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Complex Behavior of Fluid Lithium under Extreme Conditions
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Lithium is a prototypical simple metal at standard conditions which is well described within the nearly
free electron model. However, by changing the density towards expanded or compressed states, the
electrical conductivity shows strong and partly unexpected variations. We have performed quantum
molecular dynamics simulations for fluid lithium for a wide range of densities and temperatures in order to
derive the equation of state, the electrical conductivity, and information about structural and electronic
changes along the expansion or compression. Based on these results, we can give a consistent description
of the electrical conductivity from the nonmetallic expanded fluid up to the degenerate electron liquid at

high densities.
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The electrical conductivity of matter varies over a vast
range. Comparing the conductivity of pure metals with that
of almost ideal insulators, a factor of about 103! derives
which is, besides the pressure, probably the widest varia-
tion that physical quantities can show [1]. Although the
explanation of conduction phenomena in simple metals at
normal conditions seems to be a rather elementary and
straightforward problem, when the state of simple metals
is continuously changed towards lower or higher densities,
a strong variation of the electrical conductivity is observed
which cannot be derived from simple models. The study of
the transition between metals and insulators is the subject
of intense, ongoing research because correlations, disorder,
and thermal excitations have to be considered simulta-
neously in a consistent quantum many-particle approach
[2].

For instance, a metal-to-nonmetal transition occurs if the
metallic fluid is thermally expanded from the melting to
the critical point due to an increased localization of elec-
trons around ions [3]. Isentropic compression of fluid Li
from ambient conditions up to high pressures of several
megabar [4—6] has revealed that the electrical conductivity
is by no means increasing but decreasing. The latter be-
havior is closely related to the predicted nonsimple, rich
phase diagram of the solid alkali metals Li and Na at high
pressures. Compression results in this case in a diminishing
coordination number along a sequence of structural
changes [7]. The insulating, dimerized Li ground state
(Cmca or oC8 phase) as predicted by Neaton and
Ashcroft [8] was later confirmed by Hanfland et al. [9]
within density functional theory (DFT) using the general-
ized gradient approximation (GGA) for pressures above
165 GPa. For pressures between 48 and 165 GPa, they
proposed the c/16 phase with an unusual multicenter
bonding situation which could be verified by x-ray diffrac-
tion experiments at 44 GPa and about 200 K in the solid. A
series of structural and electronic transitions has also been
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derived from ab initio calculations for molten Na [10].
Especially, a strong reduction of the electrical conductivity
driven by the opening of a pseudogap at 65 GPa has been
found which reflects a change of bonding character from
the s to the p type at high pressures.

To explain the strong changes of the electrical conduc-
tivity of simple fluid metals as a function of the density is,
therefore, a challenge to quantum many-particle theory.
We have performed extensive quantum molecular dynam-
ics (QMD) simulations for fluid Li as a prototypical simple
metal for a broad region of densities and temperatures,
covering expanded and compressed states within the range
o = (0.15-20)g,, where ¢, = 0.54 g/cm? is the Li den-
sity at standard conditions. We consider temperatures of
several hundred up to 10* K, i.e., warm dense matter.

QMD simulations have been proven to successfully
calculate the electronic, structural, thermodynamic, and
optical properties of warm dense matter in a combined
first-principles approach; see [11-16] for details. We
have performed QMD simulations employing a finite tem-
perature Fermi occupation of the electronic states using
Mermin’s approach (FT-DFT) [17], which is implemented
in the plane wave density functional code VASP (Vienna
ab initio simulation package) [18,19]. We consider 32—
128 atoms with 3 electrons per atom in the simulation box
and periodic boundary conditions. The electron wave func-
tions are calculated using the all-electron projector aug-
mented wave potentials [20,21] supplied with VASP
[18,19], which yield more accurate conductivity results
compared with other pseudopotentials. The exchange-
correlation functional is calculated within GGA using the
parametrization of Perdew, Burke, and Ernzerhof [22] as in
Refs. [9,16].

The convergence of the thermodynamic quantities in
QMD simulations is an important issue [23]. We have
chosen a plane wave cutoff E_, at 900 eV so that the
pressure is converged within 2% accuracy. We have also
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checked the convergence with respect to a systematic
enlargement of the k-point set in the representation of
the Brillouin zone. Higher-order k points modify the equa-
tion of state (EOS) data only within 2% relative to a one-
point result, so we have restricted our EOS calculations to
the I" point. The simulations were performed for a canoni-
cal ensemble with temperature, volume of the simulation
box, and particle number therein as given quantities. The
ion temperature is controlled by a Nosé-Hoover thermo-
stat. After several hundred time steps, the system is equili-
brated, and the subsequent 400—1000 time steps are taken
to calculate the EOS data as running averages. We have
checked the existence of thermodynamic equilibrium care-
fully by analyzing the pair correlation functions and the
stability of the pressure p, temperature 7, and internal
energy E.

The dynamic conductivity o(w) is derived from the
Kubo-Greenwood formula [24,25]; for details, see
Ref. [11]. The dc conductivity follows in the static limit
o — 0. We have used various point sets for the integration
of the Brillouin zone to ensure that the conductivity was
converged better than 20% over the entire density range.
Each conductivity point represents an average over evalu-
ations performed for 10—20 typical snapshots taken from
the QMD runs for the EOS.

We compare our QMD simulation results with experi-
mental data in Figs. 1 and 2. We find excellent agreement
with quasi-isentropic shock-compression experiments of
Bastea and Bastea [6], which cover a density range from
0 = (2-4)p, and temperatures from 2000 to 7000 K. In
general, the agreement of the EOS data is better than 10%.
The steep decrease of the conductivity up to 1 Mbar can be
attributed to an increased scattering of the conduction
electrons in compressed Li. An increasing effective mass
in this region can be derived by balancing experimental
data with an evaluation of the Ziman formula with m™ as
free parameter [6].

We do not confirm the small drop in the conductivity at
or above 1.8 Mbar which has been claimed to be a pre-
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FIG. 1 (color online). Electrical conductivity of shock-
compressed Li [6] compared with QMD simulations. The tem-
peratures and densities (in g/cm?) of the QMD calculations are
indicated.

cursor of the pairing instability predicted for compressed
solid Li [8] in the warm fluid regime. To the contrary, the
plateau region extends smoothly up to almost 5 Mbar.

We next compare with a second series of multiple shock-
compression experiments [4,5] in Fig. 2, which were per-
formed in a similar density range ¢ = (1-4.5)@, but at
temperatures below 3000 K. Again, the conductivity iso-
therms derived from the QMD simulations cover the ex-
perimental data well for densities up to 1.7 g/cm’. The
decrease in conductivity with density coincides in this
region with the experimental results of Ref. [6]. We do not
reproduce the increase in conductivity above 1.8 g/cm?
and the strong enhancement at about 2.3 g/cm? (i.e., four-
fold compression). Instead of a sixfold increase, we find an
almost temperature-independent conductivity in this high-
density region, as can be seen from the merging isotherms.
The 7000 K data point of Bastea and Bastea [6] supports
our results. We conclude that novel experiments are neces-
sary in order to confirm or challenge the high-pressure
behavior of fluid Li predicted in this work.

We have performed further large-scale QMD simula-
tions for fluid Li over a wide range of densities and
temperatures in order to study the behavior of the electrical
conductivity, the density of states (DOS), the ion-ion pair
correlation function (PCF), and the charge density; see
Figs. 3—6. We can identify three main regions.

(i) The expanded fluid (EF) is located at low densities
0 = 0,/2 and shows a strong increase of the conductivity
with the density, almost independent of the temperature,
and the DOS in Fig. 4 has a shape typical for nearly free
electrons. Applying Mott’s criterion for the minimum elec-
trical conductivity of o, = 2000/Q cm also for fluid
alkali metals [1,3], the nonmetal-to-metal transition occurs
at about 0.15 g/cm3, i.e., just in the region where the
critical point is probably located (@, = 0.105 g/cm? and
T, = 3223 K; see Ref. [26]). Electrons are increasingly
delocalized due to the Mott effect, which plays a central
role in chemical models and leads to pressure ionization;
see Ref. [27] for details. The expanded fluid contains a
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FIG. 2 (color online). Electrical conductivity of shock-

compressed Li [4,5] compared with isotherms derived from
QMD simulations. We have added the 7000 K data points
from Fig. 1.
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FIG. 3 (color online). General behavior of the electrical con-
ductivity of fluid Li from low up to ultrahigh densities for
various temperatures. EF: expanded fluid; FM: fluid metal;
DEL: degenerate electron liquid.

fraction of transient dimers and possibly other small neu-
tral and charged clusters; see Figs. 5 and 6. Such a feature
has been predicted within chemical models earlier [28] and
demonstrated recently for Rb [29,30] by QMD simulations
in this region.

(i1) The fluid metal (FM) can be identified in the range
00/2 = 0 = 5.50, and shows a strong variation of the
conductivity with the density. As typical for metals, the
conductivity decreases with the temperature. After passing
through a maximum at normal density @, the conductivity
decreases to values typical for a dirty metal below o gy =
10.000/Q) cm [31]. Increasing density leads in this domain
to a decreasing interatomic spacing and, thus, to stronger
electron-ion scattering; see Figs. 5 and 6. Furthermore, the
DOS in Fig. 4 is strongly reduced at the Fermi level as
already found in Ref. [9]. Both effects diminish the con-
ductivity in this region.

(i) In the subsequent high-density region above
3 g/cm? (i.e., for more than sixfold compression), the
conductivity increases systematically, again almost inde-
pendent of temperature. This is typical for a degenerate
electron liquid (DEL) where scattering becomes weaker
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FIG. 4 (color online). Density of states in fluid Li at 2000 K for
a sequence of densities with the Fermi energy located at zero
energy. Increasing density leads to a strong reduction of the DOS
at the Fermi level which is typical for a dirty metal. In the high-
density limit, the DOS is almost constant which underlines the
nonsimple metal behavior in this highly correlated region.

FIG. 5 (color online). Ion-ion pair correlation function in fluid
Li at 2000 K for a sequence of densities.

due to the strong screening effects and the Pauli exclusion
principle, which prohibits scattering processes into occu-
pied final states. The ions show a largely ordered structure
already in this dense fluid regime reflecting a multicenter
bonding situation; see Figs. 5 and 6. This was already
anticipated by Neaton and Ashcroft [8] based on their
results for the paired ground state of solid Li at high
pressures. However, our results show that the DOS is
relatively low in the DEL with a weak pseudogap at Ep
(see Fig. 4), but the conductivity is still metal-like so that a
completely paired, insulating ground state may occur only
at much lower temperatures in the solid.

The drastic structural changes in fluid Li with increasing
density are visualized by means of the PCF shown in Fig. 5.
The next-neighbor distance decreases systematically with
increasing density. Dimers Li, with a bond length of 2.7 A
(see [27]) can be identified in the expanded fluid up to
densities above standard conditions by a peak in the PCF at
the respective distance. The first peak and several smaller
maxima for next neighbors subsequent fluid shells can be

FIG. 6 (color online). Variation of the charge density in fluid
Li at 2000 K in units of ¢/A’ for a sequence of densities
(0.12 g/cm? upper left to 10.0 g/cm? lower right). The x and
y axis are also given in units of A. The charge density plots are
taken from typical snapshots of the QMD run. We have selected
representative planes through the simulation box parallel to the
xy plane.
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seen. This structure is thermally broadened with increasing
temperature. While the fluid character is evident in, for
example, long-range diffusive motion, the actual melting
curve at high densities is of separate interest; see Ref. [32].
We calculate the melting temperature of Li at 2.7, 5.4, and
10.8 g/cm? to be below 1600 K. We can give the estimate
(1250 = 200) K; see [33].

We show the variation of the charge density in fluid Li
with increasing density in Fig. 6. In the expanded fluid,
small transient clusters can be seen as discussed above. The
fluid metal is characterized by ions immersed in an almost
homogeneous electron gas; the ions show no tendency for
pairing or more complicated structures. Precursors of a
lattice with a chainlike, dimeric structure are found in the
high-density degenerate electron liquid. This can be related
to the s- to p-type transition as found recently for Na [10]
and solid Li [9].

In summary, we have determined the electrical conduc-
tivity of fluid lithium within QMD simulations over a broad
range of densities and temperatures. The surprising com-
plexity in the variation of the conductivity has been ex-
plained by analyzing the ion-ion PCF, the DOS, and
structural changes. The agreement of our ab initio results
with multiple shock-compression experiments is excellent
for densities up to 1.7 [4,5] and 2.15 g/cm? [6]. We have
identified three different density regions with specific
physical properties: the expanded fluid for low densities,
the fluid metal around normal densities, and the degenerate
electron liquid at the highest densities. The electrical con-
ductivity shows continuous transitions from nonmetallic to
metallic behavior, a subsequent decrease to values typical
for dirty metals, and an almost temperature-independent
increase in the high-density limit. For the highest densities
around 10 g/cm?, we find precursors of a complex struc-
ture with chains of paired ions in the fluid phase at 2000 K.
The calculation of the entire phase diagram including the
location of the high-pressure melting line and the evalu-
ation of complex high-density structures at finite tempera-
tures is a topic of future work.
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