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Abstract 
 

Knowledge of the properties of water is essential for correctly describing the physics 
of shock waves in water as well as the behavior of giant planets. By using finite 
temperature density functional theory (DFT), we have investigated the structure and 
electronic conductivity of water across three phase transitions (molecular liquid/ ionic 
liquid/ super-ionic/ electronic liquid). There is a rapid transition to ionic conduction at 
2000 K and 2 g/cm3 while electronic conduction dominates at temperatures above 
6000 K. We predict that the fluid bordering the super-ionic phase is conducting above 
4000 K and 100 GPa. Earlier work instead has the super-ionic phase bordering an 
insulating fluid, with a transition to metallic fluid not until 7000 K and 250 GPa. The 
tools and expertise developed during the project can be applied to other molecular 
systems, for example, methane, ammonia, and CH foam. We are now well positioned 
to treat also complex molecular systems in the HEDP regime of phase-space. 
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Figure 1. Schematic of a water switch together with an illustration of how the spark creates a 
plasma channel through the water. Simulated conditions in the channel are drawn in Figure 2.... 9 
Figure 2. Neptune isentrope (dark blue) [3] and conditions for a spark in water: temperature and 
densities occurring at different radii away from the center of the channel in an ALEGRA 
simulation. The three traces are for different times 0.1 ns (red), 1 ns (purple), and 10 ns (light 
blue). Within 10 ns water exists in conditions between 2.5 times compressed and 10 times 
expanded density as well between 1000 K and several 100 000 K. Blue dots represents QMD 
points calculated............................................................................................................................ 10 
Figure 3. A case of uniform proton conduction (top) and conditions where only a fraction of the 
protons are conducting (bottom). To be able to model the transition of water from a molecular 
fluid to dense plasma, it is necessary to also model partial dissociation. ..................................... 12 
Figure 4. Left: Calculation of diffusion coefficient using the Einstein relation. The straight line is 
fitted to the long-time behavior and the slope yields the diffusion coefficient. Right: Velocity 
autocorrelation function, the unit of v2 is (A/fs)2×10-6. Integration of the correlation gives the 
diffusion. Note that there is no correlation after 1 ps. .................................................................. 13 
Figure 5. Calculated phase diagram of water in the HEDP region. Our work revises the diagram 
above 3000 K and 500 kBar, a revision that is not without consequences since the Neptune 
isentrope [3] traverses that region................................................................................................. 14 
Figure 6. Pressure/density isotherm at 1000K: Wagner-Pruss [13], SESAME 7150 (full black 
line), and QMD simulations (black points, corresponding to results for different system sizes). 15 
Figure 7. QMD results for equation of state of water, from lower to higher pressure: 1000 K 
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(green), 22000 K (gold), 44 000 K (red), and 70 000 K (light gray)............................................ 16 
Figure 8. Pressure/density isotherms for SESAME 7150 (dashed), our modified table (full line), 
and QMD results (points): 8000 K (light blue), 10 000 kK (turquoise). The SESAME EOS 
overestimates the pressure at intermediate temperatures: the reason being an overestimation of 
dissociation in this region. Our modified table is fitted to the QMD results, and reproduces them 
very well........................................................................................................................................ 16 
Figure 9. Pressure/density isotherms for SESAME 7150 (dashed), our modified table (full line), 
and QMD results (points). Left: 10000 K (light blue), 22 0000 K (gold), and 44 000 K 
(magenta). The SESAME EOS overestimates the pressure at intermediate temperatures, at 
temperatures where water is fully dissociated the agreement is again very good between the 
QMD and SESAME pressures...................................................................................................... 17 
Figure 10. The electronic conductivity (full lines) and ionic conductivity (dashed lines) ........... 18 
Figure 11 Electrical conductivity for water at different temperatures, ranging from 4000 K to 70 
000 K, as color coded in the picture. The sharp drop in conductivity at 4000 K and 6000 K is due 
to the phase-transition from conducting fluid to super-ionic........................................................ 19 
Figure 12. Electronic conductivity at 4000 K (blue solid squares/ blue full line); Ionic 
conductivity at 4000 K from Eq. 3 (blue open squares/ thick dashed line) and without reducing 
for neutral diffusion (blue open diamond/thin dashed line); Ionic conductivity at 2000 K from 
Eq. 3 (black open triangles/ thick dashed line) and without reducing for neutral diffusion (black 
open star/ thin dashed line). Experimental results for 2000 K [15] (black circles) and between 
4000 and 6000 K [16] (blue circles). ............................................................................................ 20 
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Nomenclature 
DFT Density Functional Theory 
DOS Density of States 
GGA Generalized Gradient Approximation 
KG Kubo-Greenwood 
LDA Local Density Approximation 
LDRD Laboratory Directed Research and Development program 
PBE Perdew, Burke, Ernzerhof, a type of GGA. 
QMD Quantum Molecular Dynamics 
SNL Sandia National Laboratories 
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INTRODUCTION 
Water is everywhere, from the highest mountain to the deepest abyss of the ocean, from the pulse 
shaping water switches in the Z-machine to the prodigious interior of Neptune. The properties of 
water are thus of great scientific interest as well as of direct interest to the Pulsed Power research 
program at Sandia National Laboratories. The objective of this LDRD project was to investigate 
the properties of water in the high energy-density physics  (HEDP) regime. We set out to 
determine the structure as well as develop a quantitative understanding of electrical conductivity 
in water. The main findings were recently published [1] and different parts of the work have 
been presented at several international conferences and workshops. 
 
Water switches and domains of interest 
Simulations of HEDP systems are routinely done using complex radiation-hydrodynamics codes 
like ALEGRA, HYDRA, LASNEX, or MACH. Common to all simulations is an extensive use 
of material models, the quality of which directly determines the fidelity of the simulations. 
Developing high-quality models is thus very important in order to perform macroscopic 
simulations with confidence. Water switches are used in the pulse-shaping stage of the Z 
accelerator [2]. As such, they shorten the pulse by accumulating charge, followed by a rapid 
release of current after break down. During break down water is taken from normal conditions 
(300 K, 1 g/cm3) to high energy-density conditions in fractions of ns. 
 

 
Figure 1. Schematic of a water switch together with an illustration of how the spark creates a 
plasma channel through the water. Simulated conditions in the channel are drawn in Figure 2. 
 
The phase-space traversed as a spark penetrates the water is shown in Figure 2. The ALEGRA 
simulations reveals a shock wave moving outwards, compressing the water to 2.5 times normal 
density and 4000 K. Interior to the shock wave, a channel is formed where the density is low and 
the temperature rises quickly due to ohmic heating in the plasma. To improve the materials 
models we have done QMD simulations at selected points in phase-space, the QMD simulations 
cover a wide range of the phase-space of interest to break down in water. Interestingly, the 
conditions in the water switch overlap with conditions in the interior of Neptune [3, 4], also 
shown in Figure 2. 
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Figure 2. Neptune isentrope (dark blue) [3] and conditions for a spark in water: temperature and 
densities occurring at different radii away from the center of the channel in an ALEGRA 
simulation. The three traces are for different times 0.1 ns (red), 1 ns (purple), and 10 ns (light 
blue). Within 10 ns water exists in conditions between 2.5 times compressed and 10 times 
expanded density as well between 1000 K and several 100 000 K. Blue dots represents QMD 
points calculated. 
 

METHOD 
The range of temperature, density, and pressure of interest to this problem is significant. With 
increasing pressure, water goes from an insulating molecular liquid at normal conditions (300K, 
1 g/cm3), to a dissociated ionic fluid, and finally to a dense plasma. We must employ a method 
that works across several phase transitions; include dissociation of molecules, bound electrons as 
well as free electrons. The theory must be a quantum theory while at the same time efficient 
enough to allow for long-time simulations of the dynamics. Density Functional Theory (DFT) 
has for a long time been successfully been applied to problems in condensed matter physics and 
chemistry, much more recently DFT has been used in the HEDP regime. DFT combines 
Quantum level calculations with a speed that enables Molecular Dynamics simulations, a 
combination that is often denoted QMD. 
 
Density Functional Theory 
DFT is a formally exact reformulation of the Schrödinger equation, the original papers of 
Hohenberg and Kohn [5] and Kohn and Sham [6] are well worth reading, and so is Kohn’s Nobel 
Lecture [7]. Later reviews are also available, including a recent review by us [8] on the more 
practical aspects of performing high-quality calculations. The main approximation of the theory 
is the choice of the so-called exchange-correlation functional. For molecular systems, it is well 
known that the PBE [9] functional is a better working functional than the Local Density 
Approximation (LDA) is. For example, the binding energy of a water dimer (the energy of a 
hydrogen bond, important for liquid structure and diffusion in water) is very accurately 
reproduced by PBE, with LDA  [6] yielding a significantly too high binding energy [10]. 
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Convergence of DFT calculations is of utmost importance. Appendix B describes, in detail, how 
the water calculations were analyzed in terms of convergence. We have also published an earlier 
review article dealing with the many aspects of performing well-converged DFT calculations [8]. 
 
Kubo-Greenwood response 
Michael Desjarlais recently pioneered the use of linear response in the HEDP regime, with the 
first application being Al [11]. The conductivity of Al in the warm-dense matter regime was 
successfully investigated using the Kubo-Greenwood (KG) formula for conductivity [11]. The 
KG formulation gives the conductivity directly from the wave-functions of the system, without 
assumptions of, for example, relaxation times or cross-sections. 
 

  
σ k (ω ) =

2πe2h 2

3m 2ω Ω
(F(ε i,k )− F(ε j,k ))

i=1

N

∑
j=1

N

∑
α =1

3

∑ Ψ j,k ∇α Ψi,k

2
δ (ε j,k −ε i,k − hω ) 

Eq. 1 Kubo-Greenwood conductivity. 
. 

Here, εi is the energy of state i, F(εi) is the Fermi occupation, while Ψ j,k ∇α Ψi,k  is the matrix 
element for optical transition between states j and i. We have used this approach for studying the 
electronic properties of water. We find that for water, the electronic contribution to the 
conductivity begins to be important at 4000 K while above 8000 K, it dominates the conduction 
for all densities [1]. 
 
Ionic conduction/ diffusion 
The classical Kubo response formulation is valid for uniform systems where the charged ions are 
well defined, in that case, the conductivity is given by 

σ =
ne2

m
v(τ )v(0)
v(0)v(0)

dτ
0

∞

∫ . 

Eq. 2 Classical Kubo conductivity. 
In water, however, the situation is more complex. The initial stage of conduction is dissociation 
of H2O into H and OH. After dissociation, protons will move in the water, enabling conduction. 
A main question is how to calculate the conductivity in this transition phase, where only a few 
protons contribute to conduction. An additional complication is the diffusive motion itself; 
protons are not free for a long period of time, but hop between water molecules, it is thus 
impossible to identify “free” protons and study their diffusion in the long-time limit. 
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Figure 3. A case of uniform proton conduction (top) and conditions where only a fraction of the 
protons are conducting (bottom). To be able to model the transition of water from a molecular 
fluid to dense plasma, it is necessary to also model partial dissociation. 
 
We instead take the partial dissociation into account by analyzing the emerging difference in 
diffusion between H atoms and O atoms with increased dissociation. In water, H and O are 
bound, resulting in identical diffusion coefficients for both species. As soon as dissociation 
occurs, there will be a difference in diffusion between H and O. H atoms will in general diffuse 
faster than O (H2O molecules). The diffusion coefficients are calculated separately in the 
simulation for O (DO) and H (DH), the total hydrogen diffusion can be separated into diffusion as 
H2O (diffusing as O, with DO) and diffusion as all other species DH*. Assuming that the fraction 
of H2O is γ, we can write the following equations for the conducting part of the motion of 
protons. 

D H = (1−γ )D H* +γDO

D H* =
1

1−γ
1−γ DO

D H

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ D H

 

Eq. 3 Subtraction of the neutral, H2O, transport of hydrogen. 
Following standard procedures [12], the diffusion coefficients are calculated using the velocity-
velocity correlation function according to   

D =
1
3

v(t)• v(0)
0

∞

∫ dt , 

Eq. 4 Diffusion from velocity autocorrelation function. 
and the Einstein relation 

2tD =
1
3

r(t)− r(0) 2
. 

Eq. 5 Diffusion from the Einstein relation. 
The diffusion coefficients from the two relations give equivalent results. We mostly use the 
velocity-velocity formulation of Eq. 4 since correlation times are relatively short in the HEPD 
region and since the Fourier transform of the velocity autocorrelation function also yields 
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information regarding the dynamic properties. We calculate the diffusion coefficient for different 
end times and verify convergence of the integration of Eq. 4. For low temperatures (2000 K) 
where the correlation time is long, averaging over up to 15 ps has been necessary. At higher 
temperatures (6000 – 8000 K) correlation is lost relatively fast and converged values for 
conductivity are obtained already after 3-5 ps of simulation time. 
 

 
Figure 4. Left: Calculation of diffusion coefficient using the Einstein relation. The straight line is 
fitted to the long-time behavior and the slope yields the diffusion coefficient. Right: Velocity 
autocorrelation function, the unit of v2 is (A/fs)2×10-6. Integration of the correlation gives the 
diffusion. Note that there is no correlation after 1 ps. 
 

RESULTS 
The three main areas of investigation were structure/phase diagram, equation of state (P(ρ,T)), 
and DC electrical conductivity (σ(ρ,T)). We have studied water between 300 K and 70 000 K, 
between 0.1 g/cm3 and 5 g/cm3.  
 
Phase diagram in the HEPD region 
Water has a fascinating phase-diagram, in addition to the on earth naturally occurring hexagonal 
ice (Ih), liquid, and vapor, water has a number of solid phases: cubic ice Ic, Ice II, III, IV, V, VI, 
VII, VIII, X, and ice XI. The solid high-pressure phases of water persists until approximately 
1000 K. In this work, we have studied water above 1000 K; we will thus not discuss the high-
pressure phases of ice. Although not as intricate as the solid ices, the HEDP region has it’s own 
complexity, as evident from the phase diagram of Figure 5. For each QMD simulation, the phase 
was determined according to the criteria in Table 1. In comparison with earlier work, we propose 
a revision of the phase-diagram above 3000 K and 500 kBar. The revision is not without 
consequences since the Neptune isentrope traverses the revised area region of the phase-diagram 
[3,4]. The full implications of the revision will have to be determined by planetary scientists. 
However, the existence of interior water with an electrical conductivity of 104 1/(Ωm) is likely to 
affect modeling of, for example, the magnetic fields and electromagnetic energy density of the 
planet. 
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Figure 5. Calculated phase diagram of water in the HEDP region. Our work revises the diagram 
above 3000 K and 500 kBar, a revision that is not without consequences since the Neptune 
isentrope [3] traverses that region. 
 
Table 1. Characteristics of the HEDP phases of water in Figure 5. 
 
Phase Characteristics 
Molecular fluid All H2O molecules remain un-dissociated during the 

entire simulation. Gap in the electronic structure, an 
insulating phase. 

Molecular/ionic Dissociation of water molecules, resulting in a H2O, H, 
OH, and H3O being present in equilibrium 
concentrations. The phase ranges from Ionic conduction 
due to the charged ions. Gap in the electronic structure, 
an electrically insulating phase. 

Super-ionic O atoms display very little motion, effectively frozen into 
a lattice. Hydrogen atoms are highly mobile. Ionic 
conductor due to the fast moving protons. Gap in the 
electronic structure, an electrically insulating phase. 

Electronic A fluid where O atoms and H atoms both diffuse, an 
ionic conductor due to the charges ions. Electronic 
conduction due to partially occupied electronic bands. 

Metallic A fluid where the electrical conductivity is more than 105 
1/(Ωm). O atoms and H atoms are mobile. 
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Equation of state: P(ρ,T) 
The equation of state for water (as superheated steam) above the critical point (647K) is very 
well known due to the importance of steam in power cycles. The current state-of the art EOS, 
based on experimental data, is the one by Wagner and Pruss [13]. The highest tabulated 
temperature in the article is 1273 K. The SESAME table 7150 [14] is in excellent agreement 
with WP for 1000K and 1273K, with the 1000 K isotherm, as shown in Figure 1. 
  

 
Figure 6. Pressure/density isotherm at 1000K: Wagner-Pruss [13], SESAME 7150 (full black 
line), and QMD simulations (black points, corresponding to results for different system sizes). 
 
The QMD calculations agree very well with SESAME, and hence the WP EOS at 1000 K.  The 
SESAME table predates WP by 25 years stressing that the properties of the superheated vapor 
phase of water has been well known for a long time. Through the benchmarking of QMD EOS 
results at 1000 K, we find that the exchange-correlation functional we currently use (GGA/PBE) 
is adequate for HEDP systems. This is an important conclusion for H2O as molecular vapor. 
 
We have performed a large number of calculations to build a QMD database of equation of state 
for water, calculations ranging from 300 K to 70 000 K, from 0.2 g/cm3 to 5 g/cm3. Most points 
are shown in Figure 7. The calculations are demanding, each EOS point in itself takes of the 
order 5000 CPU hours. Calculation of electrical conductivity will add 2000-3000 CPU hours, 
while the most costly calculations are those of diffusion, requiring 20 000 – 40 000 CPU hours. 
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Figure 7. QMD results for equation of state of water, from lower to higher pressure: 1000 K 
(black), 2000 K (magenta), 4000 K (turqouise), 6000 K (gray). 8000 K (dark blue), 10000 K 
(green), 22000 K (gold), 44 000 K (red), and 70 000 K (light gray). 
 
With the approach benchmarked with the state of the art EOS (WP), where available, we are 
confident in the method and will proceed to the regions of phase space of most interest to 
electrical break down in water switches. 
 

 
Figure 8. Pressure/density isotherms for SESAME 7150 (dashed), our modified table (full line), 
and QMD results (points): 8000 K (light blue), 10 000 kK (turquoise). The SESAME EOS 
overestimates the pressure at intermediate temperatures: the reason being an overestimation of 
dissociation in this region. Our modified table is fitted to the QMD results, and reproduces them 
very well. 
 
For increasingly higher temperatures, at first QMD and SESAME pressures deviate more 
strongly, as shown in Figure 2. The SESAME pressure is too high due to overestimation of 
dissociation in the regime around 10 000 K. In our simulations at 10 000 K, water is not fully 
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dissociated whereas the SESAME limiting pressure at low density goes towards a fully 
dissociated ideal gas. 

 

 

 
Figure 9. Pressure/density isotherms for SESAME 7150 (dashed), our modified table (full line), 
and QMD results (points). Left: 10000 K (light blue), 22 0000 K (gold), and 44 000 K (magenta). 
The SESAME EOS overestimates the pressure at intermediate temperatures, at temperatures 
where water is fully dissociated the agreement is again very good between the QMD and 
SESAME pressures. 
 
At higher temperatures, where water is fully dissociated in the QMD simulations, the agreement 
is again very good. From this behavior, we conclude that modifications of the SESAME EOS are 
necessary in the region around 10 000 K, while it is sufficiently accurate in the remaining 
regions investigated. Pressure isotherms between 2000 K and 30 000 K were scaled to agree with 
the QMD results, the internal energy was subsequently integrated using the thermodynamic 
identity, and offset using the calculated internal energy from the QMD calculations. The 
resulting table is a thermodynamically consistent equation of state for water in the difficult 
regime where dissociation plays an important role.  
 
DC conductivity 
The arguably least know property of water in the HEDP regime is the electrical conductivity. 
Although there exists a qualitative picture, obtained from experiments and some simulations, 
quantitative data has been scarce over a large region of the phase-diagram. Qualitatively, water, 
when compressed, will dissociate and transition into a proton conducting ionic fluid. Upon 
further compression and increased temperature, water becomes an electronic conductor. A main 
goal of this project was to develop a quantitative picture of the conductivity of water.  Figure 10 
shows the calculated conductivity over a wide range, both electronic and ionic. At 2000 K, ionic 
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conductivity dominates over electronic for all densities while the opposite is true above 8000 K. 
The transition occurs between 4000 K and 6000 K, where the ionic and electronic conductivities 
are comparable, outside the super-ionic phase. The combined behavior becomes particularly 
complex at the transition into the super-ionic phase; there, the ionic conductivity continues to 
increase while the electronic conductivity drops sharply. 
 

 
Figure 10. The electronic conductivity (full lines) and ionic conductivity (dashed lines) 
of water at different temperatures as a function of density. 2000 K (black triangle), 4000 K 
(blue), 6000 K (turquoise), 8000 K (magenta), 10000 K (red), 22 000 K (black diamond), 44 000 
K (brown), and 70 000 K (light blue star). 
 
Electrical conductivity 
The electrical conductivity calculated from the Kubo-Greenwood formalism, Eq. 2, is shown in 
Figure 11. We can identify five different regions of behavior: 
A) At 2000 K, and below there is no appreciable electrical conductivity. 
B) Beginning at 4000 K, there is significant electronic conductivity over a large range of 
densities, outside the super-ionic phase. 
C) The super-ionic phase of water has a decidedly suppressed conductivity. 
D) At 10 000 K, and below, the conductivity falls rapidly with lower density due to localization. 
E) Beginning at 22 000 K there is conductivity also at low density, due to ionization and the 
increased density of states (DOS) for lower density. At 44 000 K the ionization and DOS 
dominate the conduction, resulting in a weakly varying conductivity with density. 
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Figure 11 Electrical conductivity for water at different temperatures, ranging from 4000 K to 70 
000 K, as color coded in the picture. The sharp drop in conductivity at 4000 K and 6000 K is due 
to the phase-transition from conducting fluid to super-ionic. 
 
Ionic conductivity 
As the density increases, water molecules begin to dissociate, and water turns into an ionic 
conductor. This transition is rather rapid. As shown in Figure 12, we predict that the ionic 
conductivity increases more than an order of magnitude when the density is increased from 1.2 to 
2.2 g/cm3. The reduction due to Eq. 1 is important, also shown in Figure 12 is the conductivity if 
the diffusion coefficient for all hydrogen atoms is included. This is in particular the case for 2000 
K, the mobility of water molecules is large enough that interpreting the resulting hydrogen mass 
transport as conducting will yield a high conductivity also for lower densities, where there is no 
appreciable dissociation. 
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Figure 12. Electronic conductivity at 4000 K (blue solid squares/ blue full line); Ionic conductivity 
at 4000 K from Eq. 3 (blue open squares/ thick dashed line) and without reducing for neutral 
diffusion (blue open diamond/thin dashed line); Ionic conductivity at 2000 K from Eq. 3 (black 
open triangles/ thick dashed line) and without reducing for neutral diffusion (black open star/ thin 
dashed line). Experimental results for 2000 K [15] (black circles) and between 4000 and 6000 K 
[16] (blue circles). 
 

CONCLUSIONS 
During the project, we have developed a significantly improved understanding of the complex 
behavior of water. We have revised the phase-diagram in the HEDP region as well as established 
a quantitative knowledge of the electrical conductivity of water. The tools and expertise 
advanced during the project can be applied to other molecular systems, for example, methane, 
ammonia, and CH foam. We are now well positioned to treat also complex molecular systems in 
the HEDP regime of phase-space. 
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Phase Diagram and Electrical Conductivity of High Energy-Density Water
from Density Functional Theory

Thomas R. Mattsson and Michael P. Desjarlais
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The electrical conductivity and structure of water between 2000–70 000 K and 0:1–3:7 g=cm3 is
studied by finite temperature density functional theory (DFT). Proton conduction is investigated quanti-
tatively by analyzing diffusion, the pair-correlation function, and Wannier center locations, while the
electronic conduction is calculated in the Kubo-Greenwood formalism. The conductivity formulation is
valid across three phase transitions (molecular liquid, ionic liquid, superionic, electronic liquid). Above
100 GPa the superionic phase directly borders an electronically conducting fluid, not an insulating ionic
fluid, as previously concluded. For simulations of high energy-density systems to be quantitative, we
conclude that finite temperature DFT should be employed.

DOI: 10.1103/PhysRevLett.97.017801 PACS numbers: 61.20.Ja, 31.15.Ar, 51.50.+v, 62.50.+p

Knowledge of the electronic properties of water is es-
sential for correctly describing the physics of, e.g., giant
planets and shock waves in water. The behavior of water is
complex due to the dual nature of conduction (ionic and
electronic) and an intricate phase diagram. A predicted
high-energy-density phase of water [1] was recently con-
firmed [2,3], adding superionic to the already rich variety
of water phases: solid ice (h) to ice XI, liquid, and vapor.
Here, we present calculations from first principles of both
the ionic and electronic conductivity of water for a wide
range of phase space in temperature and pressure, provid-
ing quantitative knowledge where little or no previous data
are available. The calculations employ a finite temperature
Fermi occupation of the electronic states [4], leading to a
change in the predicted phase diagram.

Although a qualitative picture of water electrical con-
ductivity has emerged, founded on experiments [5–7] and
simulations [1–3,8], much needed quantitative information
is scarce. Since experiments can only access certain areas
of the phase diagram, and require modeling as a part of the
analysis, calculations from first principles arise as a main
approach. Density functional theory (DFT) calculations
were done with VASP [9], where the Kohn-Sham equations
[10] are solved in a plane-wave basis set. Projector aug-
mented wave potentials [11] are used with PBE [12] for
exchange or correlation. A Wannier center projection is
made for each time step [13]. Most simulations were done
using the deuterium mass, reducing computational cost.
Both H2O and D2O were, however, examined for 2000 K at
2.3 and 3 g=cm3, yielding a diffusion isotope effect of 1.3,
close to the classical

���
2
p

[14]. A 900 eV plane-wave cutoff
energy was chosen to give pressures converged to within
2%. The occupation of bands is set by a Fermi distribution
[4]. Our calculations hence differ from the method used in
previous studies [1–3,8], where the computationally effi-
cient scheme by Car and Parrinello [15], propagating the
electronic degrees of freedom close to the zero-

temperature Born-Oppenheimer surface, was used
[16,17]. The simulations are in the NVT ensemble using
a Nosé thermostat. Pressures, energy, and other properties
are calculated as averages after equilibration. The elec-
tronic conductivity is calculated using the Kubo-
Greenwood formula [18] on 15–20 snapshots from the
molecular-dynamics (MD) simulation. About 8 empty
bands per water molecule are included in these calcula-
tions. Convergence of DFT simulations is of utmost im-
portance [19]. Depending on density and temperature,
simulation cells and times vary [20,21]. The gamma point
is used for most MD simulations [22] while the mean value
point (1=4, 1=4, 1=4) is used for conductivity calculations
[21,22]. By a partition of the hydrogen diffusion and a
robust method of defining bonds in dense systems, we
calculate ionic conduction through the transition from in-
sulating molecular liquid to fully dissociated ionic liquid.
The equation of state, ionic conductivities, and electronic
conductivities are thus calculated employing a common
theoretical platform.

The calculated phase diagram is presented in Fig. 1.
With increasing pressure, molecular water dissociates
into an ionic liquid, followed by oxygen atoms freezing
into the superionic phase. At higher temperature, the fluid
is electronically conducting. We find that above 4000 K
and 100 GPa, the fluid bordering the superionic phase is
conducting. Earlier works instead have the superionic
phase bordering an insulating fluid, with a transition to
metallic fluid at 7000 K and 250 GPa [1]. This is not a
revision without consequences, since the Neptune isen-
trope [1] is located in this region. The reason for our
different result is the finite temperature treatment of the
electronic degrees of freedom. By changing the tempera-
ture of the Fermi distribution, the electronic structure
switches from a metal to an insulator. The effect is docu-
mented in Table I and illustrated in Fig. 2. At normal
conditions, PBE underestimates the band gap for water
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(4.4 vs 6.8 eV). The band closure observed in the simula-
tions, however, is caused by a combination of density,
pressure, molecular dissociation, and electronic tempera-
ture. It is hence impossible to estimate the true band gap by
comparisons to normal conditions. Quantum Monte Carlo
(QMC) simulations would provide valuable information,
however, QMC is still computationally well beyond reach
for this system. The importance of considering the thermal
population of electronic states when performing DFT
simulations in the high energy-density physics (HEDP)
region is a general finding, independent of the outcome
of future calculations, or experiments, for this particular
system.

The transition shown in Fig. 2 does not occur instanta-
neously with a different electronic temperature, it takes of
the order 20–100 fs for the new electronic structure to
develop, suggesting that reorientation of atoms is required.
The transition is seen in the projected local orbital charac-
ter of the highest occupied state; it changes character from
S to P, as seen in Fig. 2. From a computational point of
view, the transition time implies that postprocessing snap-
shots from zeroK electronic temperature simulations is not
equivalent to a full simulation using finite electronic
temperature.

We propose that fast optical diagnostics could be used to
investigate this transition, providing information on the
electron-ion coupling in H2O. Shock heating yields hot
ions with cold electrons, a state we predict is an insulator.
As the system equilibrates through ion/electron scattering,
we anticipate a transition to electronic conduction.

Understanding the phase transition from a molecular
fluid to a fully dissociated ionic fluid is important for
modeling electrical breakdown and other phenomena in
shocked water. In this region, a fraction of the hydrogen
atoms are dissociated (conducting) while others remain
bound as H2O (nonconducting). Proton diffusion in normal
state water occurs via a structural diffusion mechanism
involving H�, OH�, and H3O� [14,23].

We use Wannier centers (WC) [13,21] to characterize
the charge transport. In water at 1000 K=1 g=cm3, all H
atoms are located 0.5 A from a WC; they are bound as H2O.
An excess proton, under the same conditions, moves on a
path taking it at a distance of 0.75–1.15 A from two or
three WCs, simultaneously, before reattaching as a H3O�.
We find a striking similarity to this behavior in the WC
dynamics of the denser systems: H atoms are either bound
(rWC�H � 0:5) or they are mobile (0:75 � rWC�H � 1:15

TABLE I. Electronic component of the dc conductivity (�),
average occupations (fi) and energy (�i) difference �E �
�LU � �HO of highest occupied (HO) and lowest unoccupied
(LU) bands (defined when Te � 0) when changing the electronic
temperature. Two alternative techniques for smearing, Gaussian
and Methfessel-Paxton, both yield gaps. The transition is seen
for both 54 and 128 molecules cells. Units are molecules/cell,
g=cm3, Kelvin, 1=�� m�, occupation, and eV.

n � Tion Te log10��� fHO fLU �E

54 2.5 4000 1000 0.7 1.98 0.03 1.53
54 2.5 4000 2000 1.2 1.97 0.04 1.74
54 2.5 4000 4000 3.84 1.63 1.25 0.38

128 2.5 4000 4000 3.78 1.63 1.36 0.26
128 2.5 4000 1000 1.0 1.96 0.05 1.01

54 3.0 6000 6000 4.5 1.43 1.25 0.22
54 2.7 8000 8000 5.0 1.28 1.18 0.14

FIG. 2 (color). Snapshots of the structure (oxygen atoms are
white, hydrogen atoms red) at T � 4000 K and � � 2:5 g=cm3.
Superimposed is a constant-electron-density surface (gold) pro-
jected from the HO state. Using the true temperature induces a
shift from S to P character, changing the structure from being
localized to spanning the cell, enabling conduction. The shift
takes 20–100 fs to appear after changing the electronic tempera-
ture from Te � 1000 K to Te � 4000 K. The left snapshot is
taken from this transition period, the right snapshot after the
system is in equilibrium at Te � 4000 K.

5 15 60 250 1000 4000
P kBar

1000

2000

4000

8000

16 000

T K Electronic

IonicMolecular

Superionic

FIG. 1 (color). Theoretical phase diagram for water in the
HEDP regime, each point represents a DFT-MD simulation.
Molecular liquid—no dissociation of H2O (yellow). Insulating
ionic liquid—dissociation of H2O and a gap in the electronic
structure (gray). Superionic—very small O diffusion coefficient
and gap in the electronic structure (blue). Electronically con-
ducting ionic fluid—dissociation of H2O, no gap in the elec-
tronic structure (red). The dashed lines are guides to the eye. The
transition from superionic phase to the conducting fluid shows
little hysteresis in the phase change, as can be inferred from the
dense sampling in that region.
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A). Since our findings are consistent with the established
proton diffusion mechanism [14,23], we conclude that �e
charged protons dominate the conduction also under warm
dense conditions.

Instead of analyzing these short-lived complexes, how-
ever, we focus on the nonconducting hydrogen motion—
the transport of hydrogen taking place as H2O diffusion.
The fraction of H atoms bound as H2O is �, diffusing with
the oxygen diffusion coefficient DO. With DH being the
diffusion coefficients for all hydrogen atoms and DH� that
for all hydrogen species except H2O, the following rela-
tionship holds: DH � �1� ��DH� � �DO. Since DO and
DH are independently calculated in the simulation [24] the
conducting part of the mass transport is

 DH� �
1

�1� ��

�
1� �

DO

DH

�
DH: (1)

Although, by construction, DH� is insensitive to � [25], we
must define ‘‘bound’’. To distinguish scattering from
bonds, we consider two atoms bound if they are within a
cutoff distance during a time interval. We use the pair-
correlation function, with g�r� � 1; beyond this point, the
concept of bond weakens rapidly. Using the minimum of
g�r� has been proposed [3] but the minimum is often flat
and leads to very large bonded complexes [26]. Results
should not be sensitive to the specific choice of cutoff.
Table II shows that it is meaningful to extract the H2O
fraction, �, in the transition regime between molecular and
ionic liquid. Although the ions H�, OH�, and H3O� can be
considered stable over several fs, the absolute fractions of
them depend sensitively on both cutoff criteria, underscor-
ing the difficulty to quantify composition in warm dense
systems.

Figure 3 shows calculated conductivity (ionic and elec-
tronic) with available experimental data. At 2000 K there is
only proton conduction. At 4000 K, the ionic and elec-
tronic contributions in the fluid are comparable, while the
superionic phase, as expected [1], exhibits a surpressed

electronic conductivity. At 6000 K, electronic conduction
begins to dominate, and at 8000 K it is an order of magni-
tude larger than the contribution from protons. Above
22 000 K, water is dissociated and ionization is significant;
the increase in density of states for larger specific volume
maintains conductivity at low density. Figure 3 displays
how Eq. (1) yields a rapid onset of conductivity with
increased density due to pressure induced dissociation.
Ignoring the nonconducting hydrogen motion results in
overestimation of the conductivity. We predict that experi-
ments at 1:5 g=cm3 will show a very low conductivity.
Finally, we note that in the fully dissociated regime there
is no difference between the new formulation and the
standard relationship between diffusion and conduction.

TABLE II. Distribution of species (mole per mole O) at
2000 K, 2 g=cm3 when changing the bond cut-off distance,
rcut, and steady bond time, �cut. The fractions used in Eq. (1)
are given in bold. The small deviations from neutrality are due to
species not included in the table.

�cut � 12:5 fs
rcut (A) H OH H3O H2O
1.10 0.20 0.20 0.012 0.78
1:16 0:12 0:14 0:04 0:82
1.20 0.06 0.10 0.06 0.83
1.30 0.006 0.047 0.15 0.81
rcut � 1:16 A
�cut (fs) H OH H3O H2O
10 0.12 0.15 0.04 0.81
20 0.06 0.10 0.06 0.84
45 0.02 0.07 0.07 0.86

0.10 0.18 0.32 0.56 1 1.8 3.2
g cm3

2.5

3

3.5

4

4.5

5

5.5

Log

1 m

1.00 1.50 2.00 2.50 3.00 3.50
g cm3

2.5

3

3.5

4

4.5

Log

in 1 m

FIG. 3 (color). Upper: electronic conductivity (filled symbols
and full lines) and ionic conductivity (open symbols and dashed
lines) of water as a function of density for different temperatures:
70 (blue star), 44 (dark red triangles), 22 (black diamonds),
10 (red squares), 8 (magenta stars), 6 (turquiose triangles),
4 (blue squares), and 2 kK (black triangles). The sharp drops
in conductivity for 4000 and 6000 K at 2.5 and 3:2 g=cm3,
respectively, corresponds to entering the superionic phase (see
Fig. 1.) Lower: Ionic conductivity, as calculated for D2O and
scaled by 1.3 to compare to H2O experiments. 2000 K from
Eq. (1) (black triangles) and using the full hydrogen diffusion
(black stars). 4000 K from Eq. (1) (blue squares) and using the
full hydrogen diffusion (blue diamonds). Experimental data
single shock at approximately 2000 K [5] (black circles) and
multiple shock data between 2000 and 6000 K [6] (blue circles).
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Recent optical measurements [7] demonstrate a gradual
onset of reflectivity along the principal Hugoniot, followed
by saturation at R � 0:4. We find the following reflectiv-
ities: 0.1 (4000 K, 2:5 g=cm3), 0.2 (8000 K, 2:7 g=cm3),
0.3 (10 000 K, 2:7 g=cm3), 0.4 (22 000 K, 2:5 g=cm3), and
0.3 (44 000 K, 1:8 g=cm3), well in line with the experi-
mental data [7]. Our calculations thus agree with experi-
ments for total conductivity and reflectivity.

In summary, our comprehensive analysis of conduction
in water reveals a rapid transition to ionic conduction at
2000 K and 2 g=cm3, while electronic conduction domi-
nates at temperatures at and above 6000 K. The phase
diagram of water is further delineated in the HEDP region,
with the superionic phase bordering a conducting fluid
above 4000 K and 100 GPa. The resulting increase in
electrical conductivity will affect calculations of thermo-
physical conditions in giant planets as well as how con-
duction is analyzed in shocked water (electrical
breakdown). For first-principles simulations of HEDP sys-
tems to be of high fidelity, we show that it is important to
include a thermal distribution of the electronic degrees of
freedom. We anticipate this work will influence future DFT
simulations in the HEDP regime.
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