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The Challenge of HEDP
The National Academy of Science report called the frontiers in High
Energy Density Physics the X-Games of contemporary science

warm Dense Matter
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Z-pin experiments
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gradual pressure rise in sample
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Laser induced the formation of warm dense matter:
Non-equilibrium process
Ultrafast dynamics
Ernstorfer et al. Science 323, 1033-1037 (2009)

REEZ, BT S BAEUESHRIFR 32: 092006 (2020)




Froperties of neLFP

Plasmas consist of mobile charged particles (ions, electrons,..)
interacting by long-range Coulombic N-body forces

1010 ——— [t wooooooooooco  Matter in the plasma state exists
NX - in an unimaginable variety
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Our understanding of plasma behavior

in each of these regimes differs widely 1eV=1.16x10*K



Properties of HEDP

Matter under high energy density conditions, exhibits complex
behavior not typically associated with classical plasmas
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Kremp et al., “Quantum Statisfics of Non-ideal Plasmas®, Springer-Verlag (2005)

1 Mbar = 1012 erg/cm?

Bulk modulus ~ 1 Mbar
» Radiation dominated
= Strong correlations
* Multiple species
* Fermi degeneracy

* Hybrid quantum and classical
behavior

* Bound states

® jonization



Froperties of ncur

An ICF example: Spanning strongly coupled (large particle-particle
correlations) to weakly coupled (Brownian motion like) regimes

Weakly coupled plasma: T «<<]

— Collisions are long range and many body

— Weak ion-ion and electron-ion
correlations

— Debye sphere is densely populated

— Kinetics is the result of the cumulative
effect of many small angle weak collisions

— Theory is well developed 1/nk; <<1

Strongly coupled plasma: [ >1

— Large ion-ion and electron-ion
correlations

— Particle motions are strongly influenced
by nearest neighbor interactions

— Debye sphere is sparsely populated

— Large angle scattering as the result of a
single encounter becomes important
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Miditi-stale thalienge

The multi-scale problem: Applications require simulation at the macro-
scale but need fundamental physics information from the micro-scale
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Multi-scale challenge

The multi-scale problem: Applications require simulation at the macro-
scale but need fundamental physics information from the micro-scale
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Why is matter in the high energy density regime so interesting:
The hot dense matter regime
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Kremp et al., “Quantum Stafistics of Non-ideal Plasmas®, Springer-Verlag (2005)

1 Mbar = 1012 erg/cm?

Bulk modulus ~ 1 Mbar
= Radiative processes YES

= Strong correlations MAYBE

* Multiple species YES
* Fermi degeneracy NO
* TN burn YES
= Atomic processes YES



Drivers for Hot Dense Matter research
What are the major challenges facing each of the critical

areas of hot dense matter ?

Thermonuclear burn

Particle spectra (do D and T distributions remain Maxwellian?)
Electron, ion and radiation T(t)

The role of high Z impurities

Equations of state
Thermal conductivity
Species diffusivity

Transport properties of hot dense matter
Thermal conductivity

Species diffusivity

The role of high Z impurities

Momentum and energy exchange rates
Stopping power

Electron ion coupling

The role of high Z impurities

Comprehensive theory describing hot dense matter plasmas with impurities
Strongly coupled high Z component and weakly coupled low Z component




The challenge of WDM
Warm dense matter regime is at the meeting point of several
distinct physical regimes- a scientifically rich area of HEDP

Condensed
matter physics Al Super-dense matter

Hot solid/liquid

“Warm dense matter (WDM) is an intermediate state between
condensed matter (solids and liquids), gases, and ideal plasmas. It
exists in the lower-temperature portion of the HED regime, under
conditions where the assumptions of both condensed-matter theory
and ideal-plasma theory break down, and where quantum mechanics,
particle correlations, and electric forces are all important.”

Detonation science

‘ Dense chemistry

\ The WDM challenge:
Ideal plasma Well developed models
when extended to WDM

face severe problems

Temperature
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in each of these regimes differs widely 16V =116x10* K

woooo0ooo000c0  Matter in the plasma state exists
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1. Interionic interaction potential in HDM with large
excitations and ionizations of electrons

2. Simulations of the atomic thermomotions
3. Microfield distributions




Strongly coupled plasma: [ >1

— Large ion-ion and electron-ion
correlations

— Particle motions are strongly influenced
by nearest neighbor interactions

— Debye sphere is sparsely populated

“: .. Free — Largeangle scattering as the result of a
r

single encounter becomes important
_ g e J

plasma codes

i
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Computational

“no-man’s land”
Dense hydrogen as an example

Density
functional
theory
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Drivers for WDM research

What are the major challenges facing each of the critical
areas of warm dense matter ?

Phase Transitions in WDM
Melting, liquid-liquid phase transitions, plasma phase transitions

Metal-insulator transition

Equations of state and their dependence on formation history
Computation of EOS without decomposition of ionic and electronic contributions

EOS for mixtures

Transport properties of WDM
Viscosity, diffusivity, electric, ionic and thermal conductivity

Constitutive properties of warm solids
What is a solid at very high pressures?

Deformation and dissipation mechanisms (strength)

Comprehensive theory connecting WDM regions
DFT: Orbital-free, exact exchange, going beyond Born-Oppenheimer, high B fields

Particle simulation methods



What are the key questions in dense matter?

Simulations predict
electronic localization

How does chemistry change at extreme densitie through compression

How do core electrons affect bonding?

What is the nature of insulator-metal transitions at high '. I.‘ |

What is a solid at > 10 Mbar?

How do melt, strength, structure, EOS change at ultra-h
How fast can you squish a solid?

What is the nature of He or H when the interaton
~deBroglie wavelength?
How do mixtures of H and He behave at high densities”

Increasing Compression

{

Neil Ashcroft, 2040
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Two Approaches in our group:

First principles based on quantum mechanics:
DFT, QMC, Hartree-Fock, Field Theory......

Advantage——Accuracy

Semiclassical Method: averaged atoms model,
MD based on empirical interatomic potential,
(electron) force field.......

Advantage——Largescale, dynamics




Fe phase - Conditions under (super) earth core

PRL 108, 055505 (2012) PHYSICAL REVIEW LETTERS Rt So12

Structure of Iron to 1 Gbar and 40 000 K
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What pressures-temperatures can you achieve with drivers ?

Pressure (Mbar)
10 100 _

10° [
X
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2 Polymeric
© 4l 2
o 10 Fluid
Q.
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10°

102

10 100 1000 10,000 100,000
Pressure (GPa)

Hicks, 2008



High pressure phases of aluminum are also predicted to be complex

FCC

Host-Guest
structure of Ba-IVa e oo
ICKarda an eeds.
(Incomme.nsurate Nature Materials
Electride) (2010)
32-88 Mbar
. L ¥ - . @
e o%,4"0 0%
fw{tiﬁ“‘-’ "'i:*?.-i_‘w:"
2 @0 * S0 )
e S0 0 S -
W€ 6" 5y o5 Simple Hexagonal
wyaln¥y Electride
¢ _F&-T%:‘f&lﬁ“'_;i.;@.' ® 88-100 Mbar CMMA
e T, % e o o o Electride
. e o > 100 Mbar

“all structures

near 30 TPa

are far from
close-packed”
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[1] M. P. Allen, D. J. Tildesley, Computer Simulation of Liquids (1987)
[2] Frenkel & Smit, Understanding Molecular Simulation—From
Algorithms to Applications (1996)
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% A key concept to understand material properties

e Born-Oppenheimer Approximation

e Propagation of the nucle1 on the potential energy
surface (PES)

% Most popular method: ab initio MD
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Brownian Motion: Langevin Equation

A large Brownian particle with mass M immersed in
a fluid of much smaller and lighter particles.



» Non-adiabatic effects: excitation, transition,
collisions et al.

o Electron-ion collisions induced friction (EI-CIF)
» Langevin Equation:

MR =F - TMIR] + ]ITI =
DFT Friction White O
coefficient noise

» EOS and electronic structures up to 100 eV can be studied.

Dai and Yuan®*. Phys. Rev. Lett. 104: 245001 (2010); Phys. Rev. Lett. 109: 175701 (2012)
L. G. Stanton et al. Pys. Rev. X 8, 021044 (2018);

Kang and Dai*. J. Phys.: Condens. Matter 30, 073002 (2018) (Topic Review). 32




Hugoniot: data from QLMD
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Temperature effect--lonic short ordered structures

cluster

.

single-atom

There are medium or short ordered structures in hot dense matter

Dai Jiayu et al. HEDP, 7: 84-90 (2011)




lonic structures

T=1eV
o= 13.23 g/ccm




lonic structures

T=100eV
o= 33.385 g/ccm
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actronic bubbles




Quantum effect of ions in dense matter

R MRS A<<d A’ <<1

h

\27wmk,,T

o W 21 R 25 B A }

{%ﬁ% E P MR -

Dyugaey [J. Low Temp. Phys. 78, 79 (1990)]:

(1) exchange of particles is negligible (Boltzmann statistics), but the
gquantum delocalization effects are still relevant

A<d or A~d

(2) exchange of particles is relevant and Bose-Einstein or Fermi-Dirac
statistics should be applied

A>>d




Quantum effect of ions in dense matter

A= V27~ 0.305au.= 0.16A
TeVv J2mmik, T \/1836>< 1
2721

1
g |
1 g/om3 d=3" :i/éoleo” ~1.18A
P

1.0g/cm’
1 classical
10 g/cm? d=s|™ 3 602107 ~0.55A i
Jo, 10g /em’

Path integral molecular dynamics:

path integral quantum




Nuclear quantum effects—path integral molecular dynamics

i) k) sl ey particles localized

& —- @ @

. ~ A< a
/\ delocalization + tunneling

The N-particle quantum system is isomorphic toa NV
interacting ring polymers of length P with harmonic
intrapolymeric forces.

quantum
particle
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K(x,t;x,,8)= > a exp(% I[x(t)]j :J exp(% 1] x(t)]) Dx(t)

1[x(0)] = [ L(x.%)dt

o B I>>h B, 42 0R] [x (1) ] BARAA 4
BEA% x (t)ARUL 8 BEAR 0 TT K ST Zmg

o L BT, SR R FTA BE AR ~% % .

AR R. P. Feynman
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Z = Z exp(—fE,)
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e dd Z=Tr(p) = p(x,x)dx
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Centroid molecular dynamics (CMD)

Centroid trajectories of a quantum particle are quiaritar
generated by the semiclassical equation of motion partiele

MIRJ(t):<F}(R1C>"'9R](\;)> T

PI

Fy (R Ry) = Z v

oy szm L oo 1 OF, 0 _ pe _ LN po)
ZEitE - MUY, :_Pay(l) Vi =R, :_ZRI

1(s) z+(s laE s s
My = - P oy Moy s=2,,P

M'(l) — MI J. Chem. Phys. 101, 6168
Z 1994);
WIEH Y | e | OS7ST 0
14 Comput. Phys. Commun.
118, 166 (1999)
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Temperature (K)
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Pressure (GPa)

Rev. Mod. Phys. 84, 1607 (2012)

Saturn

Approximate onset
of metallization of
hydrogen (85% of
radius) at P~1.5
Mbar, T-6000K

Approximate depth range at
which helium is approaching
pressure lonization (aided by
the temperature effect on the
band gap)

Possible heavy element
4— core (up to~15 Earth
masses)




» DFT with PBE exchange-correlation potential was
used.

» Ultrasoft pseudopotential was used to describe
the interaction between valence and core
electrons.

» The plane-wave energy cutoff of 50 Ry was
adopted with the charge-density cutoff of 400 Ry.

» Grimme scheme was used to treat van der Waals
interaction.

» The cubic supercell includes 16 water molecules.

» All MD and PIMD simulations were performed
with modified Quantum-ESPRESSO package.
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NQEs on phase transition of high-pressure ice

34.5 GPa

Classical Quantum
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NQEs on phase transition of high-pressure ice
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NQEs on phase transition of high-pressure ice

a 34.5 GPa 61.2 GPa 107.9 GPa b 34.5 GPa 61.2 GPa 107.9 GPa
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Theory: Chem. Phys. Lett. 499, 236 (2010);
Expt.: Phys. Rev. B 68, 014106 (2003)




We use the full core hole approach to
calculate the oxygen K-edge XAS of ice.

DFT with PBE exchange-correlation
potential

We adopted a 4x4x4 k-points grid and
a 90 Ry plane-wave energy cutoff to
ensure the convergence.

The calculated spectra were broadened
using a Gaussian convolution of width
0.3 eV.

The size of supercell including 16 water
molecules is big enough for obtaining
reliable oxygen K edge, as shown in the
right figure.

K-edge x-ray absorption is an important probe of microscopic
structure in high-pressure ice
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Real time TD-DFT basis

* Time dependent Schrodinger Equation

0Y(r, 1)

i——2— = H(r, t)y(r, 1)

* Time dependent wave function
Y(r,t) = Zcz'(t)%'(rat)

* Time dependent spin orbitals
(T, 1)) = > cualt) [xulr))

n
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P filter
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Laser induced the formation of warm dense matter:
Non-equilibrium process
Ultrafast dynamics
Ernstorfer et al. Science 323, 1033-1037 (2009)
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Kinetics model :

Temperature relaxation rate: Laudau-Spitzer theory

8v/2mn;e*Z? kgT kgl .
Yo 3ImM ( m T M ) L,

binary collisions, weakly coupled, dilute gases

Coulomb logarithm [nA

Lenard-Balescu (LLB) (A. Lenard, Ann. Phys. (N.Y.) 10, 390 (1960).)

BI’OWI’I, PI'CStOD, and Singleton (BPS) (L. S. Brown, D. L. Preston, and
R. L. Singleton, Phys. Rev. E 86, 016406 (2012).)

Gericke, Murillo, and Schlanges (GMS) (. 0. Gericke, M. s.
Murillo, and M. Schlanges, Phys. Rev. E 65, 036418 (2002).)

.............

The general physics is to determine the cross sections
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Molecular dynamics can also
simulate the cross section

200

100

n_=1.0x10" em” |

Temperature (eV)

— MD(HM)
— MDQR_=2.0/(k, T +k,T)| ]

0 ; | | | | | | |
0 1000 2000 3000 4000 5000 6000
Time (fs)

High Energy Density Physics 13 (2014) 34—39

Quantum statistical potential
(QSP)

ZﬂZb

ftb( [] = EXD( = 27':/!*'&(11))}

+ kgT In 2exp( - 471:1"2/(1’&3!] In 2))6“961}9

Classical MD

1. Ion is treated as positive
point charge

2. Electron is treated as
negative point charge

Difficulties :

1. How to describe 1onization
and recombination

2. Coulomb Catastrophe

3.  Quantum Scattering/cross
sections




pI6r= IR PR ENSE

Quantum dynamics

Ground state dynamics

force field
based MD

ab mitio MD

parameterize

DFT single E[R_]

i - nuc-
point

Excited state dynamics

electron
force
field MD

parameterize

DFT single ER_,x.,s.]
‘ - nue” “elec® Telec
point

102 atoms 10 atoms

€ Non-Born-Oppenheimer

@ Real dynamics and Large-scale simulation

Electron force field (eFF) MD

102 atoms

Difficulties :

1. How to describe ionization and
recombination

2. Coulomb Catastrophe

3. Quantum Scattering/cross
sections




pI6r= IR PR ENSE

eFF can be viewed as an development of wave packet
molecular dynamics considering electronic quantum effects
and can describe non-adiabatic dynamics.

@J (ol b Assumption:
@\“M\V @ Electrons are treated as Gaussian wave packets

{é’ w&* ‘ “w, ®Ilons are treated as charged points

( & ‘ \,‘ > ” S @ The collisions between electrons and ions are included naturelly

. = 2 = it = ==
Gaussian wave packets: w(7)= (F)y v eXP[—(? = fs %)(7’ —X)Z]GXP[% b 7l

p,=—0V /0s Pr=-V .V

Equation of motion: . 4 i
s=0Bm,/4)" p, 7,




Electron Force Field method

Energy : E=E, +E +E . +E, .. +E,.
1 1 3 1 ,
+Z_me U —m., ‘
— 2
In which 72 3 1
Z [v! T
1 Z ZI.Z].
2
- | V2R,
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v »J y i
2
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= ATE, 17 Xy s, +5;
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Electron Force Field method

¥ =%<¢l(n)¢zm> 4, (1)
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Energy (au)
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Improved eFF with a
boundary limitation
at high temperature :
Constrianed eFF
(CEFF)
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Relaxation time:
HM: 757 fs

eFF' 2041 fS H€=514X1022 0111_3
' | |

Relaxation time:
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eFF: 3071 fs
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CEFF results are in good agreement with the
recent results of LCLS experiments at Stanford.
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Carbon allotropes: Graphite and diamond

by 4
<§ .
T R e

» Thermodynamics: graphite is stable and diamond is metastable
» This is a very high energy barrier between them ~3.5 eV
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Solid-to-solid structural phase transition

» It requires ultra high pressure (~¥50 GPa) and temperature (~3000 K)
to turn graphite into diamond
» Diamond can transforms to graphite by heating it up to 1500 K
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Nucleation mechanism for the direct

graphite-to-diamond phase transition
nature
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Graphene: a new paradigm in quantum materials

“Schrodinger fermions”

Electron metal

Hole metal

H = p?/2m*

massless

Dirac fermions
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monolayer graphene

massive
chiral fermions
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bilayer graphene




» TLG has two stable structures: ABA Bernal & ABC rhombohedral
» Only a hexagon slip in the most top graphene layer
» ABA is a semimetal, while ABC a gate-tunable semiconductor

A B AB (eV)
SN osf@N\ O~ J©
_<} ABA / A
<_‘/ 0.0l + 13_ ] Y8
c ABA D ABC _os| / | A
(

f)
c
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A

M. Aoki . Solid state communications (2007)
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Y. Shan et al, Science Advances (2018) 92
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» Ultrafast pulse laser also can trigger the structure transition
» Thermal mechanism: equilibrium, slow, irreversible...
» Pump mechanism: non-equilibrium, fast, reversible...

LASER
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Nian et al, Scientific reports (2014)
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» Thermodynamics: ABC is metastable compared with ABA

» Light-induced ABC to ABA transformation
» Energy difference is determined by experiments and calculations
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Electron-ion energy exchange

e CEFF is limited in time and size scale

< Two-Temperature Model coupled Molecular Dynamics (TTM-MD,
Duffy et.al , Norman et.al)

oT,
Ce — _gei (Te — Tl) + S(l’, t)
ot
Av; i
mia_i = Fi(t) —yivi + F(1)

A t— 1o\
Laser energy: S(®)= T}Z \/E% =P [_( Too) }

[1]Duffy and Rutherford J Phys: Condens Matter, 2006, 19(1): 016207
[2]Norman et al. Contrib Plasma Phys 2013, 53(2): 129-139
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Electron-ion energy exchange

e Simulation cell

MD part: 73a*100a*100a (30nm Au foil, 2,920,000 atoms, FCC)
FE part : 84*1*1 (1-dimension electron temperature field)
 Timesteps:. 1fs (MD),las (FE)




1. Laser energy deposition and electron-phonon energy exchange
* Highly non-equilibrium state

e Uniform heating (ballistic transport of electrons is considered)

(45fs,0.20M)/kg)

— Ti(front)

Te(front)
—— Ti(rear)
—— Tg(rear)

0 20 40 60 80 100 120 140
time/ps
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Electron-ion energy exchange

'Dynamic Process of ultrafast laser heating(0.2M)/kg,45fs)

2. Lattice thermal response
e Partial stress confinement

* Periodic oscillation of pressure (propagation of stress wave)

GPa
evolution of local pressure(0.20M]J,130fs) 20— D)pressure(0.20M)/kg) 3.15
—— foil center 2.70
2.5
—— front 60 2.25
” 2.0 = 1.80
o .
o 1.5 < 50+
= 1.35
Y 1.0] S
a % 0.90
E 0.5 ..540' 0.45
o OO' : -030 0.00
—0.51 : -0.45
—1.01 ] i i i i i i . 50 -0.90
@ 20 4 50 B0 100 120 140 0 20 40 60 80 100 120 140

time/ps time /ps
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Electron-ion energy exchange

Dynamic Process of ultrafast laser heating (0.2MJ/kg,45fs)

3. Melting mechanism

< Heterogeneous melting (10%2~103ps): propagation of melting front from
free surface

< Homogeneous melting (~101ps) : nucleation and growth of liquid regions

inside foil
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Electron-ion energy exchange

Complete melting time (45fs, 35nm Au foil)

4. Complete melting time
e Athreshold (0.19MJ/kg) is found to identify two different regimes

* Indicated a shorter melting time than measurements from Mo Science, 360:
1451 (2018).

% *_ . Incomplete melting 1021 ’| —@ - This work (ge; = 2.1 x 10W/m3/K)
- \ ®  —e- This work (g from Mo 2018) m \ —* - Chen2018, MD(SC Au)
8 103 ‘l\‘ \ — - Mo 2018, SC Au 8 l‘ - - chen2018, FDI(PC Au)
P ‘1" ¥ & Lin2006 (1) '
c k- | —*- Mazevet 2005 £ \
= 'y | m This work (gei=2.1 x 101W/K ) -
o102 ar ! 2 t]
cC S \\ 1 — ~
E \\\t ‘-— oy % ™ __-.-_:'_:._-
g '.'t'-- .--.-“' ________ E 101 h--.-\.*‘:l.*-:.: -------- (3]
sM"-‘ - e ..
10t -— ---_3
0.18 0.36 0.68 1.17 0.0 0.50.9 .3.0 5.0
Zeng and Dai*. Sci. China Phys. Mech.
[1] Chen, Mo, Soulard, et al. Physical Review Letters,2018, 121(7): 075002 Astron. (hﬂps_-//doi_ 0rg/]0_1007/s11433_
[2] Mo M, Chen Z, Li R, et al. Science, 2018, 360(6396): 1451_145]'?00

019-1466-2)
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Shock-compressed states

Hugoniot Relation

E—FEy=(P+Fo)(1/po—1/p)/2

r shock front velocity D

S — A e e D e e A T P A A e A A T
. | density: P, g Po
Piston velocity
u internal energy density: e €p .
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velocity: u 0 I

ey

Figure 1. Constant velocity piston-generated shock transition from state 0 to state 1.

DAMOP 2016




Pressure (GPa)
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DFT calculations

Exp.:

Present calc. (T=0):
LDA

- — - PBEsol

seseses PBESOI+SO

=== PRE

O, $ , & -staticcroomT | 1

N A Smirnov JPCM 29 105402 (2017)
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MD simulations
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yedrivepE45E FCC—BCC tHE

exp. by Briggs

Temperature (kK)

0 10 200 300 400 500
Pressure (GPa)

exp. by Sharma DFT calculations

Laser-shock-wave combining with
in-situ XRD experiments:

Phys. Rev. Lett. 124, 235701 (2020);
Phys. Rev. Lett. 123, 045702 (2019);
Phys. Rev. Lett. 123, 045701 (2019);
Nature Physics 15, 89 (2019);

Phys. Rev. X 10, 011010 (2020).
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Methods — Machine Learning based Potential

* Explicitly considered the electron temperature as an additional parameter

* Generate a many-body free energy surface

E[{yi} {F)] = VI, (SN - T-SUAY, R B

. Rescaling
"\\“k RI _D&). E] E E X E
E(R,T)=s(T)E(R,T) = s( ZE; Ry T B | BN A
T RN ——> EN
s(T)=6p(T)=¢"-T°
(T) = 6r(T) | | B
(b) \
. . . ‘ > T
DFT calculations + Machine Learning = Ny
RT""l*—)-D;—)--Z‘—)-—E'I
Deep Potentia/ Embedding Network Fitting Network

Wang H et al. 2018 Comput. Phys. Commun. 228 178-84
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DP-GEN: an effective scheme for learning

TERE -

P-r 88—

i Sa'_rl'rlpler |
& RRHARZ|E Exploration & ,,., m

g

Ab initio calculator

& JIGHEREL Training Nl

{E,F}

Y

Training

‘ﬁ% ﬁgjﬁ*ﬁi 8 R‘*‘”"’El\ e a

R R 4.0 oL Eo— o L
RN—'D\—OEN ek Ewu,..

Zhang L, Lin D Y, Wang H, et al. Phys. Rev. Mater. 3, 023804 (2019)
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DP-GEN: an effective scheme for learning

Sampling: Model deviation:
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Methods - MSST (Multi Scale Shock Technology)

Hugoniot relations: For molecular dynamics simulation
employ the Lagrangian:

2

;})—V({Fi})+%Qz)2 +%V—SZ(U0 ~0)" + py(v, —0)

=
[I
h<
Vi
e
|
el
\NSThie——
~
[l
N
=
——
ol

UO

Jo,
p—po—pro(——Oj Nl v’

p 00 =-—-—— - pabsUl0)

) 2 ov Ov "
2= (L_Lj v_s(_&j
€—€ =Dy i 5
Po P P where o= 0 is a masslike parameter

Define shock mp Molecular dynamics =) Time-independent steady
speed v, simulation state at the shock speed

* Output:

Initial state: : . '
Hugoniot relations constraint popesu,T...

Pos Pos €0

Evan J. Reed. et al. PRL, 2003, 90(23).
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Dependence of Potentials
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Validation in NEMD Simulations

Longitudinal Stress (GPa)

8320000 atoms
132%x32.6%x32.6 nm3 e .
Piston Velocity U, = 0.6/1.4/2.5 km/s 05 10 15 20 25

Shock Velocity (km/s)

U,=0.6 km/s U,=1.4 km/s U,=2.5 km/s
P.. =515 GPa P.. =159 GPa P.. =392 GPa
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Structural Transformation

1.0 - : ---- S.M. Sharma 2019
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Free Energy Calculations

Fiyeo - Freo (€V/atom)
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Effect of atomic defects
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Effect of spherical defects
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Stress tensor (GPa-nm’)

X position (nm) X position (nm)
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Chen, Dai* et al. arXiv:2006.13136
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