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The detailed ionic structure of matter from the warm to the hot dense matter regime and its inﬂuence on
the electrical conductivity and X-ray absorption near-edge spectroscopy (XANES) is studied using the
method of quantum Langevin molecular dynamics (QLMD). It is found that the local ordered structures
play a pivotal role in the conductivity and XANES when the ionic structure of the matter is transformed
from long-range to medium-short-range order and ﬁnally to disorder as the temperature increases. Local
short-range ordered structures such as chains and circles appear at high temperatures. For a given
macroscopic density-temperature point, the dynamical changes of the atomic conﬁgurations in the
QLMD simulation give rise to variations in the calculated physical properties, indicating that some
dynamical features might be lost in usual static models such as average atom and hypernetted-chain
(HNC) models.
Ó 2011 Elsevier B.V. All rights reserved.
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1. Introduction
Warm dense matter (WDM), a state with densities near or above
solid and having temperatures up to 100 eV, has been attracting
much interest because of its speciﬁc properties and the importance
in the inertial conﬁnement fusion (ICF) [1,2], pulsed radiation
heating of solid targets [3e6], and astrophysics [7], etc. The characteristics of partial dissociation, ionization, degeneracy and strong
coupling [8] in WDM are difﬁculties that must be considered when
attempting to provide accurate simulations. Models have developed to resolve the complexity in this regime, and many semiclassical methods such as ThomaseFermi molecular dynamics
(TFMD) [9], orbital-free molecular dynamics (OFMD) [10], and
average atom molecular dynamics (AAMD) [11] have been constructed. However, the most reliable and widely used model is the
quantum molecular dynamics (QMD) method, because of its use of
ionic potentials generated ab initio and its accurate treatment of
electrons [7,12e16]. In addition, many physical properties such as
equation of state (EOS), optical absorption [17,18], electrical
conductivity [13] and thermal conductivity [19] can be obtained
through the use of QMD simulations. In particular, a model of
quantum Langevin molecular dynamics (QLMD) was developed
very recently [20,21], in which the electron-ion collisions induced
friction (EI-CIF) was introduced. This model solves the numerical
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problems in QMD at high temperature, and extends these ﬁrst
principles calculations into the regime of high energy density
physics (HEDP). Finally, QLMD has been successfully applied to
determine the EOS of solar-interior [22].
The expensive computational cost is the biggest obstacle to
applying QMD and QLMD in warm and hot dense matter regime.
Thus, static models such as average atoms (AA) [23,24] and
hypernetted-chain (HNC) [25,26] were usually employed. However,
QMD or QLMD should be used as a benchmark because the static
models do not provide reliability in warm and hot dense regime.
Furthermore, in the static models, an ionic structure is statistically
averaged, and then the physical quantities are calculated. This leads
to the comment that the ﬂuctuations of ionic structures in molecular dynamics will lead to ﬂuctuations of physical quantities, which
and even the average physical quantities may be not equal to those
from static models.
The coupling parameter G and degenerate parameter q deﬁnes
the state of the matter [8], where G ¼ Z *2 =ðkB TaÞ , and q ¼ T=TF .
Here, T represents the system temperature, kB the Boltzmann
constant, a the mean ionic sphere radius deﬁned as
a ¼ ð3=4pni Þ1=3 , Z * the average ionization degree, ni the ionic
number density, and TF ¼ ð3p2 ne Þ2=3 =2 is the Fermi temperature
(ne is the electron number density). It is believed that the static
model can work well when G is not large compared to unity [22,26].
However, there is no direct physical evidence that can prove it. For
the strongly coupled matter molecular dynamics simulations are
often employed because of complex ionic conﬁgurations and the
strong interaction between ions. Since the electronic distribution is
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dependent on the ionic structure, the understanding of the inﬂuence of the ionic distributions on the physical quantities is
necessary.
Generally, two techniques, X-ray absorption near-edge spectroscopy (XANES) [5,27e30] and electrical dc conductivity
[13,31,32], can be adopted to diagnose the density-temperature
state of dense matter. Thus, the calculation of accurate results
becomes important. It has been proved that QMD is reliable for the
calculation of these properties, and can describe the ionic structures. It could be easily imagined that the whole ionic structures
would transform from long-range order to disorder with the
increase of temperature. Using QLMD, it is possible to understand
the ionic structures from warm to hot dense matter, and answer the
question how the transition from an ordered state affects the
XANES and the electrical conductivity. In this way, the applicability
of the static models at different conditions could become better
understood.
2. Theory
The description of QLMD can be found in Ref. [20e22]. From the
density functional theory (DFT), one can calculate the electronic
structure as well as the electrical dc conductivity and XANES. The
electrical conductivity can be obtained from the Kubo-Greenwood
formula [33,34], where the electron-atom, electron-ion, and electroneelectron interactions are included. The Kubo-Greenwood
formula for the electrical conductivity as a function of the
frequency u can be written as

sðuÞ ¼


X
2pe2 Z2 X

fik  fjk 
WðkÞ
3m2 uU k
i;j
2 

D  
jki bv jkj i d Ejk  Eik  Zu

ð1Þ

where U is the volume of the supercell, e and m are the electron
charge and mass, jki and Eik are the wave function and energy for
the ith band at a particular k point in the Brillouin zone, fik is the
corresponding Fermi weight and WðkÞ is the weight factor, b
v is the
velocity operator. The d function is broadened by using Gaussian
function, and the broadening parameter can be chosen according to
the rule in Ref. [13]. sðuÞ are the optical absorption spectra at low
frequency, and in particular, the value of sð0Þ is the electrical dc
conductivity at u ¼ 0.
For the calculation of XANES, one ﬁrst needs to obtain the cross
sections. In the framework of the single electron approximation,
the cross section is deﬁned as

hðuÞ ¼ 4p2 a0 Zu

X



jMi/f j2 d Ef  Ei  Zu

(2)

f

where Zu is the photon energy, a0 is the ﬁne-structure constant,
and jMi/f j are the transition amplitudes between an initial core
state jji i with energy Ei, localized on the absorbing atom site, and
an all electron ﬁnal state jjf i with energy Ef :

jMi/f j ¼

D

  E

jf bz ji

(3)

z is a transition operator coupling initial and ﬁnal states. Up
where b
z can be described by the
to the electric quadrupole approximation, b
3 $rð1 þ ði=2Þk$rÞ, where b3 and k are the polarization
formula of b
vector and the wave vector of the photon beam, respectively. Taillefumier et al. developed a reciprocal-space pseudopotential
scheme for calculating XANES based on DFT [35,36]. In their
approach, once the charge density is known, it is not necessary to
calculate empty bands to describe very high energy features of the
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spectrum. In this work, we also use this method to calculate the
XANES of carbon embedded in dense hydrogen.
3. Computational details
The properties of the dense hydrogen have always attracted
much attention due to its importance in many ﬁelds such as
superconductor [37,38]. In this work, we ﬁrstly study the transition
of ionic structure and the electrical conductivity with the increase
of temperature for dense hydrogen at a density of 10 g/cm3. Five
temperature points are adopted, which are 1000 K, 1 eV, 10 eV,
100 eV and 550 eV. The atomic radius is about 0.34 Å for hydrogen
at 10 g/cm3, and thus a norm-conserving Coulombic pseudopotential with radius cutoff of 0.01 Å is constructed. Using this
pseudopotential, the cutoff for the kinetic energy is 200 Ry to
400 Ry depending on the different temperatures. All calculations
are carried out within the framework of ﬁnite temperature DFT [39]
using the generalized-gradient approximation (GGA) [40]. The
temperature dependency of the exchange-correlation functional is
not considered here. By using the G point only for the representation of the Brillouin zone and 256 particles in a cubic supercell with
periodic boundary conditions, ionic structures are investigated by
QLMD, which has been incorporated into the Quantum-Espresso
package [21,41]. Enough empty bands are used in order to ensure
the corresponding band energies higher than 10 kB T at every
temperature point. All these parameters have been examined
carefully, and it is found that more k points, more bands, larger
energy cutoff, and more particles do not make a signiﬁcant difference p
in ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
the results. The time step used for the QLMD is
aI =ð20 kB TMI Þ [19], where aI and MI are the average ionic radius
and the ionic mass of the Ith ion, respectively. Each temperature
point was simulated for at least 1 ps temporal duration to reach
thermal equilibrium, with 5000e10000 time steps to form the
ensemble information after thermalization.
To calculate the XANES of carbon in dense hydrogen, one
hydrogen atom was substituted with a carbon atom in the supercell, and the corresponding lattice constant was enlarged using
different densities. All other parameters were similar to dense
hydrogen. The XSPECTRA code is used here [42].
4. Results and discussion
4.1. Transition of ordered structures
First, the temperature-dependent ionic structures of the dense
hydrogen were investigated. It is well-known that the ions should
transform from long-range order at the low temperature to
disorder at the high temperature [43]. In order to understand this
process, the radial distribution functions (RDF) gðrÞ at different
temperatures are shown in Fig. 1. It is clear that dense hydrogen is
an ideal crystal at low temperature of 1000 K, the lowest temperature calculated, when the ions only ﬂuctuate around their equilibrium positions. Statistically this is a long-range ordered
structure. With increasing temperature, the long-range order is
lost, and the ions exhibit the characteristics of the medium- or
short-range order at the temperature of 1 eV. By 10 eV, the ordered
structure tends to disappear. Furthermore, when the temperature
reaches 100 eV, the dense hydrogen starts to behave like an ideal
gases, where the ions are almost moving freely. At the temperature
of 550 eV, the RDF is similar to that at 100 eV; however, here the
ions act essentially ideal gas-like.
The above characteristics correspond to the ionic coupling
parameter G with values 488, 44, 4, 0.4 and 0.0077 at the
temperatures of 1000 K, 1 eV, 10 eV, 100 eV and 550 eV, respectively, which means the coupling of ions at 100 eV and 550 eV is
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Fig. 1. The RDF of dense hydrogen at a density of 10 g/cm3 and different temperatures.

weak, resulting in the ideal gas features. However, the RDF just
shows us the ionic structures statistically, and the speciﬁc details of
the local structure and its change around an ion are unknown. In
fact, the particular local structure is responsible for the physical
models we are using. In order to further explain the detailed shortordered structures, further analysis has been done to try to reveal
the existing short-range ionic structures in warm dense matter. A
global-search method is used to explore the detailed structures at
different temperatures, and ﬁnd the number of nearest atoms
within a speciﬁc distance for every atom. Similar methods are used
in the study of metallic glasses [44], where methods such as Voronoi tessellation [45] are adopted. To elaborate we ﬁrst deﬁne the
short-range ordered ionic structures as follows:

Single-atom: an atom where there is no nearest atom within the
speciﬁc distance.
Chain: A chain structure constructed by multiple atoms, whose
length is deﬁned by the number of atoms in the chain. In a chain,
every atom except the ﬁrst and last atom of the chain has only two
nearest atoms within the speciﬁc distance.
Circle: A circle structure constructed by multiple atoms, whose
length is represented by the number of atoms in a closed chain. In
the chain, every atom has only two nearest atoms within the
speciﬁc distance.
Cluster: A complex structure constructed by multiple atoms,
whose central atom has more than three nearest atoms within the
speciﬁc distance.

Fig. 2. The detailed ionic structures of one typical conﬁguration at the temperature of 10 eV. (a) and (b) are ﬁgures from the view of (100) direction and (111) direction. Some shortordered structures such as chains, circles and clusters deﬁned in the article are shown in red color. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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single %7.72
two %4.01
three %2.23

cluster %6.99
circle %1.36

four %1.17
more than four %0.71

more than four %6.41
four %5.48

circle %0.28
single %42.91

three %12.59

cluster %83.88

two %24.26

a 1 eV
cluster %2.70

b 10 eV
circle %1.73
more than four %5.81
four %2.89

cluster %1.08
circle %8.73
three %6.14

three %9.99

two %22.41

single %53.47
single %61.64

two %23.42

c 100 eV

d 550 eV

Fig. 3. The percentages of different ordered structures at different temperatures. ”single” represents the percentage of the single-atom structure; ”two”, ”three”, ”four” represent the
chain structure with two, three and four atoms, respectively; ”more than four” represents the chain structures with more than four atoms; ”circle” represents the percentage of all
circle structures; and ”cluster” represents the percentage of all cluster structures. (a)-(d) are the percentages at the temperatures of 1 eV, 10 eV, 100 eV and 550 eV, respectively.

By these deﬁnitions, the details of the ionic structures during
the molecular dynamics simulations can be quantiﬁed, and thus
can supply direct evidence for the static models. The existence of
cluster structure indicates that the interactions between multiple
ions are important, where the semiclassical models including
single-body, two-body and three-body interactions are not valid.
The percentages of different structures for all atoms are used to
show this information, and more than 5000 time steps are averaged. We deﬁne the speciﬁc distance, i.e., the cutoff, as the position
of the ﬁrst peak of the RDF at low temperatures or the position of
the largest value of the RDF at high temperatures. In order to
understand the short-range ordered structures deﬁned here, some
typical ordered structures of one typical conﬁguration at the
temperature of 10 eV are shown in Fig. 2, where two complex
clusters, one circle with three atoms, and three chains with the
lengths of 3, 4 and 5 atoms are visualized by red color. Additionally,
there are many ”single-atom” structures, and there are some chains
constructed of only two or three atoms. Similar ordered structures
are shown for different times and different temperatures, which
will be statistically averaged.
At the temperature of 1000 K, the ions statistically exhibit longrange order, and thus the complex local cluster structures take up
100%. At 1 eV, the ions show medium- or short-range order, and
thus the cluster structures are dominant, taking up about 84%, as
shown in Fig. 3(a). In this case, other structures such as chains are
not important, so that semiclassical models based on two-body or
three-body interactions are not appropriate. With increasing
temperature, the ordered structures disappear gradually, and the

occurrence of complex cluster structures diminish. At the temperature of 10 eV, the cluster structures only take up about 7%, as
shown in Fig. 3(b). At 10 eV other chain-like structures are dominant, and thus the semiclassical models such has HNC can provide
reasonable results. However, it should be noticed that the chains
are the most important ingredient in the system, and thus the
single atomic models will not be valid. When the temperature
reaches 100 eV, the ionic parameter is 0.4, indicating the interactions between ions are not strong. This corresponds to the
structures shown in Fig. 3(c), where the single-atom and two or
three-body structures are dominant, and the cluster structures
decrease further. Finally, when the temperature is 550 eV, the ions
behave much like an ideal gas, whose ionic parameter is about
0.077. The details of the structures are shown in Fig. 3(d), where
there is no chain with length of more than four. Furthermore, the
analysis show that the length of all circles is only three, indicating
that the single, two- and three-body structures comprise 99% of the
atoms. Most one and bi-atomic models [46] can be applied validly
and will yield the correct physical quantities in these conditions.
4.2. Electrical conductivity
Different ionic ordered structures would lead to different electronic physical quantities. Here, we study the change of the electrical dc conductivity and XANES. For the calculation of the
electrical conductivity, 444 k points and 0.2 eV Gaussian
broadening parameter are adopted in all cases, which have been
tested to ensure convergence. First, our model was compared with

88

J. Dai et al. / High Energy Density Physics 7 (2011) 84e90

150

a 1000 K

100

40

120

20
case 1
case 2
case 3
case 4
case 5
case 6

Time

2

c

4

6

10

8

10

2

d 100 eV

2.5

40

2

4

6

2

10

29

20

0

8

28

10

0

0

10 eV

20

10

6

50

0

12

8

30

105
90

30

b 1 eV

4

6

8

10

(eV)

0

case 1
case 2
case 3
case 4

0

2

4

6

8

10

(eV)

Fig. 4. The optical absorption at low frequency and electrical dc conductivity (inset ﬁgure) at different temperatures. (a)-(d) are the representation of the temperatures of 1000 K,
1 eV, 10 eV and 100 eV, respectively.

5

a

1000 K

b

10 eV

H-H
C-H

g(r)

4
3
2
1
2

H-H
C-H

g(r)

1.5
1
0.5
0

0

0.5

1
r (angstrom)

1.5

2
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previous results for hydrogen presented in Ref. [13,16,17] and all the
comparisons show agreement.
For long-range order at 1000 K, the conductivity is shown in
Fig. 4(a). Six different conﬁgurations (6 cases) during the molecular
dynamics simulation after thermalization were used to compare
the conductivity, and the time step between cases is 0.1 ps. It is
clear that the optical absorption spectra at low frequency differ.
Especially at frequency zero, i.e., the dc conductivities of different
cases are much different. From the inset plot in Fig. 4(a), we can ﬁnd
that the ﬂuctuation of the electrical dc conductivity is within 20%.
In fact, although the system is statistically long-range ordered, the
ions ﬂuctuate at each time step of the molecular dynamics simulation, which is consistent with the physical behavior of the system.
From the viewpoint of instantaneousness, the ionic structure is not
exactly long-range ordered, as it is a little disordered. The ﬂuctuation of ionic positions leads to the ﬂuctuation of the electrical
conductivity, and therefore, the statistical models may give results
with large uncertainties.
At the temperature of 1 eV, the system becomes medium- or
short-range ordered, and the optical properties and the conductivities for 6 conﬁgurations are shown in Fig. 4(b). The largest
ﬂuctuation between different cases is now more than 50%, indicating much violent ﬂuctuation of the ionic structures. It is very
interesting that the dc conductivity is much smaller than that at
1000 K. This can be explained by the breakdown of the long-range
order at 1 eV, as shown in Fig. 1(b) and Fig. 3(a), giving an indication
that more ordered structures result in a larger conductivity. This is
further veriﬁed when we analyze the properties at 10 eV, where the
electrical conductivities for 6 different cases are shown in Fig. 4(c).
At 10 eV, the medium range ordered structures seem to disappear,
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as shown in Fig. 1(c) and Fig. 3(b), and thus the electrical dc
conductivity is smaller than that at 1 eV. It is noted that the ﬂuctuation of conductivity at 10 eV is no more than 25%, which is also
smaller than that at 1 eV; however, this is still a signiﬁcant ﬂuctuation. This tells us there should be some short-range ordered
structures at the temperature of 10 eV, which is in agreement with
the detailed structures in Fig. 3(b). When the temperature is
increased to 100 eV the trend is altered, as the conductivity is now
larger than those at 1 eV and 10 eV, which is due to the high
temperature. Nevertheless, the electrical conductivities of 4
different cases at 100 eV are shown in Fig. 4(d), whose optical
properties at low frequency and electrical dc conductivities at
different times are much similar. In fact, the coupling parameter G
is only about 0.4 for this case and the interactions between multiple
ions are not dominant, as shown in Fig. 3(c). Therefore, the ﬂuctuation of ionic structure does not play a signiﬁcant role in the
physical quantities. When the temperature is 550 eV, the ﬂuctuation of electrical dc conductivity is even much smaller than that at
100 eV, which is consistent with the structural analyses in Fig. 3(d).
4.3. XANES
For the XANES analysis, results at two temperatures clearly
show the inﬂuence of ordered structures on the optical absorption.
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Fig. 8. XANES of C in dense hydrogen at the temperature of 10 eV.

In order to obtain the complete spectral characteristics, the
broadening parameter in XANES calculation is 0.1e0.3 eV. The
system should be long-range ordered at the temperature of 1000 K,
and disordered at 10 eV, as shown in Fig. 5. It is noticed that for the
CeH structures, the order transition is also obvious. At low
temperature the carbon atom should bond with the close hydrogen
atoms, and the environment around C will be different for different
time steps. Thus, the XANES will ﬂuctuate, as shown in Fig. 6, where
it is very clear that the positions of the second peak for different
cases are shifted. For example, for the case 2, case 3, and case 6, the
shifts of the positions (Ek) of the peaks are:

8
< Ek ðcase3Þ  Ek ðcase2Þ ¼ 0:18eV
E ðcase6Þ  Ek ðcase2Þ ¼ 0:2eV
: k
Ek ðcase6Þ  Ek ðcase3Þ ¼ 0:02eV

(4)

The reason for these shifts are due to the ionic structures of carbon,
as shown in Fig. 7,where the number of CeH bonds within a speciﬁc
radius is distinct. For example, for case 2, there are six CeH bonds,
and for case 3 and case 6, there are eight CeH bonds. This means
that the electronic environment of C atom is different between case
2 and the other two cases. It is well-known that XANES is sensitive
to the local environment of the atom, which induces the shifts of
different peaks.
When the temperature increases to 10 eV, the structure of the
peak for absorption spectra disappears (shown in Fig. 8), which also

Fig. 7. Three typical ionic structures of case 2, 3,6 used in Fig. 6 at the temperature of 1000 K.
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indicates the disordered structure corresponding to the RDF in
Fig. 5(b). However, it is noticed that the K-edges of carbon for
different cases are found to shift. This shift should result from the
short-range ordered structures, as described above. By observing
this shift one might be able to develop an alternative diagnostic for
the different structures at different times if the experimental
techniques can satisfy the requirement of ultra-fast resolvability.
From the RDF in Fig. 5, one can ﬁnd that the average volume
occupied by an ion is proportional to its charge value as assumed in
the AA model before [47].
5. Conclusion
In conclusion, the detailed ionic structure of dense plasmas
transforms from long-range order to medium- or short-range order
to disorder as the system makes the transition from cold dense
matter through warm dense matter to hot dense matter. These
ordered structures have signiﬁcant inﬂuence on the electrical dc
conductivity, optical absorption at low frequency and XANES. After
analyses, we can draw some conclusions:
First, the ordered structures are broken when temperature is
high enough, and the chain-like structures occur increasingly with
the increase of temperature.
Second, the ordered structures can enhance the electrical
conductivity of dense hydrogen.
Third, the electrical conductivity and XANES ﬂuctuate at relatively low temperature where the coupling of the ions is strong, and
this ﬂuctuation disappears when the system acts like ideal gases.
Furthermore, these ﬂuctuations present a question for all statistical
models: whether the physical quantities derived from statistical
models are consistent with the physical behavior determined using
the results from molecular dynamics simulations?
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