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Figure 1 (Color online) Snapshots of the ab initio MD based coexistance simulations at 45 GPa

26 showing the starting structure (a) and the final

states at 300 (b) and 270 K (c), respectively. The black dashed lines are used only to guide the eye for solid structure. (d) The MSD curves as a function
of time for simulations at 300 (dotted line) and 270 K (black solid line) are also shown
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Figure 2 (Color online) High pressure phase diagram of hydrogen, and
the melting line of solid hydrogen based on classical/quantum coexistance
simulations'®). Data above 500 GPa are our simulation results, and others
are from previous experimental and theoretical works. In the inset, the
PIMD and MD results are shown, respectively. The solid up triangles
give the highest temperatures for solidification and the solid down
triangles show the lowest temperatures for liquefaction. At 900 and 1200
GPa, the so-called degeneracy temperature is about 40 K, below which
the exchange of nuclei will be important. Accordingly, 50 K was the lowest
temperature examined in our PIMD simulations. At this temperature each
simulation yields a liquid state, and so the two open triangles at 900 and
1200 GPa indicate upper bounds for the melting temperature
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Figure 3 (Color online) Superconductivity of the /41/amd phase at 500
GPa?'!. (a) Superconducting critical temperatures 7. (black circles) and
the electron-phonon interaction parameter 1 (squares) as a function of the
plane-wave cut-off energy using the PBE functional; (b) superconducting
critical temperatures 7. as a function of the effective Coulomb interaction
parameter " using the PBE (black circle) and LDA (square) functionals
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Figure 4 (Color online) Phase diagram of solid H and D with the pressure-temperature coordinates of three key PIMD simulations indicated at 80
GPa (labelled as diamond, solid circle, and cross, respectively (a), and probability distribution functions for these simulations ((b)—(d))"**.. The three
PIMD simulations are: (b) D at 50 K; (c) H at 50 K; (3) D at 150 K. D at 50 K has the least thermal plus quantum nuclear uctuations, while H at 50 K
and D at 150 K have larger thermal plus quantum uctuations. The probability is plotted as a function of molecular bond length and angle between the
projection of the molecules on the x-y plane and the y axis. The ground state structure has molecules aligned between 30° and 50° and between —30°
and —50° (inset in (d)). The molecules of D at 50 K are still rotationally restricted (phase II). Replacing D by H or elevating the temperature to 150 K

leads to free rotation (phase I). Thermal plus quantum uctuations compete with the anisotropic inter-molecular interactions in the region of the
transition from phases I to II
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Figure 5 (Color online) Absorption spectra of hydrogen at 200 GPa. Absorption spectra calculated using 30% exact exchange at different pressures
for Pben (a), and C2=c (b), using static geometry-optimised structures. (Pbcn) (c) and (C2=c) (d) compare the 200 GPa absorption spectra obtained

from static geometry-optimised structures (solid lines) with those obtained from the PIMD simulations (dashed lines). The visible light region is shown
by the strip area in each panel 1.5-3.3 eV. Using the PIMD structure renders Pbcn opaque at 200 GPa, but has little e_ect on C2=c'**
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Applications of path-integral molecular dynamics simulations to phase
transition problems

FENG YeXin', CHEN Ji', LI XinZheng” & WANG EnGe'

! International Center for Quantum Materials and School of Physics, Peking University, Beijing 100871, China;
2 School of Physics, Peking University, Beijing 100871, China

In order to predict the properties of materials from first principles simulations, both the electronic structures and the movement of
nuclei should be accurately described. Till now, the electronic structure calculation methods have been relatively well developed, like
the density-functional theory, the quantum chemical methods, and the diffusion quantum monte carlo method, etc. By using them, we
can get the electronic structures of materials with different levels of accuracy. But the movements of nuclei are still often treated at a
clasical level. More and more experimental and theoretical works have found that, the nuclear quantum effects (NQEs) are playing an
important role in some phase transition porcesses. Melting line of hydrogen at high pressures were reported through coexistance
simulations based on ab initio PIMD methods. We determined the melting temperature as a function of pressure and finded an atomic
solid phase from 500 to 800 GPa, which melts at less than 200 K. Beyond this and up to 1200 GPa, a metallic atomic liquid is stable at
temperatures as low as 50 K. The quantum motion of the protons is the key to the low melting temperature reported, as simulations
with classical nuclei lead to considerably higher melting temperatures of about 300 K across the entire pressure range considered. Then,
a combination of state-of-the-art theoretical methods were used to obtain an atomic level picture of classical and quantum ordering of
protons in cold high-pressure solid hydrogen. Besides, Using a self-developed combination of the thermodynamic integration and the
ab initio PIMD methods, we quantitatively studied the influence of NQEs on the melting of dense lithium at 45 GPa. We find that
although the NQEs significantly change the free-energies of the competing solid and liquid phases, the melting temperature is lowered
by only about 15 K, with values obtained using both classical and quantum nuclei in close proximity to a new experiment. So, by
combining the path-integral molecular dynamics (PIMD) method with techniques like coexistance simulation and free-energy
calculation method, the NQEs in many phase transition processes can be well understood.

path-integral, molecular dynamics, nuclear quantum effects, coexistence simulation, free-energy calculation
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