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The properties of liquid sodium have been studied usingnitio molecular dynamics over a wide range of
temperatures and pressures. When expanded along the liquid-vapor coexistence curve, the dc conductivity and
average number of nearest neighbors decrease, as has been observed for other alkali metals. There is a sharp
drop in the dc conductivity when the density decreases from 0.31 to 0.18.gfandensities at or below the
latter value, the sodium vapor was observed to partially condense into a small fraction of the supercell
simulation volume. This condensation was accompanied by aggregation of sodium atoms, but the lifetimes of
these clusters are less than the vibrational period of the sodium dimer, indicating that they are short-lived
transient associates, not molecular clusters in the traditional JS8&E53-182808)50242-1]

The properties of liquid alkali metals along the liquid- There have been several studies of these systems using
vapor coexistence curve have received considerable attentiatassical molecular dynamicdMD) simulations, but these
in recent years. At high densities, near the triple point, thesare of little use in predicting properties near the critical point
materials may be regarded as monatomic conducting fluidsince the variations in the electronic and ionic degrees of
with each atom contributing one electron to a conductiorfreedom cannot be accurately modeled with an empirical po-
band! As the alkali is expanded along the coexistence curvetential. For this reason, an increasing number of first prin-
the dc conductivity and average number of nearest neighboigples,ab initio or quantum MD simulations have been used
both decrease, while the average nearest neighbor separatimninvestigate the properties of liquid alkali metals. Many of
remains relatively constaftNear the critical point, there is a these are still restricted to temperatures and densities well
sharp drop in the dc conductivity as the fluid undergoes delow the critical poinf~2 Among the more general studies
metal-non-meta[MNM) transition® The critical point may are calculations of the radial distribution and optical conduc-
also be approached from below by condensing the vapor. Itivity in expanded rubidium at 350 and 1400 K using the
this case a transition from a nonconducting mixture of atomgocal density approximatiofLDA) in combination with a
and molecules to a conducting atomic liquid should occur. MD simulation!*#A similar technique was used by Silves-

Most of the experimental and theoretical studies of exdrelli, Alavi, and Parrinello to calculate the pair correlation
panded alkali metals have been restricted to rubidium andnd optical conductivity in liquid sodium at temperatures up
cesium due to the accessibility of the critical conditiofis, to 1000 K° Self-diffusion constants in liquid sodium at tem-
=1924 K andP.=9.25 MPa for Cs and’.=2017 K and peratures ranging from 400 to 1400 K were also calculated in
P.=12.45 MPa for RE. These have generally concluded ab initio simulations based on the Car-Parrinello
that the origin of the MNM transition is correlated with the formalism!® Simulations based on first principles have also
formation of molecular clusters. For example, an examinabeen used to calculate the radial distribution function, diffu-
tion of equation-of-state data of cesium near the critical poinsivity and other properties of cesium and rubidium, but the
concluded that there is a substantial number of dimers anlbwest densities in this study were approximately four times
tetramerg, while another calculation suggests that the stablghe critical values/
structure resulting from the expansion of a bcc cesium lattice In this Rapid Communication, we present the resultalof
is a simple cubic lattice of cesium dimer3.he appearance initio MD simulations of liquid sodium at fixed densities of
of low frequency harmonic oscillations in the structure factor0.08, 0.16, 0.31, 0.47, 0.74, and 1.28 gland temperatures
of expanded cesiufrand rubidiunf also gives evidence for ranging from 800 to 3000 K. Our simulations cover a much
an atomic to molecular transition in the fluid. The propertieswider range of densities and temperatures than has previ-
of liquid sodium in this region are not as well documentedously been explored either experimentally or theoretically.
due to the difficulty in reaching the critical poinff,  We use MD to generate ionic trajectories and compute the
=2485 K andP,=24.8 MPa> forces acting on the classical ions
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2.0 T T TABLE I. Liquid sodium properties near the coexistence curve.
3 See text for definitions oR; andNj; .

p (glcnt) T(K) Ry(bohp N; op(10Q tem™?

15 0.93 800 6.64 6.4 38
0.74 1200 6.69 54 8.3
0.47 2100 6.62 3.3 2.7

0.31 2500 6.65 2.7 14

90
5

perature dependence @fr) is similar to that found for other
liquid alkali metals in experimerftsand density functional
MD simulations!’ At low temperatures, there is a strong
primary peak that becomes broader and less intense with
increasing temperature. The position of this peRk, re-
mains nearly constant. However, the average number of
nearest neighbors, defined bw1=2pfglg(r)4wr2dr,
wherep is the density, decreases with decreasing density, as
shown in Table |. The usual interpretation of this behavior is
that the density decreases by reducing the average number of

FIG. 1. Radial distribution function for four points near the Ne€ighbors, not by increasing the average interatomic
liquid-vapor coexistence curve. The temperatures, peak positi0n§,ep<'51|'ati0|%A second peak is also evident at higher densities,
and number of nearest neighbors for each density are given in Tableut this gradually becomes washed out due to a reduction in
l. the average number of second nearest neighbors in the
atomic fluid.

The dc conductivity was also calculated for selected tra-
jectories usziznzgsl“ point sampling in the Kubo-Greenwood

from first principles using Hohenberg-Kohn-Sham densityformulat|on, with the usual delta function resolved by

functional theory? (DFT) in the local density approximation averaging over a finite frequency interval, giving*
(LDA). Note that 1.28 g/crhis the LDA equilibrium density, ,
while 0.93 g/cri is the experimentally observed equilibrium o(w)= 27 D Flei.€]1Djjl
density. The LDA has a well-known tendency to overbind QAo 5 €€
weakly interacting atoms.

To compute theab initio trajectories we use the Car- where () is the atomic volume. F[e;,€j]=[fo(¢)
Parrinello method, for which numerous reviews are—fy(€j)]/w, which is the difference between the Fermi-
available!® The fictitious masseg; for the electronic wave Dirac distributionsf, at temperature T and frequenay.
functions,y; , wereu =300 a.u. and the time step sizes were|D;j|>= 33 ,[(i|V .| #;)|%, which represents the velocity di-
At=7 a.u.. We use a simple cubic unit cell with periodic pole matrix element. The quantities and ¢; are the energy
boundary conditions containing 64 0.08 g/cmi) and 128 and wave functions for thith orbital found from the diago-
atoms(all other densities The plane wave cut-off energy in nalization of the Kohn-Sham equations. The summation in
the expansion of the); was 6 Ry at the Gamma poink ( runs over all occupied states while that jncovers only
=0) in the Brillouin zone of the supercell. The electron-ion unoccupied states. The dc conductivity is then obtained by
interaction is represented by a Martins-Troullier type localaveragingo(w) over several time steps and using a polyno-
pseudopotentig’ The MD trajectories comprise 750—5000 mial fit to extrapolate to zero frequency. We note that Sil-
(microcanonical time steps after careful equilibration. vastrelli, Alavi, and Parrinello calculated the electrical con-

We have performed many careful checks on the quality ofluctivity of liquid sodium for temperatures up to 1000 K
the interaction and simulations. For the heavily-studied reusing bothI" point and 8k vector samplind® There was
gion around melt(p~0.93 g/cni; T=500-1000K, our  good agreement between the two sampling methods at tem-
pair-correlation functions, diffusion coefficients, and electri- peratures above 850 K, so tliepoint sampling in our cal-
cal conductivities compared very well with experimental culations should yield sufficient accuracy.
value$! and othemb initio MD simulations'®'¢In addition, Table | gives the value of the dc conductivity for four
analysis of the post-equilibration trajectories indicates thapoints on the coexistence curve, indicating that it decreases
guantities such as the autocorrelation functions, for examplanonotonically with decreasing density. A similar analysis is
have reached stable forms yielding statistically meaningfumore difficult at lower densities due to the large supercell
properties. size and concomitant computational effort; however a calcu-

The radial distribution functiong(r), was calculated by lation at 0.16 g/crhyields a dc conductivity on the order of
averaging over the atomic positions during each trajectory. 1£00 Q~ cm™%, which is approximately the size of the error
is plotted in Fig. 1 for four points near the liquid-vapor co- bars in the extrapolation af(w). This value is an order of
existence curve, as mapped out in Ref. 21. Note that thesmagnitude smaller than the calculated dc conductivity at a
densities are above the critical value of 0.30 gicithe tem-  density of 0.31 g/crhand a temperature of 2500 K, which
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of 0.16 g/cni. The supercell size is defined by the box.

0.31 g/cni and is consistent with the critical density of

0.30 g/cm reported for sodiumi.

The temperature and density dependencg(oj and the

tive to examine movies of the simulations. Snapshots take@patial
from such a movie are shown in Figs. 2 and 3 for a density of
0.16 g/cni (128 atom$ and temperatures of 1000 and 2500
K, respectively. The atomic positions are plotted with solid
circles, while the box represents the size of the periodic su
percell. At the higher temperature, the atoms are fairly well
distributed in the simulation volume, although there are somé&
sizable regions with a lower instantaneous density. This fe
ture is more pronounced in the snapshot at 1000 K, with alp:
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This striking condensation was also observed at the low-
est density studied, 0.08 g/ént64 atom$ at a temperature
of 2100 K, but not at 2300 K. These values bracket the
experimental equation-of-state curve for sodium vapor.
There appears to be a tendency for the system to liquefy at
densities below the critical density, but inside the coexist-
ence curve. No condensation occurred in the trajectories at
densities greater than 0.30 gférat any temperature. The
movies show that the atoms are, on the average, uniformly
distributed throughout the supercell for the duration of the
simulation. The phase separation behavior that we observe in
our fixed-volume simulations is expected for the two-
component regiorvapor/liquid and reasonable. However,
we cannot expect the simulated phase separation to occur on
the coexistence line. Surface effects in such small droplets
will be unrealistically large, and the finite duration of the
simulations will prevent the thermodynamically most stable
_ N ~ phases to be reached. What we instead see is very likely a
FIG. 2. A snapshot of atomic positions at 1000 K and a densitykinetic instability. More simulations with larger samples and
longer trajectories need to be performed at the lower densi-

- " L . ) , ties to understand the conditions that lead to condensation of
indicates that the critical point in our simulations is below o atomic vapor.

We note that a visual analysis of the simulation is not
required to detect the onset of condensation. In a cubic su-

percell, evaluation of the radial distribution function is lim-

average number of nearest neighbors provide a rather coarsgsq g a sphere with a radius equal to half of the supercell
grained description of the physical characteristics of the sySgiameter. Therefore only a fraction,mL/2)3/3L3=0.52
tem. To determine how the atoms interact, it is more instrucy¢ the atoms are in'cluded in the a\;eraging for a unii‘orm

distribution.

a_

The

integrated g(r), I

= (1N)f§29(r)477r2dr, should then be equal to 0.52, where
V is the volume EL3%), andR,=L/2. In the simulations
reported herel<0.58 for all cases except those at densities
below the critical density, but inside the coexistence curve,
s noted above. In the trajectories corresponding to Figs. 2
and 3,1=0.84 and 0.63, respectively, while=0.73 for the

08 g/cnd, T=2100 K simulation mentioned above. There-

of the atoms occupying a volume that is approximately a5odore, an integrated(r) significantly larger than the value for

of the supercell size. This corresponds to a density of a
proximately 0.64 g/cr) which is very close to the density of ©

the liquid at this temperature.

s lete g
.0'00.‘3 °
N Y ] °
g % o
o ® °
P o e *
.....
°
] 00.: °.o.
#3000

of 0.16 g/cni. The supercell size is defined by the box.

p-ondensa'[ion.

a uniform distribution of atoms can indicate the degree of

An important physical change that has been observed in
liquid alkali metals near the critical point is the formation of
diatomic molecule&’ The formation of these dimers and
more complex molecules is analyzed in our simulations by
identifying the atoms within a distance,, of each atom and
monitoring the evolution of each cluster. We found that the
most physical results are obtained by settngR;, the
center of the first peak ig(r). Although this may seem a
little conservative, larger radii generally produce a flat distri-
bution of cluster sizes and a significant number of clusters of
sizeN/4 or larger. Smaller radii result in a very high percent-

age of single atoms.

The lifetimes of these clusters are calculated by compar-
ing the clusters in successive time steps to determine how
long they remain intact. For each trajectory, the dimer is
found to have the longest average lifetime, ranging from
0.94 7, at 0.08 g/cm and 2300 K to 0.3%, at 1.28 g/cm
and 800 K, wherer,,=210 fs is the vibrational period of the
diatomic sodium molecule. The trimer lifetimes are reduced
by approximately 30% from these values, and the lifetime
FIG. 3. A snapshot of atomic positions at 2500 K and a densitydecreases rapidly with further increases in the cluster size.
The fact that these lifetimes are less than the vibrational pe-
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riod of a Ng molecule indicates that although a significant conductivity and number of nearest neighbors with decreas-
number of atoms are close enough to strongly interact at §19 density along the liquid-vapor coexistence curve is in
given time, these clusters do not retain their identities longl00d agreement with the experimental results found for other
enough to be considered molecules. iquid alkali metals® A cluster analysis shows that a signifi-
Similar transient aggregation was observed in liquid high-c&nt number of dimers and other molecules exist at a given
density hydrogeA*~26Such behavior is in contrast to a study time step, but the lifetimes are much less than the vibrational
of expanded cesium in which the structure factor was modP€r0d of Na. An interesting condensation was observed in

eled using reverse Monte Carlo techniieais method  >€4S1% SMUalons at ensies below e crtcl value bt
produces a snapshot of the average atomic configuration, bHr'tis behavior has not been found in other simulations of ex-

the dynamical pr_opgrtles need_ to_ be take_n into account t anded alkali metals.

ensure that the lifetimes are significant with respect to th

molecular vibrations. This work was performed under the auspices of the U.S.
In conclusion, we have used Car-Parrinello simulations tdDepartment of Energy through the Theoretical Division of

study the properties of expanded liquid sodium for a widethe Los Alamos National Laboratory. We acknowledge valu-

range of densities and temperatures. The decrease in the dble discussions with Dr. L. Pratt of Los Alamos.
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