean value, as is done in the sim-
the conductance can be understood from its dependence qiest approach. Indeed, Fraf21], using a Cayley-tree ap-
the average electron occupation of the two sites, a pair oproximation for the ionic configuration and an independent-
probabilities which are assumed to be uncorrelated spatiallyglectron Kubo-Greenwood formula for the conductivity,
If U/t is nonvanishing, the only energy-conserving transporobtained a critical density for quantum percolation which is
arises from propagating an empty or a doubly occupied sitehigher than that for classical percolation.
both possibilities vanish il=0. That is, this transport is It is found, in the statistical sampling of ionic configura-
possible if the neighboring pair of sites either have one otfions from our model, that the dominant configurations do
them singly or doubly occupied and the other emfitye  give global resistances which are well described by the sim-
electron can then jump to the empty $ite contrast, if the plest version of the Nield model: a constant resistor. The
site pair is occupied by electrons of opposite spin, or theconductivity resulting from our procedure is shown in Fig. 4,
jump proceeds from a doubly occupied to an empty site, théor the fluid at coexistence, withl/t=6 and ionic configu-
transport causes an energy chang&JofAlso, if the neigh-  rations obtained using the Gutzwiller approximation; also, a
boring pair of sites have parallel-spin electrons the transportomparison is shown with the simplest model. As can be
is forbidden by the Pauli principle. The average probabilityseen, there is good agreement between the alternate methods.
of all possibilities are easily obtained from the definition thatThese results folJ/t=6 are in reasonable agreement with
a fractiond of the ions are doubly occupied, that due to our previousU =0 work (compare with Fig. 5 in Ref.9]),
charge neutrality there is also a fractidrwhich are empty, noting the difference in density normalization and the fact
and that the remaining ions must then have equal fractions ahat the present results are at coexistence while the previous
sites occupied by spin-up and spin-down electrons. This arenes were for a near-critical isotherm. Thus, percolation of
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0.1 The results fold/t=6, within the Gutzwiller approxima-
tion, yield an even larger range of validity for the Curie law.
0.08 éﬂﬁ:gg:" | With increasing density,y has a maximum value ap
Out=45 =0.06, then a shallow minimum, as baihand the electron
N Oun=0 degeneracy increase, and finally the susceptibility tends to
0.06 [ ¥ . 1 the Pauli behavior in the liquid. The experimental results
£ ‘ also present a local maximum, but there it is observed well
0.04 H4eF i /N | within the liquid regime. Within our calculatiod never de-
, ' ﬂs\ﬂ\ creases in that region and the calculated susceptibility in the
ol _ 7] liquid is well below the Curie result. On analyzing the con-
0.02 / o S —— 1 tributions to our calculateg in the shoulder region, there is
4 0000z oot ooe 008 o a very large contribution from small clusters, an effect which
0 IQ . ) ’ might be an artifact of the approximation. In the temperature
0 0.2 0.4 0.6 0.8 range of interest, the Gutzwiller approximation giveés 0
P for dimers and noncompact trimersUf/t=4.7, while exact

calculations for the same clusters result in a small but finite

fractional filling of the fcc latticey, is the volume/uélt divided by Yalye ofd and a magnetic sugceptlblllty bellow the Cgrle

that of the unit cell in the fcc lattice. The conditions correspond to“mlt_' Mc_)reover_, thed=0 result in the Gutzwiller approxi-

the Gutzwiller approximation and the calculated coexistence curvedl'@tion is obtained sharply at large enought, as an un-

for various values ol (in units oft). The caseU/t=6 is also  Physical phase transition, while the exact results always

shown when small clusters are treated exactly. The symbols corré&hange smoothly for any. This fact confirms thatl/t=6

spond to grand canonical averages and the lindsrtwotheglhis- ~ May be beyond the range of qualitative accuracy for the

tograms of Monte Carlo averages. Also shown, see inset, are tHeutzwiller approximation, so that the observed shoulder

susceptibilities normalized to the Curie result; at low densities thestructure could be an artifact. In the next section we seek a

ratio tends to unity, except fdd =0 when it tends to 0.5. correction for small clusters and check its effects on the
properties derived from the model.

the ionic structures, at coexistence, causes the nonmetal-

metal transition in the present calculation and thus, presum- SMALL CLUSTER CORRECTIONS

ably, in the alkali fluids.

FIG. 5. Volume paramagnetic susceptibil{fgaussian unijsvs

As noted, the Gutzwiller approximation, for large/t,
results in qualitative anomalies, with respect to exact results,
in the behavior ofd for selected small clusters and such

Next, the volume susceptibility can be obtained by addinganomalies have an observable effect on their calculated sus-
a magnetic field to the free energy calculatiogsee Ref. ceptibilities. However, for any cluster with atoms the exact
[16]). At coexistence, the calculated susceptibilities aresolution of the Hubbard Hamiltonian may be obtained
shown, for several values &f/t, in Fig. 5. The units used through the diagonalization of &4 4N matrix, though the
are w3/t times a density renormalization: the experimentalproblem is complicated by the fact that the number of con-
density of the dense liquid divided by the maximume- figurations for N-site clusters also grows rapidly witN.
stricted fractional filling of the fcc lattice. The insert to this Thus, we undertook to carry out a corrective program using
figure shows the susceptibility normalized to the appropriatexact solutions of the Hubbard model for all cluster configu-
Curie value. The first qualitative change, due to the electronrations which contain up to six atoms; this limit was deter-
electron interaction, is that, for isolated atoms, we recovemined by practical computational limitations, but it includes
the low-temperature Curie lawcyic= N,ué/kBT. In the U all the cases in which the Gutzwiller approximation fdft
=0 case, this result was reduced by a factor of 2 by the=6 seems to be qualitatively wrong.
unphysical statistical weight given to the charged ions. It is The exact energy of clusters is, of course, lower than that
noteworthy that a&J/t increases the density range in which obtained using the variational Gutzwiller approximation.
the Curie law is valid grows beyond that at which isolatedTaking into account all the possible configurations of each
atoms are the main species. This effect is due to the decreagluster in the lattice, we calculate(T,N)/t, the thermal
ing values ofd, which in the limitd=0 would give the full average of the free energy per atom as a function of the
Curie result for any configuration of the ions. As the systenmcluster sizeN, both with the exact solution of the Hubbard
density increases, the electronic degeneracy increases and tHamiltonian and with the Gutzwiller approximatidi@A),
magnetic susceptibility tends to the Pauli-like behavior:for N=1 to 6 andU/t=6. An example of the results, for
roughly independent of and controlled by the density of kgT/t=0.36, is shown in Fig. 6. The free-energy difference
states at the Fermi level. The results tbt=4.5, along the per site, Af(T,N)/t=(Fexaci— Fga)/t, is also shown in the
coexistence curve, show a rather sharp change on departigset of Fig. 6, plotted vl 1. As may be expected, it van-
from the Curie law, towards the Pauli regime, aroymd ishes for the monomer but is larger for diméts-2 than for
=0.04, on the vapor side of coexistence. The comparison darger clusters. In fact foN=3 to 6 the difference becomes
the U=0 and theU/t=4.5 results, at high density, show a nearly constant, as should be the case in the thermodynamic
moderate enhancement of the magnetic susceptibility due tiimit of large clusters since both.,,.;andF s, are extensive
the electron correlation, but the effect is not as important asariables. Thus, we may extrapolate this free-energy-per-site
that in the low density regime. correction to any larger cluster or compact phase for which

C. Magnetic susceptibility
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-0.2 r g g g model and not an artifact of the approximation used to solve

T\E\E\E the Hubbard Hamiltonian.
]

SUMMARY AND FINAL REMARKS

P Our model is based on a self-consistent treatment of
coupled ions and electrons. It considers the ions within a
E—EGA lattice gas, with thermal equilibrium configurations deter-
mined using Monte Carlo simulations. The ionic positions
are driven by the electronic free energy. The electrons are
assumed to obey a Hubbard model with hopping limited to
o 0z 04 06 05 1 ionic positions at nn sites. The approximation used to treat
. . . . the electrons is that of Gutzwiller, and Rieeal. The model
1 2 3 4 5 6 has allowed us to reproduce several features observed experi-
N mentally in the alkali-metal fluids. First, the asymmetry and
FIG. 6. Free energies per particle, in unitstofvs number of ~general shape of the reduced coexistence curve. Furthermore,
atoms per clusterN), calculated using typical configurations ob- & choice of the hopping parameteof order 0.5 eV for Cs,
tained from the parametrizatiobl/t=6 and kgT/t=0.36. The  Which increases monotonically for Rb, K, and Na, gives rea-
circles are obtained from exact treatment of clusters with up to sixonable approximations to the observed values of the dimer
atoms. The squares are our previous results, treating all clusters @nd bulk liquid cohesive energies, and also to the critical
the Gutzwiller approximatiofGA). The inset shows the errors in temperatures. Also, the general behavior of the electrical
the approximation plotted v ~?; for clusters withN=6 we have  conductivities, at coexistence conditions, are reproduced.
extrapolated this result, by taking the error to be a constant. The effects of the on-site electron-electron interactions,
up toU/t=6, do not change the qualitative behavior of the
the exact solution of the Hubbard Hamiltonian is beyond ou@Por-liquid coexistence or of the nonmetal-metal transition.
computational capability. In this way, we assume that a rethaF transition is still erven by the classical pe.rc.o_latlon of
sonable way to proceed is to shift the free energies per odhe ionic clusters, as In thU;O case. The possmnny of a
cupied site of the Gutzwiller approximation by a ConstamMott.-Anderson transition, with the .Iocal|zat|on of the (.alec-'
term, Af(T), in all the clusters wittN=6, while for smaller tronic states by the joint effects of disorder and correlation, is

clusters the energy is calculated exactly. Notice that withou resent in our treatment of the model but turns out to be of
. ; gy Y. ittle importance for the conductivity thermally averaged
this shift, of the free energy of large clusters, the use of th

. %ver the relevant ionic configurations. Clearly, the contrast
exact solution forN<6 followed by the result of the GA | otveen the “classical” percolation of the ions and elec-

method forN>6 yields a discontinuity in the mean energy tonjc percolation is sharper in our model than in more real-
of the clusters, as a function ®f, and would produce un- stic descriptions of a fluid, as we consider the hopping ele-
physical anomalies in the ionic correlation structure of thement to be either zero drwith the disorder appearing only
vapor. Moreover, in the liquid branch the correction is only athrough the connectivity of the orbitals. The presence of dis-
rigid shift of the free energy per site. The shift does notorder in the values of would enhance the Anderson local-
change the equation of state nor the ion-correlation structurézation and links with lower values df would enhance the
which should still be that of the GA. Following this proce- effects ofU in a Mott transition.
dure results in sets af,(T) which produce fits of the same The above effects of disorder in the values of hopping
quality as had been obtained previously. matrix element can be partially seen in the disordered off-
The effects of these corrective proceduredJét=6 are lattice Hubbard models of Koslowski, Rowan, and Logan
observable, but not very important, in the calculations of th¢5]. Those models use a hopping matrix elemigny;) hav-
phase diagrantnot shown. Their effect on the calculated ing an exponential decay, with ion separation, and a Hubbard
average double occupandy along the coexistence curve, is term which is treated using the unrestricted-Hartree-Fock ap-
shown in Fig. 3; treating the small clusters exactly yields aproximation. The work analyzes the density of electron states
small increase in the vapor phase. However, the calculatearising from a ‘“gaslike” (uncorrelatedl or “liquidlike”
electrical conductivities, along the respective coexistencéwith hard-sphere correlationslisorder in the ionic struc-
lines, have unobservable differences, as could be expectedres. In that work, the electrical conductivity is then calcu-
since the conductivity only depends on the percolating clustated within the mean-field treatment of the connectivity dis-
ters for which the corrective procedure is only a rigid shift of cussed previously, so that there is no possibility of a
the energies. A larger difference appears in the magnetitransition to a nonpercolative regime. Such a transition, in
susceptibility, which was the property most sensitive to thefact, could never appear with their long-ranged hopping ma-
electron-electron interaction. The artifact of havihg O for  trix element. Their conductivity resultsvith a frozen disor-
dimers and open trimers, in the GA fai/t>4.7, is now der and at zero temperatlidepend on the density of states
corrected and the shoulder in the volume susceptibility beat the Fermi level and on their estimate of the degree of
comes smoother. Figure 5 also shows the susceptibility, dbcalization of these states. In contrast to our conclusions, the
coexistence, with the small cluster corrections tft=6.  role of the electron-electron correlation is crucial to the con-
However, these changes do not alter any of our qualitativeluctivity calculated in those models, since the dominant den-
conclusions, which appear to be the true properties of theity dependence appears through the square of the density of

F/(N t)

|
o
o

l

x

)

2

-0.05 |

-0.15 |

(FeuaFa)/(N 1)

-0.25

-1




2634 M. REINALDO-FALAGAN et al. PRE 60

stateg(per unit volume at the Fermi level. Foy=0 and as liquid branch of the coexistence curve, the susceptibility
the density is lowered, the electronic band becomes vergoes to a Pauli-like dependence, becoming nearly indepen-
narrow with a high density of delocalized states at the Fermident of T, but with some enhancement of the=0 results
level. The result is an unphysical growth of the conductivitydue to electron correlations. The global structure of the mag-
with decreasing density, which can only be avoided by taknetic susceptibility per unit volume, along the vapor-liquid
ing U>0 and having the electron correlation split the narrowcoexistence curve, has a weak shoulder joining the regions
band. with the Curie and the Pauli behavior. These results do not
In our model, or in any other disordered model with short-change qualitatively on using an exact treatment of the Hub-
ranged hopping, a “mean-field” treatment of the connectiv-bard Hamiltonian for clusters up to six atoms. Thus, we may
ity would give similar results to those of Koslowskt al.  conclude that they are true characteristics of the model and
However, we know that such an approach must fail at lowhot artifacts of the Gutzwiller, and Ricet al, approxima-
enough density, as the systems goes to the percolation tragion.
sition which is defined by a change from the existence to the |n contrast to our results, Chapman and Maft8] used
absence of a path, through the ionic configurations, in whichhe GA to suggest a qualitative explanation for the experi-
all hopping jumps are nonvanishing. When the connectivitymentally observed magnetic susceptibility bump in cesium;
of each ionic configuration is taken into account, through thesiso, they assumed that the nonmetal-metal transition takes
classical network of resistorR;; defined in Eq.(9), the  place at a density which is smaller, but close to, that of the
“classical” percolation becomes a prerequisite for the quansusceptibility bump . However, in the experimental results
tum percolation of the electronic wave functions, evetJat the local maximum ofy appears well within the liquid
=0. Our separate treatment of each isolated cluster may lgranch, at a density which is nearly double the critical one,
formally regarded as the result of a Mott transition producedyhile the nonmetal-metal transition is in the vapor. In our
by a high ratio between the correlation energy of a clustemodel both the susceptibility bump and the nonmetal-metal
and a very low hopping element between separated clustergansition appear in the vapor, at about half the critical den-
which is implicitly included in our model regardless of the sity.
value ofU. It seems that the existence of well defined “clus- |t is noteworthy that the tight-binding approach, with a
ters,” with a nearly constant distance between nearest neighsingle orbital per site and a value bivhich reproduces the
bors, is a true characteristic of the alkali fluids, so that ourcritical temperature, gives a density of states at the Fermi
choice of eithett or zero for the hopping matrix elements is level, for the dense liquid, which is two or three times
qualitatively justified. Taking a nonzero value for makes smaller than that obtained with a nearly-free-electron model,
very little difference in the electrical conductivity of our and an effective mass near the free electron value, which
model, as the main effect of the electronic correlation is alpresumably describes the dense fluid reasonably well. This
ready included through the classical percolation requirementiifference partly accounts for the fact that the paramagnetic
in contrast, a choice o) #0 is crucial in models with an  susceptibility in the Pauli regime is observed to be larger
unbounded range for the hopping element. However, wehan that calculated in this model. Qualitatively, one is
have shown that the classical percolation depends strongigmpted to say that our model should be modified to have a
on requiring a self-consistent treatment of the ionic disorderlarger number of electronic states and that then joining the
The metal-nonmetal transition in our model is located wellCurie to the Pauli susceptibilities would carry the calculated
within the vapor phase at coexisten@e agreement with the  susceptibility bump into the liquid phase. However, such an
experimental observatiopsbut only when the strong ionic argument ignores the basic conceptual problem of how to
correlations are included through the self-consistent thermabbtain a nearly Curie susceptibility, in the liquid, at the same
ized disorder. We would obtain a percolation thresh@lel,  conditions which produce a large electrical conductivity
a metal-nonmetal transitiorquite close to the critical den- (with a short mean free path
sity, at higher density than our present results, if we as- Another experimental observation which cannot be repro-
sumed, as do Kowslowskt al, that the ionic disorder is duced by this tight-binding model is the Knight shift data
random and frozen. A future calculation with a continuum[22]. Those data, when coupled with the measured suscepti-
description of the fluid, and with thermalized ionic disorder, bility, for Cs at coexistence, yield an electron density at the
would allow a comparison of the results fot=0 and a nuclei, for those electrons which contribute to the suscepti-
short-ranged matrix elemeiit(r;;)=0 for rj; larger than bility, which, for the bulk liquid, is near half of that in the
some distancewith those with a long-ranget(r;;) but U free atom. As the liquid is expanded the electron density at
>0. Meanwhile, we conclude that the present model gives #he nuclei decreases with decreasing density, at first slowly
qualitatively accurate description of the threshold for metal-and then more rapidly, to a minimum of near a third the
lic conductivity, ascribing it, in a physically intuitive de- atomic value. Then, that electron density presumably in-
scription, to the ionic percolation. creases monotonically to the atomic value in the dilute va-
The main effect of the electron correlation, in our model,por. The increasing tendency has only been observed near
appears in the magnetic susceptibility, whichtfb=0 failed  the minimum. The minimum value is achieved at a liquid
to reproduce the Curie law for the low temperature dilutedensity corresponding to that at which the susceptibility is
vapor. With U/t=6, the Curie law is obeyed by isolated observed to have a maximum. The single-orbital tight-
atoms and, in fact, by the coexisting vapor, up to nearly théinding model not only gives a density of states at the Fermi
critical temperature. This result is a combined effect of twolevel which is too small but, neglecting overlap of the func-
factors: lower cluster binding energies and a stronger influtions at the various sites, it gives an average electron density
ence of the electronic correlation in small clusters. In theat the nuclei which is always the atomic value.
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We conclude that the present model offers a good qualiplained using the Gutzwiller, and Ricst al., approach, as
tative description of the liquid-vapor coexistence and electri-had been suggested by Chapman and March. An extension of
cal conductivity of the alkali fluids. These properties dependhe model to include more orbitals and thus increase of the
strongly on the self-consistency between the ionic and thelensity of states in the liquid may affect this problem and
electronic structures. The use of hopping matrix elementg|so allow an estimate of the observed Knight shift, but such

restricted to nearest-neighbor ions provides an interpretatiog suggestion requires further investigation and probably
of the metal-nonmetal transition as due to a classical percasome new physics.

lation of the ionic structures. We have shown here that this
interpretation is qualitatively correct even for high values of
the electron-electron repulsion. The results for the electrical
conductivity depend weakly otJ, with the main depen-
dence on density appearing through the ionic connectivity. This work was partially supported by the DGIGSpain
Regarding the magnetic susceptibility, the model appears tGrant No. PB94-005-C02 and by NATO Grant No. SA.5-2-
have the correct trends but our self-consistent calculation85CRG.940240 One of us(J.P.H) would like to thank
show that all the experimental results cannot be directly extBERDROLA for partial support in the course of this work.
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