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First-principles calculation of the melting curve and Hugoniot of tin
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By performing extensive first-principles and classical molecular-dynatM&s) simulations, we have cal-
culated the melting curve of tin, up to 50 GPa by direct phase coexistence, and its Hugoniot curve up to 200
GPa, using an equilibrium MD technique, the so-called Hugoniostat. In both cases, our results are in good
agreement with recent shock-wave experiments, but indicate that the temperatures on the Hugoniot at very high
pressures might be higher than previously thought. We also predict that the shoulder on the first peak of the
liquid structure factor disappears under pressure, in connection with structural changes in the liquid.
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Dynamical simulation of complex processes such as meltnew OP is determined, whose melting temperatur@ﬁi,s
ing or the propagation of shock waves at the atomic scale ishe procedure is iterated unfil’ —T!~*|<100 K (at most
a field of growing interest,due to the increasing computer three times in all our calculationsOf course, OP’s can be
power and efficiency of the codes. generated either from liquid trajectories only, from solid tra-

As for metals, effective potentials of more or less com-jectories, or from bothT, is unaffected by the initial choice
plex functional forms can be fitteteither on experimental of T%, provided that it is reasonable. At eaah initio step,
data or on quantum calculationshat satisfactorily repro- it is possible to find a whole class of potentials that satisfy
duce the physical properties of the material, on a given therthe required accuracy, and produce the same thermodynamic
modynamic domain. Yet, there is no guarantee to the trangguantities(e.g., melting temperature, enthalpy or volume dif-
ferability of such potentials to very different thermodynamic ferences, elastic constants, gtwithin the error bars.
conditions, and for example, to the high,[T) states reached  If the system undergoes electronic structure changes upon
behind a shock front, or close to melting at high pressure. Ténelting, it is no more possible to represent both the solid and
overcome this, fullyab initio calculations would be the so- the liquid at melting by a single potential, which is implied
lution. However, they still suffer from severe size and timein the solid-liquid coexistence technique. But our procedure
limitations, especially when it comes to dynamical phenom-£an be adapted: the OP’s fitted on the solid and those fitted

ena involving large time and size scales, so a reliable alte/@" the liquid can be used to calculate free-energy differences
native is still necessary. by thermodynamic integration and thus deduce the melting

We have recently proposéduch an alternative, the so- tenl]r?ear?‘?rvlsrte efe? we have calculated the melting line of
called optimal potential§OP) technique, that couples quan- . pap . - g
tum and classical molecular dynamics iron, up to earth.fs core pressure conditions. We will here
. . : . . focus on the melting line of tin.
We start by generating, at a giveR,(T) point of interest,

« " T . Y . Tin has recently been the subject of shock-waves
the “largest” (i.e., in size and timeab initio MD trajectory experiment and an “experimental” melting line up to 25

that we can afford. We then select a set of uncorrelategspy has been proposed. During plate impact experiments, in
atomic configurations along thab initio trajectory and fit  some shots, a singularity was observed upon release in the
empirical potentials of a given functional form by requiring jnterface velocity recordings. It was interpreted as the sign of
that they accurately reproduceithin 1% in the case of i melting, and the authors have developed a simple three-
the first-principles atomic forces and stress tensor on thesghase mixture modélso as to propose corresponding tem-
configurations. These optimal potentials explicitly depend peratures, which are extremely difficult to directly measure
on theab initio thermodynamic state, and mimick very pre- i, such experiments.

cisely theab initio dynamics. They can then be used for Al our ab initio calculations are based on a finite tem-
extensive classical MD simulations, and produce firstperature extension of density-functional theory within local-
principles quality thermodynamic daaome of them possi-  gensity approximation, and on a pseudopotential description
bly out of reach ofab initio calculationg at (or close to that ¢ the valence electrons g5and 5 states with the ion
reference state. Such optimal potentials are hardly transfegore8 our results for the solid phases are in good agreement
able to strongly different thermodynamic conditions. with experimental datd.

_One possible application of the OP method is the deter- |, || the classical MD simulations, atoms interact
mination of melting at a given pressure by a SO“d'“qU'dthrough modified embedded atom modeMEAM)
coexistence methd. _ potentialst® Such potentials, which include many-body con-

As the melting temperaturgy, at pressuré is not known  gripytions through angular forces, have proven to be well
a priori, it is determined by the following iterative proce- gyijted for a variety of metals and for th.
dure. Starting from a trial meltinog temperat_uTt%, an ab At ambient pressure, we calculate a melting temperature
initio trajectory is generated aP(Ty,), from which we fitan  for the B-tin phase of 450 K, which compares well with the
OP. The melting temperatur'érln of this potential is com- true experimental on€510 K). The enthalpy change upon
puted. Anab initio trajectory is generated aP(T~), and a melting isAH,,=0.05 eV/atom(expt. 0.073 and the rela-
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50 produce the shoulder on the right of the first peak of the
e é:;g‘r'iﬁ;f"‘"g structure factor, which disappears for the two higher pres-
w0l . sures. This shoulder can be correlated with the presence in
the liquid of tetrahedral fragments, reminiscent of fBin

structure.

At high pressure, these anisotropies are lost and liquid tin
o behaves like a regular liquid. They also disappear progres-
sively at low pressure upon heating. Yet, it seems unlikely
that there could exist a liquid-liquid phase transition in tin.
& Another challenging problem is th&b initio calculation

10 \/ ey liquid of Hugoniot curves, i.e., theR,V,E) points in the thermo-
beta-tin =

g
g

Pressure (GPa)
n
o

dynamic diagram accessible to a material, after shock load-
ing. They obey the Hugoniot equation of energy conservation

0 i 1000 1500 2000 2500 before and after the shock:
Temperature (K)

. . 1
FIG. 1. Melting curve of tin. E=Ey+ §(P+ Po)(Vo—V), (1)

tivg volumr? changexy/V=2.58% (Iexgl)t.'z.a. We a((:jtually whereE is the internal energy per atom and subscript “0”
estimate the uncertainty on our calculations aroun 100 K glters to thermodynamic quantities in the initial unshocked
most. For the other pressures that we considered, the solig.

phase is tetragonal centered§=0.9), as predicted by the 14 yecently proposed uniaxial Hugoniodtas an equi-

pseudopotential, the bct-to-bce transition occurring beyongip iim MD technique that simulates both thermodynamic

50 GPa alf =0 K. Theab initio sample contains 144 atoms 54 giryctural properties of shocked crystalline solids and
for the g-tin phase and 256 atoms for the bct one. We obtairigs.

the following set of points on the melting linel0 GPa, 990 In this method, an initial uniaxial compressier V/V, is
K), (20 GPa, 1490 K (40 GPa, 2150 K all of them with 55l to the system, and the dynamical evolution of the

uncertainty=100 K. ~system is computed using modified equations of motion
_As can be seen on Fig. 1, our temperatures are Consistefiom), which constrain the system to satisfy the Hugoniot
with the ones calculated with the simple mixture model. relation at each time step.
We have also anal_yzed the structure of the liquid close to ¢ implementation of the uniaxial Hugoniostat method
melting, at low and high pressure. in ab initio calculations is straightforward: it follows the

On Fig. 2, we have plotted the calculated structure factor§yme formalism as for a Noskeermostat i.e.. an additional
of liquid tin at (0 GPa, 550 K, (20 GPa, 1550 K and(40 e js included in the equation of motion for the ions and
GPa, 2150 K i.e., above the melting line, but still close to it, he EOM for the electrons is unchang¥d.

so that our state-dependent potentials do not lose their accu- | g first step, we have calculated the full Hugoniot curve

racy. At ambient pressure, our structure factor is in strikings i using a single classical potenti@ny of the MEAM
agreement with the experimental offdn particular, we re- potentials constructed for the melting study, plus a previ-

ously published MEAM potential fitted on thermodynamic
3 macroscopic quantitiéy for all compressions and for the
unshocked state.

None of these potentials was able to describe the Hugo-
niot curve on the whole pressure range. Moreover, all the
calculated curves strongly departed from the experimental
data, confirming that the use of a single effective potential is
not adequate for simulations of a real material on a wide
pressure-temperature range.

In a second step, we have calculated the Hugoniot curve
fully ab initio.

We performed first-principles simulations for different
compression factors up tW/Vy=0.55, the starting solid
phase being3 tin. Our results are displayed in Figs. 3 and 4.

It is interesting to compare our predictions, not only with
8 10 12 experiment, but also with effective equations of st&E#®9

values, like the SESAME oné8 These comparisons are dis-

FIG. 2. The calculated structure factor of liquid tin; solid curve Played on Figs. 3 and 4.
(0 GPa, 550 K, dotted line(20 GPa, 1550 K and long dashed line For the shock Hugoniot curve plotted in B,{//Vy) dia-
(40 GPa, 2150 K Inset: comparison with experiment @@ GPa, gram (Fig. 3), a good agreement is found between experi-
550 K). mental dataab initio results, and effective EOS.
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200 3 Hugoniot start departing from the SESAME ones, and our
iy calculations predict increasingly higher temperatures on the
&@ Hugoniot at very high pressures than assumed in the
wol N SESAME-like EOS.
% Till recently, it was very difficult to measure temperatures
o in shock experiments, and in order to build effective EOS,
51_; one had to make assumptions, usually on the variation of
2 constant volume specific heat with pressure and temperature
%\ in the liquid. The calculated temperatures are very sensitive

Pressure (GPa)
)
o
=

& to this law. We have calculated, along the Hugoniot, and
50 1 b, we find that it slightly decreases with pressure, whereas in
%%L@ the effective EOS models it turns out to be either constant or
b%‘”%»@.» slightly increasing. This is consistent with our higher tem-
%5 06 07 08 o9 peratures. o
A One could argue about the transferability of our pseudo-
potential to pressures of the order of 200 GPa and tempera-
FIG. 3. Hugoniot curve plotted in &,V) diagram using thab  tyres of 15000 K. To shed light on this point, we have also
initio Hugoniostat technique. The dotted and dashed lines represefiisted a pseudopotential that includes theefectrons in the
EOS(1) and(2), empty and filled triangles represent experimentalyglence. The calculations are considerably heavier. Yet, the
data ancab initio results, respectively. predicted temperatures on the Hugoniot are not changed.
. N : . . Finally, we have also checked size effects in our classical
More interesting is the plot in theéXT) diagram(Fig. 4). simulations by fitting optimal potentials on Hugoniostdt

Bellow 50 GPa, some discrepancies betwakrinitio and i?itio trajectories, and running Hugoniostat classical simula-
experimental results are observed. They come from the facﬁons with large cells

that the system is supposed to be solid and to exhibit a phase The results are displayed in the inset in Fig. 4 for a com-

transition from the initial3-tin structure to a body-centered- ; )
: pression of 0.58only the time averaged values of the pres-
tetragonakbct) or body-centered-cubigco structure. Con- dth i b
stant volumeab initio simulations do not reproduce this sure and the temperature are s 01_ e agreement between
é[pe ab initio and classical results is good, and no size effect

solid-solid phase transition, an_d instead o_ur_materlal melts 5 evidenced. Moreover, the dispersion of the classical MD
lower pressures than in experiments. This is due to the fac . ; N
fesults can give an estimate of the error bar onahenitio

that our simulation cell is not allowed to change shape. | . 7
ugoniot point.

principle, the constant Hugoniot MD technique could be One should stress here that, if there is a size effect in the

coupled with Parrinello-Rahman MD, but the resulting €AY, initio sample(which we have verified not to be the case

tions of motion are not straightforward to implement. hera, this method is, by essence, unable to overcomé it

Up to 100 GPa, there is an overall reasonable agreemen]the ’same roceduré has been ljsed for other com reséion

However, above 100 GPab initio temperatures on the P : p
factors, and the same adequacy between classical MRland
20 initio results has been found.

As a conclusion, by coupling first principles and classical
molecular dynamics through the optimal potentials tech-
nique, we have calculated the melting line and the shock
Hugoniot curve of tin. Close to melting, at low pressure,
liquid tin is anisotropic, being reminiscent @ktin structural
features. On the contrary, we predict that above 10 GPa, and
close to melting tin behaves like a regular liquid. Diffraction
data in liquid tin at high pressure would be desizable. As for
the Hugoniot equation of state, the agreement with experi-
mental data is very good inP(V) coordinates, but ouab
initio simulations predict higher temperatures at very high
pressures than calculated with effective EOS. This confirms
; 0 00 % 200 the urgent need for reliable temperature measurements in

Pressure (GPa) shock-waves experiments. Meanwhile, extensie initio
calculations could be helpful to revisit effective EOS tables.
FIG. 4. Hugoniot curve of tin plotted in & T) diagram. The  As for theory, work is in progress to apply our methodology

dotted and dashed lines represent E@)Sand (2), and filled tri- to more Comp|ex SystemS, such as a"oys and molecular sys-
angles are ouab initio values. Solid line represents the EOS ob- {ams.

tained with the three-phase mixture model. In inset, dbeinitio ) ) ) )
trajectory forV/V,=0.56; the solid triangle is thab initio aver- The authors acknowledge fruitful discussions with A.

aged value and diamonds represent the averaged Hugoniostat valugio, S. Scandolo, G. Chiarotti, C. Cavazzoni, J.rGlen,
with a large cell for several optimal potentials fitted on #ieinitio ~ G. Zerah, P. Faure, B. Sitaud, C. Boisse B.L. Holian, R.
trajectory(see text Ravelo, and T. Germann.
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"This model is based upon a simple mixing law and minimization .
of Gibbs free energy; each phase is described by a Mie- _ P(Vo—V)
Grineisen equation of state, with constant specific [@&aand =~ 4, @
constantl’/V, wherel is the Grineisen coefficient. The indi-
vidual EOS were fitted on an exhaustive set of experimental data The constraint is then satisfied at each time step. In the classical

SeJ. Chem. Phys31, 511(1984); W. G. Hoover, Phys. Rev.

A 31, 1695(1985.

15|n ab initio simulations, the constraititepresented by the param-
eter y in the new ionic equation of motignis solved using
Gauss' principle of least constraint, giving the expression

(Ref. 6. MD simulations, on the contrary, the Nose-Hoover approach
8N. Mermin, Phys. Rev137, A1441(1965; N. Troullier and J.L. was chosen, where the constraint is satisfied on average.
Martins, Phys. Rev. B3, 1993(1991). 18G.I. Kerley, J. Chem. Phyg3, 469 (1980.

We used Becke-Perdew parametrization for exchange correlatiot/ We have checked the size convergence ofaheinitio calcula-
The wave functions were developed on a plane-wave basis set tion, by coupling the two methods: for a given compression, one
up to an energy cutoff of 12 Ry. We used a supercell containing MEAM potential is used to generate sets of positions represen-

144 atoms, so as to minimize size effects, aapoint sampling tative of the thermodynamic state on the Hugoniot for bigger
of the Brillouin zone. We find a good equation of state for the  samplegin this case 512 atomsThen arab initio calculation is
B-tin equilibrium structure V,=26.5 A¥/atom (expt. 27.07, performed for these positioria single MD steps, as a full Hugo-
By=55.5 GPa(expt. 51-5%, we find a transition to the bct niot point is out of reach and a new potential is optimized on
structure at 18 GPa, a bit higher than experim@itll GP3, the result, which is used for a new classical Hugoniot calculation
and the EOS that we obtain for the bct phase is in good agree- at the same compression. The final point on the Hugoniot is the
ment with experimental result8& 78 GPa, expt. 82 GR4S. same as the initial one, within our error bars.
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