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Equation of state for warm dense lithium: A first principles
investigation”
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The quantum molecular dynamics based on the density functional theory has been adopted to simulate the equation of
state for the shock compressed lithium. In contrary to some earlier experimental measurement and theoretical simulation,
there is not any evidence of the ‘kink’ in the Hugoniot curve in our accurate simulation. Throughout the shock compression
process, only a simple solid-to-liquid melting behavior is demonstrated, instead of complicated solid—solid phase transi-
tions. Moreover, the x-ray absorption near-edge spectroscopy has been predicted as a feasible way to diagnose the structural
evolution of warm dense lithium in this density region.
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1. Introduction

Lithium, as the first alkali metal element in the peri-
odic table, seems to be very simple formally. For exam-
ple, the lithium atom has only occupied s-shells, and the
body-centered crystal structure is found as the ground state
of bulk lithium at room temperature. However, nontrivial
physical phenomena have been observed under the change
of temperature and pressure, to attract long-standing research
interests until now. For instance, abundant phase transi-
tions are extensively studied and plenty of new phase have

1-11]

been found,! as well as the anomalous melting behav-

122181 Moreover, to change

ior has been also investigated.!
the external conditions, the electric conductivity of lithium
could be altered greatly, e.g., metal, non-metal, and even

10.,19-291 pyrthermore, not only the fundamen-

superconductor. !
tal curiosity, but also plenty of applications do require an accu-
rate investigation for the lithium in the regime of higher tem-
perature and pressure, i.e., the so-called warm dense matter
(WDM). Especially, advanced experimental techniques!3*-3!!
and theoretical methods!*?>=3*! will give a boost to the knowl-
edge of warm dense lithium.

Despite great efforts spared by former researchers, even
the equation of state of shock compressed lithium is still not
certain so far. Debate remains about the shape of the Hugo-
niot curve around the several kilo-kelvins and about 2-3 times
compression relative to ambient density. In detail, the first ex-
perimental measurement on the shock compressed lithium was

performed by Bakanova et al.*3 Generally, the pressure was
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observed to increase with the increasing compression along
the Hugoniot curve. But this ascending tendency was signif-
icantly lowered in the region between about 1.2 g/cm? and
1.4 g/cm? for the density and a distinct ‘kink’ could be ob-
served there. However, this experimental discovery was con-
tradicted by a theoretical simulation performed by Young and
Ross in 1984.13¢1 In fact, their theoretical results not only dis-
approved the existence of the so-called ‘kink’ in the Hugo-
niot curve, but also deviated from several sets of experimen-
tal results under larger compression. A noticeable matter
is that the parameters in this empirical pseudo-potential cal-
culation were fitted with the room temperature isotherms of
lithium, so it is doubtful whether this theoretical method was
accurate throughout the shock compression process. Sev-
eral years ago, Kim et al. re-examined the shock Hugoniot
curve with the electron force field (eFF) method!?’! developed
by themselves.*®8 The ‘“kink’ was then confirmed again, and
they explained this phenomenon with two successive phase
transitions (fcc-to-cI16 and cl16-to-amorphous). Their re-
sults are in good agreement with several groups of experi-
mental data,3>3#!1 though most of them were not available
for the density larger than 1.2 g/cm>. On the other hand,
the phase transitions predicted by Kim et al. seems to be
astonishing from the aspect of melting, because the melting
point of compressed lithium is generally only several hundred
kelvins.[!415] In addition, the melting point is decreased with
increasing pressure under large compression.

To clarify the long-standing confusion, it is necessary to
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investigate the equation of state of warm dense lithium with
an accurate theoretical method independent with empirical pa-
rameters. In this article, we plan to adopt the quantum molec-
ular dynamics (QMD) to overcome the inaccuracy from em-
pirical parameters existed in previous theoretical simulations.
Specifically, the shock Hugoniot curve is investigated at first,
and then the ion—ion pair correlation function (PCF) is also
calculated for each key point in the curve to reveal the struc-
tural evolution during the shock process. Furthermore, we tend
to seek a common experimental measurement which could
demonstrate the structural evolution clearly. Since the x-ray
absorption near-edge spectroscopy (XANES) could be greatly
influenced by the fast varied chemical environment in WDM,
it is well accepted as a convenient experimental technique for
WDM. Herein the Kubo—Greenwood formula based on the lin-
ear response theory is taken into account.

2. Computational method

The Vienna ab initio simulation package (VASP)[4>43]
has been employed for the QMD simulation in this article.
To simulate the movement of ions, the Born-Oppenheimer
molecular dynamics is performed, and the Nose—-Hoover
thermostat(** is enabled to control the ion temperature in
the canonical ensemble. A large supercell containing 128 Li
atoms is chosen to mimic the real system as accurately as pos-
sible. In general, a molecular dynamics simulation should last
for 8 ps—12 ps with the time step of 1 fs, and only the trajectory
in the final 1 ps—2 ps will be exploited to calculate the EOS and
other properties like the PCFs. On the other hand, to describe
the movement of electrons, the finite temperature density func-
tional theory (DFT)*! is suitable for achieving a good com-
promise between computational efficiency and accuracy. The
assumption of local thermodynamical equilibrium was im-
posed all along the shock Hugoniot, hence the electron temper-
ature T; in Fermi—Dirac distribution was set equal with the ion
temperature 7;. To approximate the exchange and correlation
functional, the Perdew—Burke-Ernzerhof (PBE) functional 40!
based on the generalized gradient approximation is selected
owing to its popularity in simulations of condensed matter
and WDM. Moreover, the electron—ion interaction is described
by the projector augmented wave (PAW) potential.[*”] In our
simulations, the PAW potential with three valence electrons is
chosen for reasonable results under higher pressure. For such a
large supercell, even the gamma point should be sufficient for
the Brillouin zone sampling in the molecular dynamic simu-
lation. In the electronic self-consistent calculation, one of the
most important parameters is the cutoff energy which could
decide the size and quality of the plane-wave basis set. Sev-
eral different values have been examined and the 700 eV has
been considered to obtain a good convergence for both total
energy and pressure.

For the shocked lithium, the equation of state could be
calculated with the Rankine-Hugoniot equations (E; — Ep) +
L(Vi =Vo)(Pi + Ry) = 0. Herein the subscripts 0 and 1 de-
note the initial (cold) and shocked states, respectively. The
variables E, V, and P represent the internal energy, volume,
and pressure respectively. The internal energy equals to the
total energy in the DFT calculation plus the zero-point en-
ergy, and the pressure includes both the electronic and ionic
portions. Our simulations started from the solid density (i.e.,
po = 0.531 g/cm?) under the room temperature, and the body-
centered crystal is used as the initial structure. Table 1 listed
the principal Hugoniot points. Our simulation are in the range
of 0.6 g/cm3-1.5 g/cm? for the density and from the room
temperature to near 16 kilo-Kelvin for the temperature, so we
believe that it could be meaningful in determining the exis-
tence of the above-mentioned ‘kink’ in the shock Hugoniot
curve.

Table 1. The density (p), pressure (P), and temperature (7') of the warm

dense lithium along the principal Hogoniot. The particle velocity (i)
and shock velocity (us) are also presented.

p/(g/cm3) P/GPa T/K up/(km/s) us/km/s)
0.6 1.55 362 0.57 5.78
0.7 5.01 468 1.48 6.52
0.8 9.25 559 2.38 7.35
0.9 15.05 936 3.36 8.41
1.0 22.33 1563 4.37 9.53
1.1 31.58 2600 5.47 10.76
1.2 43.55 4261 6.67 12.14
1.3 59.42 6746 8.02 13.74
1.4 80.79 10431 9.59 15.62
1.5 110.50 15814 11.44 17.89

In order to predict the XANES spectrum, the impu-
rity model®! is taken into account by using the ABINIT
code.*! The comprehensive description about this computa-
tional method could be found in Refs. [50] and [51]. In short,
one atom among the whole supercell is selected as the ‘ab-
sorber’ atom immersed into the surrounding lithium atoms in
this scheme. For this ‘adsorber’ atom, a new PAW with a 1s
core-hole is generated with the ATOMPAW code,>?! as well
as the standard PAW still served for other atoms. It should be
noted that the absolute edge position of the XANES spectrum
could not be obtained owing to the limitation of this method.
Moreover, ten snapshots are chosen from the dynamical trajec-
tory in equilibrium to calculate the average XANES spectrum
for each state in the shock Hugoniot curve.

3. Results and discussion

In Fig. 1, our simulated Hugoniot curve of the shock-
compressed lithium is shown, and some earlier experimen-
tal3339411 and theoretical 338! results are also plotted therein

for an extensive comparison. At the beginning of the shock
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compression process, most results are in good agreement, till
the density was increased to 0.9 g/cm?®. There are several
noticeable characteristics, i.e., the eFF simulation results are
generally slightly higher than others, and the Bakanova’s ex-
perimental results tend to give smaller pressure in comparison
with other experimental and theoretical results. In this region,
our work is in excellent agreement with most experimental re-

sults.
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Fig. 1. (color online) The shock Hugoniot curve of lithium.

In respect to the enhanced compression, the various equa-
tions of state tend to diverge from one another for densities
above 0.9 g/cm>. In general, Kim’s theoretical results agree

[39,41

more with some experimental results. 1 However, the the-

§136

oretical work by Young and Ross!?¢! gradually predicts higher

values than the others. Because they adopted the empiri-
cal pesudo-potential method with fitting parameters in accord
with the room-temperature isotherm, it is plausible that their
results behaved poorly when temperature and density became
higher. In fact, the overestimation of the pressure could be un-
derstood as the consequence of such a stiff pseudo-potential.
Our simulation results are lower than both these results for the
density up to 1.2 g/cm>. The fact should be mentioned that
our results are still in agreement with Bakanova’s experimental
results®>! in this region, and the experimental results given by
the Lawrence Livermore National Laboratory°! are also con-
sistent with our results for the density up to about 1.0 g/cm?.
Nextly, we should pay more attention to the region of
higher density, i.e., around between 1.2 g/cm? and 1.4 g/cm?,
because of the above-mentioned argumentation of the ‘kink’ in
the Hugoniot curve. Unfortunately, there is still lack of abun-
dant experimental results in this region to make an comprehen-
sive comparison. The only available experiment in this region
is performed by Bakanova et al.,’>! to confirm such a ‘kink’ in
the Hugoniot curve as mentioned above. In the theoretical as-
pect, Young and Ross disproved the existence of the ‘kink’ and
presented a smooth increase of the pressure with the enhanced
compression in the region.®! However, their results behaved

poorly even for lower temperature and density, and it is doubt-
ful whether their empirical pseudo-potential method could be
applicable for this case. On the contrary, a newer simulation by
Kim et al. still confirmed the existence of the ‘kink’.!38! Based
on their developed eFF quantum electron dynamics, a much
more distinctive ‘kink’ is found. In spite of the fact that this
work agreed well with some experimental results, great uncer-
tainty still exist because the eFF method bring in some fairly
great approximations to facilitate the large-scale simulation of
complicated systems, e.g., electrons are represented as Gaus-
sian wave packets and the wave function is even treated as a
Hartree product. For our results based on the accurate QMD,
the Hugoniot curve is still very smooth in this region, to de-
cline such a ‘kink’ again. Interestingly, our results agree with
Bakanova’s experiment very well before the ‘kink’ appeared
in these experimental results. Moreover, the curve given by
our calculation is similar with that by the empirical pseudo-
potential method, %! though the latter tended to greatly over-
estimate the pressure for the same density.

To understand the origin of the difference in EOS, the in-
ternal structure of the warm dense lithium should be examined
at first. The PCF, who corresponds to the average neighbors
around a certain ion at a specific distance, could be a key is-
sue to reflect the structural evolution during the shock com-
pression process. For the convenience of comparing results of
various density, the PCF is scaled by ry = \3/%, and n is
the number density.
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Fig. 2. (color online) The PCFs of the warm dense lithium along the Hugo-
niot curve. The number on each plot is corresponding to the density in units
g/cm’.

As shown in Fig. 2, with the increasing temperature and
pressure, the first maximum in the PCF tends to be broaden
gradually. For states with lower temperature and density (i.e.,
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p =0.6 g/cm® and p = 0.7 g/cm?), there are still remark-
able peaks at larger distance, in corresponding to a long-range
order. To increase both temperature and density, the peak at
the scaled distance of about 4.5 is greatly broaden and then
disappeared to imply a loss of long-range ordered structure.
The peak at the scaled distance of about 3.5 is also decreased
gradually. Thus a simple PCF only with a predominant peak
around 1.7 is observed since the density became larger than

3

1.2 g/cm’. Clearly, the evolution process is corresponding

to a typical solid-to-liquid transition (i.e., melting) herein, in

138] where a sud-

quite different with the eFF simulation results,
den change is shown and then explained with solid-to-solid
phase transitions. Furthermore, another survey has been made
for the cI16 initial structure with the density of 1.3 g/cm3).
By performing a series of QMD simulation at several different
temperatures, the PCFs of these equilibrium states are given in
Fig. 3, respectively. For the room temperature, several peaks
are observed, in corresponding to the crystal structure. Even
for slightly higher temperature at about 500 K, a typical lig-
uid behavior already appears, to show the fact that the melting
is so easy for this density. Therefore, it seems that the solid-
to-solid transitions predicted by Kim et al. are impossible at
all.
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Fig. 3. (color online) The PCFs of the warm dense lithium at a fixed density
of 1.3 g/cm? and under different temperatures. The cI16 crystal structure is
adopted as the initial structure.

In recent years, the XANES has been well shown as a
powerful tool to investigate the microstructure of compressed
materials, e.g., heavy alkali metal.>* As shown in Fig. 4, the
simulated XANES spectra of the warm dense lithium along the
Hugoniot curve are given. For the solid crystal structure under
the room temperature, plenty of peaks could be observed. To
increase the temperature and density gradually, the XANES
spectrum tends to be more and more smooth. Some typi-
cal characters could be discovered for the K absorption edge.
With the increasing temperature and density, the position of
the K absorption edge should be shifted to the higher energy.
In an early experimental measurement on lithium, the similar
blue-shift according the increasing temperature has been also
reported. ¥ Moreover, the slope of the K absorption edge will

become lower when the temperature and density are increased.
The XANES spectrum is greatly sensitive to the variation of
the warm dense lithium, then a high resolution XANES exper-
iment could be very helpful to approve our simulation results.
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Fig. 4. (color online) The simulated XANES spectra of lithium along the
shock Hugoniot curve. It should be noted that the spectra are shifted to
match the K absorption edge position of the initial structure with the exper-
imental value.

4. Conclusions

In summary, we performed an accurate investigation on
the shock compressed lithium, with the help of the QMD based
on the finite temperature DFT, in an attempt to clarify the
long-standing confusion about the equation of state. Our re-
sults presented a smooth Hugoniot curve for the density up to
1.5g/ cm?, and then declined the existence of a ‘kink’ in the
region between about 1.2 g/cm?® and 1.4 g/cm?. Moreover, a
simple melting behavior is also approved in corresponding to
the smooth Hugoniot curve, instead of the complicated solid-
to-solid phase transitions reported before. Actually, the warm
dense matter is very complicated even for a simple element
like Li, thus the first principles calculation could play an im-
portant role herein. Furthermore, the XANES is suggested
as an efficient experimental technique for demonstrating the
structural evolution of the warm dense lithium along the shock
Hugoniot curve.
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