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Using ab initio molecular-dynamics simulations combined with linear-response theory, we calculate the
density and temperature dependence of the x-ray absorption near-edge structure �XANES� of a dense alumi-
num plasma. At solid density and for temperatures increasing up to 6 eV, we see that the XANES spectrum
loses its well-known room-temperature structure, first due to melting and second due to loss of correlation in
the liquid. Similarly, as the density decreases and the system evolves from a liquid to a plasma, the XANES
spectrum becomes less structured. As the density is further lowered and the system turns into an atomic fluid,
a pre-edge forms as the 3p state becomes bound. We suggest that direct measurements of the XANES spectra
in this density region is a unique opportunity to validate pressure ionization models routinely used in plasma
physics modeling.
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The prospect of extending the characterization of dense
plasmas and shock compressed matter to near-edge absorp-
tion spectroscopy is very appealing both from the theoretical
and the experimental sides. X-ray absorption near-edge
structure �XANES� refers to the spectral region lying about
40 eV above the absorption edge. X-ray absorption spectros-
copy is widely used, for example, in chemistry to identify
oxidation degree or in catalysis to identify the geometry of
substitution sites. In these situations, the detailed analysis of
the XANES spectra brings invaluable information on the
electronic structure as well as on the local geometry. Mea-
surements of near-edge absorption spectra of shock com-
pressed matter would potentially bring invaluable informa-
tion on the evolution of the electronic structure as the system
is subject to a significant increase in both pressure and tem-
perature. This was first realized by Bradley et al.1 who per-
formed K-edge measurements on shocked chlorine. A signifi-
cant redshift of the edge was also observed for shock
compressed aluminum.2,3

From the theoretical side, several attempts have been
made to combine electronic structure calculations with
plasma models of varying degree of sophistication to provide
a description of the near-edge absorption spectra or K-edge
photoionization position.4–6 All these models suffer, how-
ever, from an inconsistency between the two treatments as
these calculations make use of various assumptions to model
the electronic or the ionic structures. These two quantities are
difficult to obtain, especially in the dense plasma regime
where a self-consistent description of the ionic and electronic
structures is needed. It is especially true when electron
localization-delocalization and/or details of the ionic struc-
ture play an important role as, for example, in the nonmetal-
metal transition observed, among other systems, in
hydrogen,7 helium,8 or aluminum.9

The use of an ab initio electronic structure approach
based on density-functional theory combined with
molecular-dynamics simulations and linear-response theory
has been rather successful at providing, to first order, a sat-
isfying description of this complex state of matter.10 In addi-
tion to the thermodynamical properties, transport properties
consistent with the equation of state have been obtained for
aluminum in this regime. This includes electrical and thermal

conductivities,9,11,12 absorption coefficient, and Rosseland
mean opacities.13,14 These transport properties have been,
however, limited to low frequencies �below 100 eV� due to
the use of pseudopotentials.

We recently showed that ab initio simulations can be ex-
tended to calculate near-edge absorption spectra �XANES� of
dense plasmas and shocked compressed matter.15 This ap-
proach provides a first-principle description of both the elec-
tronic structure and the thermodynamical state of the system
by using large supercells. In the present work, we apply this
method to calculate the density and temperature variations in
the XANES spectrum of a warm dense aluminum plasma.
We consider densities ranging from 0.1 g /cm3, where the
system is an ionized atomic fluid to 7 g /cm3 where it is a
strongly correlated fluid and temperatures ranging from nor-
mal conditions, where the system is in a solid state to 5 eV
where the liquid turns into a plasma. We find that the dra-
matic change in the structural properties of the system results
in significant variations in the overall XANES spectrum as
well as measurable energy shifts due to the increase in den-
sity and/or temperature. We further show that the appearance
of a pre-edge in the XANES spectrum that can be associated
to the metal-nonmetal transition provides a particular rigor-
ous framework to benchmark pressure ionization models
routinely used in dense plasma modeling.

I. COMPUTATIONAL METHOD

To simulate aluminum at a given thermodynamic state, we
first perform ab initio molecular-dynamics simulations using
up to 108 atoms initially arranged in an perfect FCC lattice.
The initial configuration was propagated up to 1 ps using
time steps of 1 fs in the isokinetics ensemble where the ve-
locity are rescaled at every time step to maintain the desired
temperature. We used the abinit electronic structure code16,17

and generated a PAW �projected augmented wave� �Refs. 18
and 19� pseudopotential in the generalized gradient
approximation20 parametrization of density-functional theory
using the ATOMPAW generator.21 The PAW pseudopotential
consists in three outer electrons �3s23p1� and a cutoff radius,
rc=1.7aB. We used a plane cutoff of 15 Ha and all molecular-
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dynamics calculations were performed at the � point. The
adequacy of the pseudopotential generated was checked
against all-electron linearized augmented plane waves
�LAPW� calculations. For the equilibrium volume and bulk
modulus, we obtain, respectively, V0=16.98 Å3 /atm and
K0=81.59 GPa which compares well with all-electron cal-
culations, V0=16.48 Å3 /atm and K0=75 GPa.22

To obtain the optical response in the x-ray domain, we
select equally spaced ionic configurations along the equili-
brated part of the trajectory. We then apply linear-response
theory as expressed within the Kubo-Greenwood formulation
to the ionic configuration at hand.7,9,13 This formulation leads
to the real part of the optical conductivity expressed as

�1�k,�� =
2�

3��
�
m=1

nb

�
n=1

nb

�F��n,k� − F��m,k��

� ��	m,k��� �	n,k��2
��m,k − �n,k − �� . �1�

We employ atomic units with the electron charge e, Planck’s
constant �, and the electron mass me all set to unity. The n
and m summations range over the nb discrete bands �orbitals�
included in the cubic supercell with volume �. F��n,k� is the
Fermi weight corresponding to the energy �n,k for the nth
band for the k-point k. The total optical conductivity is ob-
tained by direct summation over all necessary k points. In
contrast to the molecular-dynamics simulations, this calcula-
tion necessitates a detailed electronic structure and k-point
convergence must be checked.

The electrical and optical properties calculated using Eq.
�1� are restricted to photon energies where the outer electrons
only participate. As shown in Ref. 15, the method is ex-
tended to the calculation of the x-ray absorption spectra by
calculating the necessary dipole matrix elements involving
core electrons within the PAW following Ref. 23. The PAW
matrix elements given by

�	m,k��� ��c� = �	̃m,k��� ��c� + �
R,

�	̃m,k�p̃R,����R,��� ��c�

− ��̃R,��� ��c�� �2�

reduce to

�	m,k��� ��c� = �
R,

�	̃m,k�p̃R,���R,��� ��c� �3�

for core electrons whose wave function vanishes outside the
PAW sphere of the absorbing atom. This assumes that the
pseudopartial wave ��̃R,� form a complete basis for the

pseudowave function �	̃m,k� within the PAW sphere. We re-
call that within the PAW formalism, the all-electron wave
function, �	m,k�, is connected to the pseudowave function,

�	̃m,k�, by the relation

�	m,k� = �	̃m,k� + �
R,

���R,� − ��̃R,���p̃R,�	̃m,k� . �4�

In Eq. �4�, R represents the sphere, �R, centered on each
atomic site.  stands for the angular momentum l, its projec-
tion, m, and the principal quantum number, n, used when
several projectors are defined. The projectors �p̃R,� vanish

outside the sphere �R. The partial waves ��R,� and the cor-
responding pseudopartial wave ��̃R,� are equal outside �R.
We also note that ��R,� form a complete basis in the spheres
�R. The core states ��c� are obtained from the all-electron
atomic calculation performed when the PAW pseudopotential
is generated.

Within single-electron theory, the dominant absorption
features of the K-XANES spectrum are described through
the excitation of a 1s electron to the unoccupied �or partially
occupied� p-like density of states. During the experimental
measurements of the XANES spectra, the system is modified
by the probe itself as an inner-shell electron is removed.

To take this effect into account, the XANES spectrum is
directly obtained using Eq. �3� in the so-called impurity
model where the final-state wave function, �	m,k�, is deter-
mined by considering the absorbing atom in an excited state.
This PAW pseudopotential is generated by using a hole in the
1s state of the atom while a regular pseudopotential is asso-
ciated to the other atoms in the supercell. We further point
out that this “excited-state” pseudopotential is generated us-
ing the same cutoff radius and projectors setting as in the
ground-state case. This calculation directly leads to the de-
scription of the final state �	m,k� and provides a simple way
for introducing the core-electron-hole interaction in the
independent-particle description used here.23,24 We note that
within this approximation, the core hole is considered as
having an infinite lifetime. The core-hole effect modifies sig-
nificantly the shape of the spectrum near the absorption
threshold and improves the description of the spectrum at
300 K compared to experiment25 �see Fig. 2 in Ref. 15�. This
observation is similar to those obtained by Gao et al.26 We
further see that the magnitude of the second maximum is
also modified. As pointed out previously by Taillefumier et
al.,23 this region of the spectrum is, however, rather sensitive
to the size of the simulation cell and improvements resulting
from the introduction of the electron-hole interaction in this
energy region may not hold when using an even bigger simu-
lation cell.

We recall that the absolute position of the K edge cannot
be formally obtained in the present model. This requires the
use of a more sophisticated model based on many-body
theory such as a combined GW and Bethe-Salpeter approach.
However, this method is computationally to expensive to be
applied to the large supercells of interest here.27

II. TEMPERATURE DEPENDENCE

In order to investigate the modifications induced by tem-
perature, we carried out calculations of the x-ray absorption
spectrum for ten different temperatures ranging from T
=700 to 60 000 K at solid density. We used a 108 atoms unit
cell for the lowest temperatures and reduced the simulation
cell to 32 atoms for 30 000 and 60 000 K. All calculations
are performed with a 2�2�2 Monkhorst-Pack k-point
mesh. We carefully tested convergence against calculations
using a 3�3�3 grid. Figure 1 shows the effect of the
k-point mesh for liquid aluminum �T=60 000 K�. We see
that increasing the number of k points above 2�2�2 does
not modify the K edge position nor the general features of
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the spectra but significantly reduces the smaller oscillations
when using an energy broadening of 0.05 hartree.

We show in Fig. 2 the XANES spectra calculated at five
different temperatures. The spectra are translated vertically
for clarity. We see in Fig. 2 that the spectra exhibit a strong
variation in shape as the temperature increases. For T
=300 K, the XANES spectra shows two broad absorption
peaks and a minimum in the absorption at 1680 eV. The first
peak shows two components. This double peaks shape per-
sists as long as the system remains solid. The aluminum
melting temperature is 933 K. For temperatures above T
=1100 K, the system melts and the two components previ-
ously pointed out in the first maximum merge. As the tem-
perature increases further, the entire peak disappears and the
minimum at 1680 eV vanishes for temperature higher than
T=2000 K. At T=5000 K, we obtain a totally flat spectrum
and one can no longer distinguish any particular feature for
the disordered system. The XANES spectra formally depend
on the local geometry of the atom involved in the x-ray
absorption transition and it is useful to consider the pair cor-
relation in this regime. We show in Fig. 3 the evolution of
the correlation function as a function of temperature. We

observe that the disappearance of the second-nearest-
neighbor peak can be associated with the disappearance of
the double peak structure in the first maximum. This second-
nearest-neighbor peak in the correlation function is associ-
ated with the fcc state and disappears as soon as the system
melts. This analysis suggests that this particular feature of
XANES spectra for solid aluminum and its disappearance in
the liquid state could be used as a signature for melting. This
may not carry over for the minimum at 1680 eV which is still
visible in the liquid at T=1100 K. This feature of the
XANES spectra appears to be more related to the correlation
in the liquid. We do not see however a clear one-to-one cor-
respondence with the degree of correlation as the structure
disappears above T=2000 K while the liquid is still corre-
lated with a maximum in the pair-correlation function around
5aB.

We now focus on the K-edge shift induced by the increase
in temperature. In a fully self-consistent calculation, the 1s
orbital energy is affected by the change in density and tem-
perature via the exchange and correlation terms in the Kohn
Sham independent-particle equation. This effect is referred to
as a chemical shift in surface physics and is routinely used to
extract information pertaining to the local environment felt
by the atom.28 In the context of dense plasma calculations,
we need to go beyond the frozen-core approximation and
introduce the energy variation in the 1s orbital with tempera-
ture. In the current work, we estimate the temperature varia-
tion in a filled 1s orbital energy by constructing a PAW po-
tential without a core �all electrons are treated as valence
electrons� and considering an fcc primitive cell for which the
calculation can be performed. The modification of the 1s
orbital energy due to the increase in temperature is summa-
rized in Fig. 4. The core-level shift starts to be significant as
the temperature reaches 10 000 K. It reaches 0.4 eV at the
highest temperature investigated here, T=60 000 K. We also
point out that this evaluation is just a first-order estimate of
the temperature dependence of the 1s energy. A fully self-
consistent calculation within the impurity model would be
required to improve on this model. This however requires to
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FIG. 1. �Color online� Effect of the k-point mesh for liquid
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relax the core at each self-consistent cycle and to reevaluate
the PAW pseudopotential on the fly. We recall that standard
electronic structure calculations use pseudopotentials ad-
justed on the isolated atom structure. As such, the core den-
sity calculated from the frozen-core orbitals are used
throughout the calculation. A procedure to relax this con-
straint and recalculate the pseudopotential consistently was
proposed in Ref. 29. The stability of such an algorithm in the
context of the impurity model and using large supercells re-
mains to be established. Using the 1s orbital wave functions
obtained considering the atom in a ground or excited states,
we further found that the 1s wave function and the resulting
XANES spectrum are not substantially affected by this en-
ergy shift. As such, we thus modified the XANES spectra by
introducing the temperature shift of the 1s orbital obtained
above.

Figure 5 shows the spectra near the K edge for six differ-
ent temperatures. As the temperature increases, the K edge is
shifted to lower energies. This modification is due to two

combined effects. First, the decrease in the Fermi energy by
4 eV when the temperature varies from 300 to 60 000 K and
second, the change in population around the Fermi energy. If
we defined the K-edge position as an arbitrary value of the
absorption coefficient �threshold=1.10−4 in this case�, we find
an additional shift of 7 eV coming from the depopulation of
states below the Fermi energy. The shape of the edge also
reflects this Fermi-Dirac distribution. For T=900 K, the
edge is sharp similar to the Fermi-Dirac distribution func-
tion. Above T=2000 K, p-like states start to be depopulated
and the K edge moves toward lower energies. As for the
Fermi level, this displacement becomes more important
when the temperature rises above T=10 000 K. We also
point out that the analysis given above could be performed
by defining a shift and a broadening as in Ref. 3. We also
note that the core-level shift tends to slightly intensify the
K-edge shift in Fig. 5 but this effect stays rather weak com-
pared to the two previously quoted.

III. DENSITY DEPENDENCE

To calculate the density dependence of the XANES spec-
tra and K-edge shift, we first evaluate the displacement of the
1s orbital with density. As for temperature, we use the all-
electron PAW potential and calculate the variation in the 1s
orbital energy for different crystallographic structures. For
the calculations shown in Fig. 6, the size of the primitive unit
cell drives the density while the temperature is kept at zero.
We see in Fig. 6 that we find no significant dependence of
the 1s orbital energy on the ionic structure used. We further
see that contrary to what was found above, the 1s orbital
energy is now significantly shifted by about 40 eV when the
density varies up to 10 g /cm3. The energy shift of the 1s
orbital found using the all-electron PAW pseudopotential is
also in agreement with calculations performed using an av-
erage atom model30 or with the all-electron LAPW
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calculations.22 As an all-electron method, the latter provides
the exact displacement of the 1s orbital energy with density.
The average atom model is routinely used to calculate the
equation of state of dense plasmas and determines, at a given
density and temperature, the atomic states occurring within
the Wigner-Seitz sphere. The agreement with the all-electron
pseudopotential calculations is further evidence that the shift
of the 1s energy is driven by the increase in density only,
with little dependence on the crystallographic structure at
hand. We further see in Fig. 6 that this variation is almost
linear and can be linearly extrapolated to the isolated atom
value.

We now turn to the effect of density on the XANES spec-
tra. We carried out calculations of the absorption spectra for
seven densities ranging from �=0.1 g /cm3 to �=7 g /cc
along the 1.5 eV isotherm �T=17 400 K�. We used 54 atoms
in the unit cell and performed all the calculations using, as
before, a 2�2�2 Monkhorst-Pack k-point mesh. Figure 7
shows the resulting x-ray spectra corrected at each density by
the energy of the 1s orbital. For all the densities studied,
aluminum is liquid and the system becomes more and more
structured as the density increases. Figure 8 shows the evo-
lution of the pair-correlation function as a function of den-
sity. At this elevated temperature, we find that there exists
almost no significant structure in the XANES spectrum as
the systems becomes more structured when the density in-
creases from normal conditions and up to 7 g /cm3.

At these densities, the most significant change along the
1.5 eV isotherm is reflected in the edge displacement. The
edge moves toward lower energies due to the competing ef-
fect of the increase in both the Fermi energy and the 1s
orbital energy. As before, we further stress that we only ap-
proximate this effect and that a fully self-consistent calcula-
tion would be required to describe the displacement from an
ab initio stand point. We further note that a direct measure-
ment of the K-edge position would provide a stringent test

for ab initio methods based on pseudopotentials and their
accuracy at high densities. While it is likely that the core
density is not significantly affected by the energy displace-
ment of the 1s orbital, a quantification of this uncertainty on
the resulting equation of state and optical properties for
dense plasmas �where all-electron approaches cannot be eas-
ily employed� is necessary.

When the density is lowered to 0.1 g /cm3, a pre-edge
peak appears. As shown previously,9,11,13 the ionization frac-
tion of the system varies from three to one as the density is
reduced from normal conditions down to 0.1 g /cm3. The
system thus evolves from having three electrons in the con-
duction band due to the effect of density to a single electron
due, this time, to the effect of temperature. This effect is also
known as pressure ionization. A calculation of the absorption
coefficient at the same density �given in Ref. 13� shows an
atomic transition that can be identified to the 3s→3p transi-
tion of the singly ionized ion at the lowest density.

We see in Fig. 7�a� that the appearance of the 1s→3p
transition translates into the formation of a pre-edge structure
in the XANES spectra at the lowest density. We also see that
the formation of the pre-edge peak can be anticipated as soon
as 2 g /cm3 by the formation of a maximum near the edge.
This indicates that the metallic electrons lose their free-
electronlike characteristic as soon as the density is lowered
below normal density. As the XANES spectrum is propor-
tional to the p component of the projected density of states
around the absorbing atom, this shows that measurements in
this regime provide a framework not only to test pressure
ionization models but also to provide detailed information on
the changes occurring in the electronic structure as the sys-
tem evolves from a simple atomic systems to a dense plasma.
We show in Fig. 7�b�, the XANES spectra at the lowest
density and two different temperatures, T=0.5 and 1.5 eV
�respectively, 5802 and 17 406 K�. For both temperatures,
the pre-edge identified as a 1s→3p like transition is clearly
visible. This suggests that the effect of the varying density on
the electronic structure could be captured experimentally
over a rather large temperature range as was the case for the
electrical conductivity measurements.11
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IV. HUGONIOT

As measurements of the K-edge shift have been made
close to the aluminum Hugoniot,3 we performed molecular-
dynamics simulations at temperatures and densities given in
Table I that match the SESAME principal Hugoniot.31 The
SESAME table 3700 provides a good description of aluminum
at the conditions described here.32 These simulations are per-
formed far enough from the melting point to reproduce ac-
curately the state of the system with a liquid at and above
5 g /cm3 and a heated fcc solid below this density. The
Hugoniot crosses the high-pressure melting line around
4.5 g /cm3 �Tm	4700 K at P=132 GPa�. Table I details
the thermodynamic conditions simulated. The ab initio spec-
tra along the Hugoniot have already been given in Ref. 15
where we obtained a structured spectra in the solid and a
rather smooth x-ray absorption in the liquid as shown above.
Figure 9 shows the variation in the K-edge shift along the
Hugoniot and a comparison with the experimental results of
Refs. 2 and 3. As previously, the K-edge position is defined
as a threshold value of the absorption coefficient �threshold
=1�10−4�. In contrast to the result given previously,15 we
have accounted for the variation in the 1s orbital energy with
both density and temperature by using the results of the pre-
vious sections. We point out that the temperature correction

to the 1s orbital remains very moderate and only reaches 0.4
eV at the highest temperature. As the temperature correction
is not consistently obtained with the density correction, we
included the latter as an error bar in the final shift given by
the size of the points in the figures.

As we move along the Hugoniot, the K edge is shifted
toward lower frequencies. This variation is the result of sev-
eral competing effects. Up to 5 g /cm3, the K-edge shift is
mostly due to density and stays below 5 eV. As the density
increases, the energy of the 1s orbital rises by 10 eV while
the Fermi level increases by 6 eV. We show in Fig. 9 a direct
comparison with the measurements. We find that the calcu-
lated K-edge shift compares well with both sets of experi-
mental data. We further note that the measurements were not
performed exactly along the principal Hugoniot and are ac-
tually reported to be at almost constant temperature �T
=1.5 eV� for Ref. 3. We further notice that the good agree-
ment with the experimental data may be improved by the
fact that there is no significant broadening due to the tem-
perature which remains below 10 000 K in this density re-
gime. These measurements thus provide a useful validation
of the approach at describing density effect for these low-
temperature conditions.

For densities above 5 g /cm3, the temperature along the
Hugoniot rises to 61 617 K. The K-edge shift sharply in-
creases to reach a value of 16 eV at the highest point inves-
tigated along the Hugoniot. Here, the shift is now due to the
combined effect of both temperature and density. At
7 g /cm3 and T=61 000 K, the shift induced by the varia-
tion in the Fermi energy and 1s orbital is around 7 eV. The
remaining 9 eV arise from the broadening of the K-edge due
to the depopulation of the levels below the Fermi energy. The
comparison with the experimental point obtained at a density
of �=6 g cm3 indicates that the calculated shift may be
overestimated at these conditions. We note, however, that the
definition of the edge comes into play as soon as the tem-
perature is significant.

This also partially explains the discrepancies with the
variation in the magnitude of the K-edge recently predicted
by a model based on an averaged-atom calculation combined
with the explicit determination of the XANES spectra in real
space. We see in Fig. 9 that this model predicts a smaller
K-edge variation along the Hugoniot as the current calcula-
tion. A direct comparison of the overall XANES spectra fur-
ther shows that the definition of the K edge alone does not
explain the discrepancies and significant differences with the
current calculation in the evolution of the XANES spectra
along the Hugoniot can be found. Moreover, the author uses
the Slater’s transition state method to evaluate the 1s energy
orbitals.6 The density effect on this energy orbitals is less
pronounced in this case. While the calculation presented here
provides a consistent description of the plasma state and the
x-ray response, the lack of agreement with the experimental
data at this highest density calls for further measurements
along the shock compressed Hugoniot. This would allow to
access and validate the calculation of the effect of both the
temperature and densities on the XANES spectrum and the
associated K edge.

TABLE I. Computed temperature, pressure, and density of alu-
minum along the principal Hugoniot.

T �K� P �GPa� � �g cm3�

900 50 3.5

2500 100 4.0

9863 250 5.0

28313 550 6.0

42470 750 6.5

61617 950 7.0

2 3 4 5 6 7 8
Density (g/cc)

-15

-10

-5

0

Sh
if

t(
eV

)

ab initio
exp (T.A. Hall et al.)
exp (B.K. Godwal et al.)
O. Peyrusse

T=9863K

T=42470K

T=61617K

T=2500K

FIG. 9. �Color online� Comparison of the K-edge shift with the
experimental measurements �Refs. 3 and 5�.

V. RECOULES AND S. MAZEVET PHYSICAL REVIEW B 80, 064110 �2009�

064110-6



V. CONCLUSION

In summary, we calculated the XANES absorption spectra
and K-edge shift of dense plasmas based on first-principle
electronic structure calculations and molecular-dynamics
simulations. We used the impurity model by introducing an
impurity in the supercell with a PAW atomic data generated
with a hole in the 1s shell. We showed that calculations of
the K-edge shift require going beyond the frozen-core ap-
proximation and provide a stringent test for the accuracy of
pseudopotential-based methods at describing matter under
extreme conditions of temperature and density.

We carefully analyzed the variations in the XANES spec-
trum as a function of increasing density and temperature. For
aluminum, we found that some structure in the first maxi-
mum near the edge may be used to quantify the solid-liquid

phase transition which may prove difficult to identify with
current experimental accuracy. While the disappearance of
the second maximum of the XANES spectrum is related to
the loss of correlation in the liquid, there is no one-to-one
correspondence between the two. Finally, we found that the
transition from a dense plasma to an ionized atomic fluid is
related to the formation of a pre-edge. Measurements in this
temperature-density domain would provide stringent test to
current modeling of pressure ionization in dense plasmas.
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