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Transport properties of hydrogen-helium mixtures at extreme density and temperature conditions
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We perform a systematic study of hydrogen-helium mixtures using quantum molecular dynamics (QMD) with
a focus on the equations of state and structural and transport properties such as electrical conductivity, diffusion,
and viscosity at conditions of giant planet interiors of 0.2 ∼ 2.3 g/cm3 and 1000 ∼ 80 000 K for a typical helium
mass fraction of 0.245. The H-He separation is found at low temperatures by analyzing the trajectories and pair
distribution functions. We show that the diffusion coefficients exhibit transitions from kinetics- to potential-, and
then to demixing-dominated regimes. In addition, we identify the discontinuity feature of optical absorption of a
H-He mixture at low density and temperature conditions, which results from the change from an intraband to an in-
terband transition. The Stokes-Einstein relation between the diffusion and viscosity coefficients is also discussed.
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I. INTRODUCTION

Hydrogen-helium mixtures are the major constituents of
the giant planets. For example, they form about 70%–95%
of the mass of Jupiter and Saturn [1]. The thermodynamic
and transport properties of H-He mixtures in warm dense
regimes are therefore crucial for constructing the structure
and dynamo models of such planets. Especially, a long-
standing puzzle about the excess luminosity of Saturn has
not yet been explained [2], which requires accurate equations
of state (EOSs) of H-He mixtures. The electrical transport
coefficients are important for locating the boundary between a
nonconducting outer and a metallic inner envelope as assumed
in interior models of giant planets. In addition, the viscosity
and diffusion coefficients have an increasingly important effect
in hot spot ignition for inertial confinement fusion (ICF), since
they are now well acknowledged to be key factors for ablator
materials to degrade the fuel [3,4]. Although the exploration
of single species has made great progress, it is still challenging
to characterize the properties of mixtures.

Experimental researches on H-He mixtures are indis-
pensable for exploring their characteristics under extreme
conditions. However, only a very few experiments have been
performed for the H-He phase diagram, with the pressure-
temperature state reached experimentally so far up to 30 GPa
and 7000 K [5]. The properties of H-He mixtures at the higher
pressure and temperature conditions of the interior of giant
planets are determined mostly through theoretical modeling.
The most concerned issue is H-He phase separation, which has
been assumed to be responsible for the discrepancies between
the observed luminosity of Saturn and the one predicted by
homogeneous evolutionary models [6–8]. Since Salpeter first
predicted the demixing of H-He mixtures at giant planet inte-
rior conditions [8], several theoretical studies have attempted to
clarify this phenomenon and determine the demixing lines us-
ing first-principles simulation methods based on density func-
tional theory (DFT). Using the ideal mixing approximation,
Klepeis et al. obtained a demixing temperature of 15000 K
for xHe = 0.07, suggesting that there should occur phase
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separation in both Jupiter and Saturn [9]. Pfaffenzeller et al.
estimated the free energies of the mixture using first-principles
molecular dynamics with the Car-Parrinello technique and
obtained much lower immiscibility temperatures [10]. Using
a combination of DFT-based molecular dynamics together
with thermodynamic integration techniques, Morales et al.
calculated the Gibbs free energy of the dense liquid as a
function of pressure, temperature, and composition, and thus
predicted the immiscible regimes inside Saturn [11,12]. It is
worth mentioning that these predictions represent the most
accurate calculations of helium miscibility in high-pressure
hydrogen to date. The results at pressures above 3 Mbar agree
well with those predicted by Lorenzen et al. with the ideal
mixing approximation for the entropy [13]. In addition, it has
been proposed that reflectivity measurements could be used
to identify this liquid-liquid phase transition [14]. Wang et al.
examined the mixing rules with respect to the EOS, diffusion
coefficients, and viscosity of H-He mixtures [15].

In this paper, we study systematically and in a consistent
way the EOSs and structural and transport properties of
H-He mixtures with typical helium mass fractions of 0.245
in extensive density and temperature regimes relevant to the
interior of giant planets, with the aim of exploring the impact of
H-He demixing on these properties. By analyzing the structural
properties, we confirm H-He demixing at low temperatures. In
combination with the Kubo-Greenwood formula, we calculate
the electrical and optical properties in the next section. The
locations of nonmetal-to-metal transitions are determined. And
then we discuss the change of the diffusion behavior with the
plasma characteristic parameter. Finally we close our paper
with a summary of our main results.

II. COMPUTATIONAL METHOD

A. Quantum molecular dynamics

In the present study, the quantum molecular dynam-
ics simulations are implemented by employing the Vienna
ab initio simulation package (VASP) plane-wave pseudopo-
tential code developed at the Technical University of Vienna
[16,17]. Within the framework of finite-temperature (FT)
DFT [18,19], the active electrons are treated in a full quantum
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way with the electronic states populated according to the
Fermi-Dirac statistics, while the ions move classically driven
by the force derived via the Hellmann-Feynman theorem at
each molecular dynamics (MD) step. The all-electron projector
augmented wave (PAW) potentials are used to describe the
interactions between the active electrons and the ions, with
the exchange-correlation energy treated by the Perdew-Wang
91 parametrizations of the generalized gradient approximation
(GGA) [20–22].

These QMD simulations are performed in the canonical
(NVT) ensemble with fixed number of particles, volume,
and temperature [23]. The density and temperature ranges
are selected as 0.2 ∼ 2.3 g/cm3 and 1000 ∼ 80 000 K,
respectively, with a typical helium mass fraction of 0.245
(220 hydrogen and 18 helium atoms) to highlight the interior
conditions of Jupiter and Saturn. We fix the plane-wave cutoff
at 1200 eV and use only the � point to sample the Brillouin
zone in MD simulations. A sufficient number of bands are
included to ensure the occupation of the highest band to a
level of 10−5. Through additional convergence tests for the
particle number, the plane-wave cutoff and k-point Brillouin
sampling are performed at several P -T conditions, both the
internal energy and the pressure are confirmed to achieve good
convergence. The trajectories evolve for 20 000∼30 000 steps
with a time step of 0.3 ∼ 0.6 fs. These trajectories provide a
consistent set of static, dynamic, and transport properties of
the H-He mixtures.

B. Electrical and optical properties

To calculate the electrical and optical properties, we draw
10–15 configurations from the equilibrated portion of the MD
run. For each configuration, we use a 4 × 4 × 4 Monkhorst-
Pack scheme k points to guarantee the energy convergence
with higher precision [24]. Based on the quasi-independent
particle approximation, the Kubo-Greenwood formula could
estimate the real component of the frequency-dependent
conductivity [25,26]:

σ1(ω) = 2π

3ω�

∑
k

w(k)
N∑

j=1

N∑
i=1

3∑
α=1

[f (εi,k) − f (εj ,k)]

× |〈	j,k|∇α|	i,k〉|2δ(εj,k − εi,k − �ω), (1)

where ω is the frequency, � is the atomic volume, and n

is the total number of bands used. 	i,k and εi,k are the
electronic eigenstates and eigenvalues for the electronic state
i at k, f (εi,k) stands for the Fermi distribution function,
and w(k) represents the k-point weighting factor. The dc
conductivity is obtained as the zero frequency limit of σ1

by fitting it with the generalized Drude-Smith model [27].
The imaginary part of the frequency-dependent conductivity
is related to σ1(ω) through the Kramer-Krönig relation σ2(ω) =
− 2

π
P

∫
σ1(ν)ω

(ν2−ω2)dν. The reflectivity is determined by

R(ω) = [1 − n(ω)]2 + k(ω)2

[1 + n(ω)]2 + k(ω)2 , (2)

with the real and imaginary parts of refraction indices
[n(ω),k(ω)]. which can be derived from the complex di-
electric function by the relation of ε(ω) = ε1(ω) + iε2(ω) =

[n(ω) + ik(ω)]2. The dielectric functions, in turn, follow
immediately from the complex conductivity.

C. Transport properties

The self-diffusion coefficient Dα for species α is computed
by the velocity autocorrelation function [28,29]

Dα = 1

3

∫ ∞

0
〈Vi(t) · Vi(0)〉dt, (3)

with Vi being the velocity of the ith particle of species α. To
derive this quantity for both H and He, we generate MD trajec-
tories of sufficient temporal length to ensure the convergence
of the integral. We also derive the mutual-diffusion coefficient
Dαβ according to the Green-Kubo relation [25,30,31]

Dαβ = Q

3Nxαxβ

∫ ∞

0
〈A(t)A(0)〉dt, (4)

where

A(t) = xβ

Nα∑
i=1

Vi(t) − xα

Nβ∑
j=1

Vj (t). (5)

In the present study, the thermodynamic factor Q in Eq. (4)
is chosen to be unity, the value for mixtures of ideal gases,
as done in many other systems and conditions. xα and Nα

represent the concentration and particle number of species α,
respectively.

The viscosity is computed from the autocorrelation function
of the five off-diagonal components of the stress tensor [Pxy ,
Pyz, Pzx , (Pxx − Pyy)/2, and (Pyy − Pzz)/2] [32]

η = lim
t→∞η(t),

with

η(t) = V

kBT

∫ t

0
〈P12(0)P12(t

′
)〉dt

′
. (6)

It should be noted that to obtain similar statistical accuracy, the
viscosity and mutual diffusion require much longer trajectories
than the self-diffusion coefficient because the single-particle
correlations are averaged over the particles and gain significant
statistical improvement. It has been found that empirical
fits [33] to the integrals of the autocorrelation functions can
substantially shorten the length of the trajectory required.
And then the basic dynamic properties can be determined
effectively by extrapolating the fits of the functional form
A[1 − exp (t/τ )] to t → ∞ with A and τ the free parame-
ters. Fitting to this form at short-time integrations produces
reasonable approximations to η and Dαβ . In the present work,
we generally fit over the interval [0, 4τ–5τ ]. The fractional
statistical error in computing a correlation function C for MD
trajectories is estimated as �C/C = √

2τ/Ttraj, in which Ttraj

is the length of the trajectory and τ is the correlation time of
the function [34].

III. RESULTS AND DISCUSSION

To characterize the behavior of the H-He mixed plasmas at
extreme conditions, the effective ionic coupling parameter �eff
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FIG. 1. (Color online) Effective ionic coupling parameter �eff

and the electron degeneracy parameter θ for H-He mixtures as
functions of temperature at different densities.

and electron degeneracy parameter θ are introduced [35,36],
namely,

�eff =
∑

i

Xi�i = 〈Z5/3〉〈Z〉1/3� (7)

and

θ ≡ kBT /Ef , (8)

where 〈Z〉 represents the average ionization of the mix-
ture, which is calculated using an average-atom model.
Xi = ni/n denotes the mole fraction of species i (here,
i = H, He), and � ≡ e2/(4πε0rskBT ) is the electron-
electron coupling parameter with the Wigner-Seitz radius
of the system given by rs = ( 4

3πn)
−1/3

, and the Fermi

energy is expressed as Ef ≡ �
2

2me
(3π2ne)

2/3
, with n and ne

denoting the total number density of ions and electrons,
respectively. The effective ionic coupling and the elec-
tron degeneracy parameters for the studied dense plasma
are shown in Fig. 1. The plasma states are divided into
two parts: the one is for the cases of 0.2 and 0.4 g/cm3,
lying in weak coupled (�eff 	 1) and low degenerated state
(θ 
 1); for the other cases, the ions are strongly or even
moderately coupled (�eff � 1), and the electrons are highly
or partially degenerated (θ � 1). These two distinct kinds of
ionic coupling and electron degenerate behavior come from
the different ionization behaviors of H-He mixture at these
conditions. The system is partially ionized at lower densities of
0.2 and 0.4 g/cm3; while with increasing densities, the system
becomes a fully ionized plasma, which will be discussed below.
In the following, we focus on the EOS and structural and
transport properties of H-He mixtures with typical helium mass
fractions of 0.245 in these whole regimes.

A. Equations of state

Accurate EOS data of H-He mixtures are necessary to
answer the fundamental questions about or make models
regarding the composition and formation of planets. The EOSs
of mixtures are usually determined by application of mixing
rules in most of the modelings. However, the important effects
of H-He demixing at high pressures cannot be explained with
simple mixing rules. And thus more and more studies resort to
the real mixture, especially by using the FT-DFT-based QMD
method, which has been proven a successful tool to calculate
the properties of complex plasmas under extreme conditions.

FIG. 2. (Color online) Electronic pressure of H-He mixtures as a
function of temperature for different densities. For comparison, the
results from Militzer are also included [39].

The pressure of H-He mixtures can be expressed as

Ptot = Pel + Pion, (9)

where Pel evaluates the electronic pressure part using the force
provided by VASP, which contains contributions from the
direct ion-ion interaction and a term from the gradient of the
electronic total energy. The ionic pressure part Pion comes from
the ideal gas expression since the ions move classically [37,38].
Thus it is expressed as Pion = nkBT with n the total ion number
density.

The electronic pressures of H-He mixtures derived from
the QMD simulations are displayed in Fig. 2, which could
describe various transient processes such as dissociation or
association of chemical bonds and ionization or recombination
induced by temperature or density without any approximation.
For comparison, we also include the results from Militzer,
which take into account the nuclear quantum effects [39].
As shown in Fig. 2, our results agree well with those from
Militzer [39], indicating that the nuclear quantum effects
become unimportant in the relevant conditions. In addition,
a liquid-liquid phase transition is found at lower temperatures,
which is characterized by the negative slope of Pel with respect
to temperature at constant density. This is attributed to the
molecular dissociation. However, we do not find any signs of
plasma phase transition ( ∂Pel

∂V
|
T

> 0), which is characterized
by the abrupt electronic ionization.

In the following, the ionizations of both H and He are
considered. We evaluate the ionization degree of H and He in
the mixture based on an average-atom (AA) model [40], which
solves the Hartree-Fock-Slater equation in a self-consistent
field approximation assuming a finite temperature. As an
illustration, we plot in Fig. 3 the average ionizations of H
and He in H-He mixtures as functions of density at different
temperatures. For lower densities below 0.5 g/cm3, the H-He
system could be described as a partially ionized plasma. As
the density is increased, the system becomes a fully ionized
plasma.

The total pressures of H-He mixtures including the two
parts of contributions are plotted as functions of temperature at
different densities in Fig. 4, along with the demixing lines from
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FIG. 3. (Color online) Ionization degrees of (a) H and (b) He as
functions of density for different temperatures.

Morales et al. [11,12]. All of the pressures show a systematic
tendency to increase with temperature at these densities. It can
be seen that some of our considered conditions fall into the
demixing regime. In the following, we focus on the effects of
demixing on the structural, electronic, and transport properties
in these regimes.

B. Structural properties and phase separation

We reexamine the phase separation of H-He mixture in
the region bordered with the demixing lines from Morales
et al. [11,12] using QMD simulations. Soubiran et al. have
reported a direct observation of H-He demixing in MD
simulations with much higher helium concentrations [14].
Recently, Militzer confirmed that the demixing occurs at about
1.1 g/cm3 and 3000 K with the relative lower helium mass
fraction as the one we use [39]. We pay attention to studying
the cases at higher densities and temperatures. Figures 5(a)
and 5(b) present the trajectories of H and He atoms over
200 time steps at 1.8 g/cm3 for 5000 K and 10 000 K,
respectively. It is obvious that these two cases are quite
distinct from each other. The system separates into helium-rich
and hydrogen-rich phases at 5000 K, while at 10 000 K the
trajectories are delocalized and the system is in a mixed state.
To clarify the structural change of the system, we calculate
the pair distribution functions (PDFs) of each pair of atom
types, which give the possibility of finding an atom of a given

FIG. 4. (Color online) Total pressures of H-He mixtures as func-
tions of the temperature at different densities, along with the demixing
lines from Morales et al. [11,12].

FIG. 5. (Color online) Trajectories of H and He atoms over 200
time steps at 1.8 g/cm3 for 5000 K and 10 000 K.

type at a given distance from a reference atom. The results
are presented in Fig. 6. As the temperature decreases from
10 000 K to 5000 K, the peaks of gH-H and gHe-He rise, while
the H-He peak is reduced. In addition, gHe-He drops below 1 at
larger distances. All of these signatures indicate that the phase
separation takes place at 5000 K for 1.8 g/cm3.

Furthermore, we gain insight into the dissociation of
hydrogen for H-He mixtures by calculating the coordination
number of H, which is a weighted integral over the PDFs g(r)
of H-H,

K(r) = N − 1

V

∫ r

0
4πr ′2g(r ′) dr ′. (10)

The fraction of the ions bounded to a hydrogen molecule
is twice the value of K(r) at the first peak in g(r). As
shown in Fig. 7, for the density and temperature state of
0.4 g/cm3 and 1000 K the PDF of H-H peaks at about 0.73 Å,
which corresponds to the bond distance of the hydrogen
molecule in the H-He mixture. The molecular peak in the
PDF of H-H in pure hydrogen has been reported to be about
0.748 Å. This means that the effect of helium on hydrogen
in H-He mixtures is to shorten the bond distance and thus
make the hydrogen molecules more stable. As the density and
temperature increase, the hydrogen molecules dissociate with
the significant reduction and broadening of the maxima of
g(r), with the dissociation degree about 71% at 0.8 g/cm3 and
5000 K.

C. Electrical and optical properties

Figures 8(a) and 8(b) show the isotherms and isochores of
dc electrical conductivity over a wide range of densities and
temperatures, respectively. The conductivity rises systemati-
cally with increasing density in the whole range we studied,
which results from the increase of conducting electrons due
to pressure ionization. Similar to that in pure hydrogen [41],
the feature of the liquid-liquid phase transition for the H-He
mixture could be identified by the fact that the conductivity is
increased over several orders of magnitude in a small density
interval at low temperatures from 1000 to 5000 K. In addition,
the isochores clearly show that the conductivity decreases
for temperatures above 5000 K and densities higher than
1.0 g/cm3, which signifies the nonmetal-metal transition of
the H-He mixture. At lower densities, the rising conductivity
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FIG. 6. (Color online) Pair distribution functions for (a) H-H,
(b) He-He, and (c) H-He at 5000 (black line) and 10 000 (red or
gray line) K for 1.8 g/cm3.

with increasing temperature comes from thermal ionization.
For the whole temperature range, the conductivity generally
rises with increasing density.

In Fig. 9, the behavior of the absorption spectra at four
different densities of 0.2, 0.4, 1.5, and 2.3 g/cm3 along
different isotherms is presented. It is demonstrated that as
the temperature increases, the absorption spectra exhibit a
nearly free-electron nature, with the peak locating at the
plasma frequency. With the density increasing, the peak shifts
to higher energy. The feature of absorption discontinuity
appears for the plots at relatively low temperatures of 1000
and 3000 K for densities of 0.2 and 0.4 g/cm3, which could
be explained by analyzing the electronic density of states
(DOS) shown in Fig. 10. It can be seen that the DOS at
3000 K for densities of 0.2 and 0.4 g/cm3 exhibits a gap
of about 5.23 and 2.59 eV, respectively, corresponding to

FIG. 7. (Color online) Pair distribution functions for H-H at
different densities and temperatures. The inset shows the coordination
numbers of H at different densities and temperatures.

the locations of the absorption discontinuity. This suggests
that the small absorption before the jump comes from the
intraband transition. As the temperature increases, the gap is
closed and thus the absorption spectrum becomes smooth. At
higher densities, the absorption presents systematic behavior
corresponding to the collective excitation.

D. Diffusion and viscosity properties

We used QMD simulations to calculate the diffusion and
viscosity coefficients of H-He mixtures in the strong coupling
regime (the corresponding density and temperature ranges are
0.8–2.3 g/cm3 and 1000–30 000 K), without making binary
collision approximations as in the plasma models. By fitting
the QMD results using the empirical formula, the self- and
mutual-diffusion coefficients, as well as the viscosity, are
obtained with the correlation time between 5 and 20 fs. A
total uncertainty of �20% in mutual diffusion coefficient and
viscosity comes from the fitting and extrapolation to infinite
time, while the error in the self-diffusion coefficient is less than
1% due to an additional average over the particles. To compare
the self-diffusion coefficient calculated by QMD with the one-
component-plasma (OCP) model conveniently, it is reduced
to a dimensionless form: D∗

j = Dj/ωpa2 for the two ionic

species j = H, He, where ωp = (4πn/ε0〈m〉)1/2〈Z〉e is the
mixed plasma frequency. In Fig. 11(a), we present the reduced
self-diffusion coefficients for H and He as functions of the ionic

FIG. 8. (Color online) Electrical conductivity in dense H-He
mixtures as a function of (a) density for different temperatures and
(b) temperature for different densities.
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FIG. 9. (Color online) Absorption coefficient of H-He mixtures
at different densities along different isotherms.

coupling parameter, along with the results from OCP [35,42]
and Yukawa (with κ = 0.1) [43] models for comparison. The
present results from QMD show visible divergence with those
from OCP and Yukawa models. Even the best accordance
between our D∗

H and the fitting formula of Hansen et al. [44]
(D∗ = 2.95�−1.34) yields a difference of about 5% � 50%.
This is because the QMD results come from the real mixture,
while the other models are restricted to the one component
and fully ionized plasma. In the strongly coupling regime,
Daligault proposed an empirical law [D∗

j = Aj

�
exp (−Bj�)]

to describe the diffusion process based on the cage model,
and extended this approach for OCP to binary ionic mixtures
by the use of �eff and the mixed plasma frequency [36]. We
fit the present reduced self-diffusion coefficient for H and
He using the empirical law, as shown in Fig. 11(b). The
fitting parameters are AH = 1.0765, BH = 0.00975; AHe =

FIG. 10. (Color online) Density of states (DOS) of H-He mix-
tures at four density and temperature conditions.

FIG. 11. (Color online) Reduced self-diffusion coefficients from
QMD for H and He, along with (a) the previous results from OCP
and Yukawa models and (b) the fitting data with the cage model.

0.5434, BHe = 0.0136. It could be seen that our data follow
the cage model very well at weaker coupling regions (� � 64),
while they diverge at regions with stronger coupling, which just
falls into the demixing regime at low temperature as mentioned
above. As an important part of mixing, diffusion is surely to be
affected by the demixing of the H-He mixture. And therefore,
the QMD simulations could capture not only the many-body
effects but also the demixing of the mixture governing the
diffusion. Empirical models are not expected to work well for
the mixed hot dense plasmas.

Furthermore, we examine the behaviors of mutual diffusion
and viscosity of H-He mixtures as functions of ionic coupling
parameters at different densities, as shown in Fig. 12. It is indi-
cated that the mutual-diffusion coefficient becomes a function
of only the coupling parameter �. For DH-He the � range is
split into two parts: DH-He decreases with � almost linearly
for values of � � 64, exhibiting liquidlike behavior; a break
with steeper slope shows up at the value of � � 64, entering
the H-He demixing regime. The mutual-diffusion is related
to the collective transport of mass driven by the concentration
gradient. At their respective local areas after demixing of H-He
mixtures, the concentration fluctuations almost disappear,
and the mutual-diffusion coefficients become very small.
However, based on Fick’s law, the steep composition gradient
at the interface should induce the intermixing of the different
components. The stable existence of the phase separation
demonstrates that the diffusion at these regimes exhibits some
non-Fickian effects. The viscosity of the H-He mixture has a
complex behavior under extreme conditions, resulting from
two competitive mechanisms of the bodily movement of
particles and the action of interparticle forces at a distance.
At the coupling region of 7 � � � 50, the contributions from

FIG. 12. (Color online) Mutual-diffusion and viscosity coeffi-
cients of H-He mixtures as functions of ionic coupling for different
densities.
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the two mechanisms are almost similar, and thus lead to
a shallow minimum near � � 33. At larger coupling, the
viscosity increases with increasing ionic coupling, that is,
increasing density (or lowering temperature), satisfying the
Arrhenius-type relation [45].

The well-known Stokes-Einstein relation provides a con-
nection between self-diffusion and shear-viscosity coefficients
of dense fluids as Dη

kBT n
1/3
i

= CSE, with CSE a constant. Chisolm

and Wallace have proposed an empirical value of 0.18 ± 0.02
from a theory of liquid near melting [46]. It has been reported
that the Stokes-Einstein expression for Be holds the general
feature of liquids as predicted by Chisolm and Wallace in
the strong coupling region [47]. We extend such a relation for
single species to the mixture. The Stokes-Einstein–like expres-
sion between mutual-diffusion and viscosity coefficients are
established, as shown in Fig. 13. It is noted that similar to that
in the one-component Be plasma, the Stokes-Einstein behavior
first increases with temperature in the region of 7 � � � 21,
and then keeps almost constantly close to the Chisolm-Wallace
value during the range from 21 to 64. This transition suggests
the change from a kinetics-dominated to a potential-dominated
regime. However, an obvious different behavior appears when
it departs from the constant value at large values of � > 64.
This should be induced by the H-He demixing process.

IV. SUMMARY

In conclusion, the complex behavior of H-He mixtures at
extreme conditions relevant to giant planet interiors has been
explored comprehensively. The EOSs suggest the occurrence
of the liquid-liquid phase transition of H at lower temperatures.
We examined H-He demixing through structural analysis. The
dc conductivities at wide temperature-density ranges were
determined in combination with Kubo-Greenwood formula.
It was noted that the absorption discontinuity feature exists

FIG. 13. (Color online) Examination of the Stokes-Einstein–like
relation between mutual-diffusion and viscosity coefficients of
H-He mixtures along the coupling parameter for different densities.
The Chisolm-Wallace predicted value is denoted by the light-gray
region [46].

at lower temperatures for low densities, which comes from
the change from intraband to interband transition at the semi-
conducting regime. The self- and mutual-diffusion coefficients
are strongly affected by H-He demixing, even including some
non-Fickian effects. We found that the Stokes-Einstein–like
relation exists between the mutual-diffusion and viscosity
coefficients, and at larger coupling, the relation diverges from
a constant because of the demixing.
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