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We develop a first-principles approach to calculate the near-edge absorption spectrum of dense plasmas

based on density functional electronic structure calculations and molecular dynamics simulations. We

apply the method to the calculation of the K-edge shift along the aluminum shock compressed Hugoniot.

We obtain a good agreement with measurements performed at moderate compression and find that the

variation of the XANES spectra could be used as a signature for melting along the Hugoniot. We also

show that the calculation of the K-edge shift along the Hugoniot formally requires a fully self-consistent

calculation beyond the frozen-core approximation and provides an opportunity to test the accuracy of first

principle simulation methods in the high-pressure high-temperature regime.
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The thermodynamical range corresponding to several
times normal density and temperature of several eVs,
where solids turn into dense plasmas, is of considerable
interest to various fields of physics including geophysics,
condensed matter, high-pressure physics, dense plasmas,
and astrophysics. In this regime, the physical properties of
various compounds are key ingredients in the modeling of
various systems ranging from ICF capsules, the earth inner
core, or the interior of Jupiter. With the recent advances of
compression techniques using high power lasers or Z
pinch, the equation of state, the electrical and optical
properties of various materials ranging from the simplest
systems such as hydrogen and helium to more complicated
ones such as carbon, iron, or fused silica are continuously
characterized both along and off the principal Hugoniot
[1,2]. From the theoretical side, the use of ab initio elec-
tronic structure approach based on density functional the-
ory (DFT) combined with molecular dynamics simulations
and linear response theory has been rather successful at
providing, to first order, a satisfying description of this
complex state of matter [3]. However, the transport prop-
erties calculated have been so far limited to low frequen-
cies (below 100 eV).

In this context, the prospect of extending the character-
ization of dense plasmas and shock compressed matter to
near edge absorption spectroscopy is very appealing both
from a theoretical and an experimental side. As realized by
Bradley et al. [4], measurements of near edge absorption
spectra of shock compressed matter brings invaluable in-
formation on the evolution of the electronic structure as the
system is subject to a significant increase in both pressure
and temperature. These first measurements of the K-shell
photo-absorption edge of shocked compressed chlorine
were followed by others on aluminum where a significant
red shift of the edge was also observed [5,6]. From the
theoretical side, several attempts have been made to com-
bine electronic structure calculation with plasma models of
varying degree of sophistication to provide a theoretical
description of the near edge absorption spectra or K-edge

photo-ionization position [7–9]. All these models suffer,
however, from an inconsistency between the two
treatments.
We show in this Letter that ab initiomolecular dynamics

simulations can be extended to calculate near-edge absorp-
tion spectra (XANES) of shocked compressed matter and
dense plasmas. This approach provides a first-principle
description of both the electronic structure and the ther-
modynamics state of the system by using large supercells.
We apply the method to the calculation of the XANES
spectra and K-edge shift of shock compressed aluminum
which was measured experimentally.
To simulate aluminum along the principal Hugoniot, we

first performed ab initio molecular dynamics simulations
using 108 atoms initially arranged in an perfect fcc lattice.
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FIG. 1 (color online). Comparison between the SESAME
Hugoniot and the ab initio calculations for Al.
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The initial configuration was propagated up to 1 ps using
time steps of 1 fs in the isokinetics ensemble where the
velocity are rescaled at every time step to maintain the
desired temperature. We used the ABINIT electronic struc-
ture code [10] and generated a PAW (Projected Augmented
Wave) [11] pseudopotential in the GGA-PBE [12] parame-
trization of density functional theory using the atompaw
generator [13]. The PAW pseudopotential constructed has
three outer electrons (3s23p1) and a cutoff radius, rc ¼
1:7aB. The adequacy of the pseudopotential generated is
checked against all electron calculations [14].

The ab initio simulations were performed at the � point,
using a plane wave cutoff of 15 Ha, and at temperatures and
densities matching the SESAME principal Hugoniot [15].
The SESAME table 3700 provides a good description of
aluminum at the conditions investigated here [16]. Figure 1
shows the comparison with the ab initio results. The agree-
ment between the ab initio and SESAME pressures along
the Hugoniot indicates that the PAW pseudopotential gen-
erated allows for a proper description of the aluminum
thermodynamics properties and equation of state in this
regime. The simulations are performed far enough from the
melting point to reproduce accurately the state of the
system with a liquid at 5 g=cm3 and above and a heated
fcc solid below this density [17]. Furthermore, while the
cutoff chosen for the pseudopotential does not formally
allow to reach the highest density, the overlap between the
PAW spheres remains very moderate and does not translate
in any perceptible deterioration of the thermodynamic
quantities calculated at this particular condition.

To obtain the optical response in the x-ray domain along
the aluminum principal Hugoniot, we select equally spaced
ionic configurations along the equilibrated part of the
trajectory. We then apply linear response theory as ex-
pressed within the Kubo-Greenwood formulation to the
ionic configuration at hand [18,19]. This formulation leads
to the real part of the optical conductivity expressed as

�1ðk;!Þ¼ 2�

3!�

Xnb

j¼1

Xnb

i¼1

X3

�¼1

½Fð�i;kÞ

�Fð�j;kÞ�jhc j;kjr�jc i;kij2�ð�j;k��i;k�!Þ:
(1)

We employ atomic units, with the electron charge e,
Planck’s constant @, and the electron mass me all set to
unity. The i and j summations range over the nb discrete
bands (orbitals) included in the triply periodic calculation
for the cubic supercell volume element �. The � sum is
over the three spatial directions. Fð�i;kÞ is the Fermi weight

corresponding to the energy �i;k for the ith band for the

k-point k. The total optical conductivity is obtained by
direct summation over all necessary k-points.

Because of the use of a pseudopotential, the electrical
and optical properties calculated using Eq. (1) are re-
stricted to photon energies where the outer electrons only
participate. To extend the method to the calculation of the

x-ray absorption spectra, we developed the calculation of
the necessary dipole matrix elements involving core elec-
trons within the PAW (projected augmented wave) follow-
ing Ref. [20]. The PAW matrix elements given by

hc m;kj ~rj�ci ¼ h ~c m;kj ~rj�ci þ
X

i

h ~c m;kj~piiðh�ij ~rj�ci

� h ~�ij ~rj�ciÞ; (2)

reduces to

hc m;kj ~rj�ci ¼
X

i

h ~c m;kj~piih�ij ~rj�ci; (3)

for core electrons whose wave function vanishes outside
the PAW sphere of the absorbing atom. This assumes that

the pseudo partial wave j ~�R;ni form a complete basis for

the pseudowave function j ~c i;kiwithin the PAW sphere. We

recall that within the PAW formalism, the all-electron wave
function, jc i;ki, is connected to the pseudowave function,

j ~c i;ki, by the relation

jc i;ki ¼ j ~c i;ki þ
X

R;n

ðj�R;ni � j ~�R;niÞh~pR;nj ~c i;ki: (4)

In Eq. (4), R represents the sphere, �R, centered on each
atomic site. n stands for the angular momentum l, its
projection, m, and the principal quantum number, n, used
when several projectors are defined. The projectors j~pR;ni
vanish outside the sphere �R. The partial waves j�R;ni
and the corresponding pseudo partial wave j ~�R;ni are

equal outside �R. We also note that j�R;ni form a com-

plete basis in the spheres �R.
The XANES spectrum is directly obtained using Eq. (3)

in the so-called impurity model where the final state wave
function, jc m;ki, is obtained by using an excited state
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FIG. 2 (color online). (a) Calculations of the XANES spectrum
at normal conditions considering the absorbing atom in a ground
or excited state. (b) Experimental results [24].
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pseudopotential for the absorbing atom. This pseudo-
potential is generated by using a hole in the 1s state of
the atom while a regular pseudopotential is associated to
the other atoms in the supercell. This calculation directly
leads to a calculation of the final state jc m;ki and provides
a simple way of introducing the core electron-hole inter-
action in the independent particle description used here
[20].

Figure 2 shows the resulting x-ray spectrum for the case
of aluminum and using the isolated atom 1s state wave
function and energy. We compare this spectrum with a
calculation using the initial state wave function where the
resulting cross section is obtained by considering all the
atoms in the simulation cell as absorbing ones. The result-
ing cross section, plotted in Fig. 2(a), is the average of
these various contributions. The two calculations differ
first by the position of the K-edge due to the different
eigenvalues for the 1s orbitals corresponding to a ground
and excited atom. This difference is, however, not signifi-
cant as in either case the absolute position of the K-edge
can not be obtained in the present model. This would
require in addition the use of a combined GW and Bethe-
Salpeter approach which is computationally to expensive
to be applied to the large supercells of interest here [21].

The calculation using a hole in the 1s state of the
absorbing atom provides an improved description of the
first maximum in the XANES spectrum when compared to
the experimental measurements shown in Fig. 2(b).
However, this does not translate into the liquid state which
is less structured and does not show as much difference
between the two calculations. Furthermore, as we are
interested here in the variation of the K-edge along the
Hugoniot, we also need to consider the variation of the 1s
orbital energy as both the pressure and temperature
increase.

In a fully self-consistent calculation, the 1s orbital en-
ergy is affected by the change in density and temperature
via the exchange correlation term in the Kohn Sham inde-
pendent particle equation. This effect is referred to as a
chemical shift in surface physics and is routinely used to
extract informations pertaining to the local environment
felt by the atom [22]. In the context of dense plasma
calculations, we need to go beyond the frozen-core ap-
proximation and introduce the energy variation of the 1s
orbital along the Hugoniot. In the current work, we esti-
mate the density variation of a filled 1s orbital energy by
constructing a PAW pseudopotential without a core and
considering an fcc and bcc primitive cell for which the
calculation can be performed. We found that this variation
is independent of the crystallographic structure which sug-
gests that it is a first order estimate appropriate for the
liquid. To evaluate this variation for an excited atom in the
impurity model is more ambiguous as a primitive cell is no
longer representative of the system. As we are interested in
the variation of the K-edge rather than the structure of the
XANES spectrum, we choose to calculate the latter with-

out considering a hole in the 1s shell of the absorbing atom
as in this case, we can better quantify the variation in
density of the 1s orbital energy. In addition, while the
calculations using only the gamma point are well con-
verged in the liquid phase, we found that adding k-points
only slightly modifies the heights of the maxima for the
solid phase. The variations observed are, however, much
smaller than the ones obtained when using the absorbing
atom in a ground or excited state.
Figure 3 shows the variation of the XANES spectrum

calculated at the seven thermodynamical conditions men-
tioned previously and corrected for the variation of the 1s
orbital energy. We distinguished in Figs. 3(a) and 3(b) the
results corresponding to the solid and liquid phases, re-
spectively. At 5 g=cm3, we calculate the x-ray spectrum
using snapshots from trajectories where the system was a
superheated solid or in the liquid phase. Figure 3 shows
that the XANES spectra preserve sharp structures in the
solid phase due to the higher symmetry of the system and
up to the highest density and temperature. This contrasts
with the liquid phase where the spectra are far less struc-
tured at all the densities explored. This suggests that the
disappearance of the maxima in the XANES spectrum may
be used as a signature for melting along the Hugoniot and
at high density and temperature conditions. The calcula-
tions are performed using 2000 bands which allows to
converge the spectra shown to about 40 eV above the
edge and also explains the sudden drop seen at large
frequencies.
As we move along the Hugoniot, we see that the K-edge

is gradually shifted to lower frequencies. This variation is
the result of several competing effects. Figure 4(a) sum-
marizes the variation of the various contributions. We see
that the 1s orbital energy varies by about 20 eV for the
density range investigated. We further point out that this
calculation was performed at zero temperature and as such
neglects any additional shift that could be due to tempera-
ture. The increase in Fermi energy is more moderate and is
about 2 times smaller. Figure 4 also shows the variation of
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FIG. 3 (color online). (a) XANES spectra near the K-edge in
the solid (a) and liquid (b) phases along the principal Al
Hugoniot.
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the K-edge position defined as a threshold value of the
absorption coefficients shown in Fig. 3 (�threshold ¼ 1�
10�6).

For temperatures below 10 000 K, we see that the shift in
the K-edge position is essentially a density effect and stays
below 5 eV. We show in Fig. 4(b) a comparison with the
measurements performed for aluminum [6]. We see that we
have an overall good agreement with the measurements.
We point out that the measurements are not performed
along the principal Hugoniot. The comparison with the
ab initio calculations along the principal Hugoniot is,
however, still meaningful as the K-edge shift is only
weakly dependent on temperature for these conditions.
For densities above 5 g=cm3, where the temperature along
the Hugoniot rises to 5.85 eV, the K-edge shift sharply
increases to reach a value of 15 eV at the highest point
investigated along the Hugoniot. Here, the shift is due to
the increase in temperature and the associated depopula-
tion of the states below the Fermi energy. We also point out
that the results obtained also appear to be in quantitative
agreement with the prediction of previous theoretical mod-
els [5–8], and a detailed comparison will be conducted
elsewhere.

An additional shift not included in the calculation could
also be due to the effect of temperature on the 1s energy.
Experimental measurements in this region would provide
useful information on, first, the accuracy of pseudo-
potential calculation at high temperature and densities
but also on the adequacy of the finite temperature DFT as
the latter will formally bring an additional shift of the
K-edge which could be accessed experimentally.
Approaches have been recently proposed in the context
of surface physics to relax the core orbitals self consis-
tently [23]. This may allow us to account for both density
and temperature effects on the 1s orbital energy position

along the Hugoniot and needs to be investigated further in
both the impurity model and in the context of dense
plasmas where we use large supercells.
In summary, we developed an approach to calculate the

K-edge shift and the XANES absorption spectra of dense
plasmas based on first-principle electronic structure calcu-
lations and molecular dynamics simulations. The calcula-
tions reproduce the earlier measurements of the K-edge
shift for moderately compressed aluminum. The calcula-
tions also indicate that the variation of the XANES spec-
trum could be used as a signature for melting along the
Hugoniot. We also show that the calculation of the K-edge
shift requires to go beyond the frozen-core approximation
and provides a stringent test for the accuracy of DFT
calculations at high temperatures.
The authors wish to acknowledge fruitful discussions
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FIG. 4 (color online). (a) Individual contributions to the
K-edge shift along the principal Hugoniot. (b) Comparison of
the K-edge shift with the experimental measurements [6].
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