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A liquid carbon (l-C) sample is generated through constant volume heating exposing an amorphous
carbon foil to an intense ultrashort laser pulse. Time-resolved x-ray absorption spectroscopy at the C K
edge is used to monitor the dynamics of the melting process revealing a subpicosecond rearrangement of
the electronic structure associated with a sudden change of the C bonding hybridization. The obtained l-C
sample, resulting from a nonthermal melting mechanism, reaches a transient equilibrium condition with a
temperature of about 14 200 K and pressure in the order of 0.5 Mbar in about 0.3 ps, prior to hydrodynamic
expansion. A detailed analysis of the atomic and electronic structure in solid-density l-C based on
time-resolved x-ray absorption spectroscopy and theoretical simulations is presented. The method can be
fruitfully used for extending the experimental investigation of the C phase diagram in a vast unexplored
region covering the 103–104 K temperature range with pressures up to 1 Mbar.
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Understanding the properties of elements at high
pressures and temperatures [1–4] is one of the main
problems in the physics of materials under extreme con-
ditions. The motivations to tackle such a challenging
research are both technological and scientific, as for the
case of carbon. Carbon and its compounds are being
increasingly employed as structural materials for high
temperature devices with applications in nuclear technol-
ogy, space launch programs as well as for scientific
instrumentation [5]. On the other hand carbon, one of
the most abundant elements in the universe, can be
naturally found under extreme conditions in the astro-
physical context, as in planet cores [6,7]. Remarkably,
research on extrasolar planets, recently rewarded with the
Nobel prize in physics, has predicted [8] and demonstrated
[9] the existence of carbon-based exoplanets using models
developed for carbon in extreme environments.
Among the diverse condensed forms of carbon that are

stable under high pressure and temperature, the liquid
phase is probably the most difficult one to study. So far,
many theoretical works have simulated liquid carbon (l-C),
not rarely with controversial results. Calculations are aimed
at shedding light on the structural properties of l-C at the
atomic scale [10–16] as well as clarifying speculations
about its polyamorphism [17,18]. Many efforts have been
devoted to predict the phase boundaries in extended
regions of the carbon phase diagram [19–22] with parti-
cular interest on the diamond-liquid coexistence line.
Unfortunately, experimental corroboration of theoretical
findings is still not exhaustive. Indeed, access to l-C in the

laboratory under stationary conditions is practically unfea-
sible due to the very high melting point (about 4800 K)
[19–21] and the carbon tendency to sublimate at low
pressures and high temperatures [23]. These difficulties
can be partially circumvented using dynamic techniques
like shock-wave compression [24,25], proton- [23] and
laser-driven heating [26,27]. However, typical drawbacks
with these approaches are the poor time resolution,
inappropriate for monitoring transient phases, as well as
the scarce control of the temperature [5] and thermo-
dynamic state of the sample. For example, surface expan-
sion velocity in fs-laser heated a-C has been recently found
in reflectivity experiments to exceed 15000 m=s [28], an
order of magnitude larger than previously estimated
by optical interferometry measurements [26]. Therefore,
access to the sub-ps temporal window is definitely required
in fs-laser heating approach to monitor the formation of l-C
under controlled constant volume conditions.
In this Letter, we present a study on pressurized l-C

based on time-resolved x-ray absorption spectroscopy
(TRXAS) [29] measurements complemented by DFT
(density functional theory)-based, two-temperature model,
molecular dynamics (MD) simulations. Our approach is to
reach the l-C regime through fs-laser heating [26]
monitoring the formation of the liquid phase prior to
hydrodynamic expansion (t≲ 0.5 ps) with a novel free
electron laser (FEL) jitter-free pump-probe scheme [30].
The method gives valuable access to the sub-ps time
resolution in XAS demanded for revealing ultrafast
changes in the electronic structure of materials. We show
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how the TRXAS technique, operated at the C K edge
(284.2 eV), can be used to unveil the unknown evolution of
both the near-continuum unoccupied p electronic states and
sample temperature [31] upon a-C melting. The simula-
tions, performed with the code for highly excited valence
electron systems (CHIVES) [32–34], are used to predict
modifications of the atomic and electronic structure of the
excited C sample thus validating and complementing the
information provided by TRXAS. We show, for the first
time, that a solid-density l-C phase forms in the excited
sample volume, about 0.3 ps after laser exposure, resulting
from a nonthermal melting process and subsequent excep-
tionally fast thermalization of the electron and ionic
subsystems. This gives us the opportunity of studying
l-C under controlled conditions of temperature, pressure,
and density.
The experimental part of this study has been conducted

at the EIS-TIMEX beam line of the FERMI FEL facility
(Trieste, Italy), complemented by additional XAS room
temperature measurements of a-C [35] at the CNR-IOM
BEAR beam line of the Elettra synchrotron (Trieste, Italy)
[36]. In both cases, XAS has been carried out in trans-
mission geometry. FEL TRXAS experiments were
performed in single-shot pump-probe mode [26] delivering
an intense laser pulse (wavelength 390 nm, duration
50–80 fs, fluence 0.4 J=cm2) onto a self-standing amor-
phous carbon (a-C) foil of thickness 80 nm produced
through evaporation (estimated density: 2.0 g=cm3

[26,37,38]) by the Lebow Company. In Fig. 1(a) the
XAS of room temperature a-C across the C K edge is
shown as measured at the synchrotron (blue curve) and
FEL (black circles). FEL XAS measurements at FERMI do
not require any monochromator as the typical relative
spectral bandwidth at the C K edge (Δλ=λ ≈ 10−3) and
the fine wavelength tunability [39] are already appropriate
for XAS.
Figure 1(b) shows the measured laser-induced trans-

mission variation (ΔT=T) at the FEL photon energies
depicted in Fig. 1(a). In the explored spectral window
(280.7–305.6 eV), including the CK edge, the transmission
variation is extremely pronounced (more than 20% for
some photon energies). Notably, all transmission variations
of Fig. 1(b) appear to rapidly reach their asymptotic limits
after about 0.5 ps. The experimental points in Fig. 1(b) are
interpolated by exponential curves that are used to calculate
the XAS spectrum α�ðE; tÞ for given time delays using
the XAS room temperature spectrum αðE; t0Þ as initial
boundary condition. In this procedure, we assume
negligible sample reflectivity (a-C refractive index is 1
for 300 eV photons [40]) thus obtaining: α ¼ − logðTÞ.
Moreover, we take into account that only a fraction of the
sample foil can be efficiently heated by an intense
fs-laser pump [41]. For low fluences the attenuation length
of 390 nm photons in a-C is about 35 nm [42], shorter than
the nominal thickness of the sample. In the applied fluence

regime, the attenuation length is expected to further
contract during the absorption of the pump pulse as an
effect of the electron-hole plasma-induced opacity in the
visible range [27]. Furthermore, XAS in transmission
geometry probes both the hot front and cold rear side of
the sample. Therefore we assume that, at any time, the
measured spectrum αðE; tÞ is actually a linear combination
of the unperturbed room temperature spectrum αðE; t0Þ and
a time-dependent hot spectrum α�ðE; tÞ [41]:

αðE; tÞ ¼ cαðE; t0Þ þ c�α�ðE; tÞ; ð1Þ

where c ¼ 1 − c�. Equation (1) is a crude approximation of
the real case, tolerable as αðE; tÞ is a mean spectrum, that
allows us to minimize the number of unknown parameters.
The adoption of more sophisticated time-resolved temper-
ature profiles implies more assumptions and, finally, in our
opinion, does not guarantee a more realistic evaluation of
the excited spectrum. Our assessment, carried out compar-
ing the l-C unoccupied density of p states computed
by CHIVES with α� spectra for different values of c�
[43], is that the a-C specimen undergoes effective volu-
metric heating up to about 70% of the nominal attenuation

(a)

(b)

FIG. 1. (a) Solid blue line: unperturbed a-C absorption spectrum
(BEAR); black circles: same spectrum measured at FERMI (EIS-
TIMEX); solid red line: l-C spectrum 0.52 ps after laser exposure.
(b) Time-resolved relative transmission variation, averaged over 5–
15 single shot measurements, at selected FEL photon energies.
Error bars are the standard deviation of the mean. Solid lines are
best fit exponential curves for positive delays.
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length (c� ¼ 0.31, melting depth about 25 nm). Under
these assumptions, about 50% of the pump optical energy is
deposited in the excited volume leading to an average
absorbed energy density of about 5 eV=atom (∼40 MJ= kg).
Figure 1(a) depicts the hot sample XAS spectrum (red

curve) α�ðE; t̄Þ, after t̄ ¼ 0.52 ps from laser exposure, as
obtained using Eq. (1). The hot spectrum profile is
compatible with that of pressurized liquid carbon [26].
The temperature of the obtained l-C specimen can be fairly
well estimated from the 0.21 eV−1 edge slope in the XAS
spectrum, resulting in a temperature of about 1.2 eV
(1 eV ≃ 11605 K) [31,43]. Figure 2 represents in detail
the time evolution of the XAS spectrum following laser
excitation, reflecting the ultrafast spectral change shown in
Fig. 1. The high energy part of the spectrum (> 290 eV),
sensitive to sp2 in-plane bonding abundant in a-C [16,26],
gradually and monotonically decreases in less than 0.15 ps.
The spectral dynamics across the K edge is affected by
both the increase of sp1 hybridization expected to be pre-
dominant in l-C [10,14] and fluctuation of the electron
temperature [31]. TRXAS can not discriminate between the
two processes, however the near-edge spectrum indicates
that both of them take place in less than 0.5 ps. In particular,
the slope of the absorption edge does not exhibit tangible
changes after 0.3 ps, suggesting that the electron tempera-
ture reaches its asymptotic value in that temporal scale.
From this qualitative analysis of the XAS dynamics, we
deduce that the melting process of a-C occurs within a few
hundreds of femtoseconds.
The nature of the revealed ultrafast spectral changes

associated with the formation of a l-C sample is further
investigated through the CHIVES code [34]. The computa-
tional method [43] constitutes an extension of the two-
temperature-MD approach [44] to finite-temperature DFT-
based MD, thus including ultrafast thermal and nonthermal
effects. It is based on the local density approximation [45],
atom-centered Gaussian basis set [46], relativistic

pseudopotentials [47,48] and periodic boundary condi-
tions. This approach presupposes that the electron thermal-
ization process is widely faster than electron-phonon and
phonon-phonon interactions that trigger the dynamics
subject of this study. Therefore, in the simulation the
electron subsystem is considered as already thermalized
and the computing resources are focused on calculating the
energy exchange between electrons and lattice as well as
phonon-phonon interactions. The MD supercell consists of
512 carbon atoms with a density of 2.0 g=cm3, generated
using the scheme described in [49]. Excitation by a
Gaussian laser pulse (FWHM: 25 fs) that leads to a final
absorbed energy density of about 5.2 eV=atom was simu-
lated by a time-dependent increase of the electron temper-
ature. The supercell volume is kept constant during
simulations to reproduce the isochoric heating experimen-
tal conditions. The response of the supercell is simulated
through MD obtaining the interatomic forces as the
gradients of the computed multidimensional laser excited
potential energy surface (PES). The thermalization process
of the electron and lattice subsystems is critically affected
by the electron-phonon coupling parameter G [50] imple-
mented in the code. The actual value of G for C under the
simulated conditions is not known, therefore we have
empirically set G to the value of about 17 ×
1018 Wm−3K−1 that accounts for the equilibration time
of about 0.3 ps deduced from TRXAS.
Figure 3(a) shows the computed dynamics of the

electron and ion temperatures in the carbon sample.
A nonequilibrium regime persists for about 0.3 ps, with

FIG. 2. Time evolution of the a-C absorption spectrum α�ðE; tÞ
after laser exposure leading to l-C. Colored spectra refer to 0.0,
0.05, 0.15, 0.25, 0.52 ps time delays. Uncertainty affecting
α�ðE; tÞ is around 5%.

(a)

(b)

FIG. 3. CHIVES numerical simulation of fs-laser heated a-C:
(a) electron (Te) and ion temperature (Ti), nominal melting
temperature of pressurized C (Tmelt), representation of the pump
pulse used in the simulations; (b) time dynamics of the pDOS
across the Fermi level (set to zero in the energy scale). Colored
spectra as in Fig. 2.
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a maximum electron temperature of about 3.2 eVand a final
equilibrium temperature of about 1.2 eV. The electron
temperature rise time of about 50 fs is comparable with that
of fs-laser heated Cu [51] and Ge [41]. On the contrary, the
thermalization time is exceedingly faster than in Cu
(τ > 8 ps) and Ge (τ ∼ 2 ps). The calculated density of
p electronic states (p DOS) shown in Fig. 3(b) undergoes a
drastic rearrangement in less than 0.1 ps, consisting in a rise
of the density of states across the Fermi level and a decrease
10–15 eVabove that level, in very good agreement with the
TRXAS findings, provided the Fermi level is set on the K
edge. Notably, from Fig. 3, it is evident that the change in
the electronic structure is faster than the thermalization time
of the electron and ion temperatures. Actually, the onset of
p-DOS changes occurs before the ion temperature reaches
the nominal melting point [4800 K, 0.414 eV, dashed line in
Fig. 3(a)].
We obtain the unoccupied p-DOS states of C for a given

time delay by multiplying the p DOS computed with
CHIVES [Figs. 3(b) and 4(b)] by 1 − fðEÞ, where fðEÞ is
the Fermi-Dirac electron distribution function [Fig. 4(a)]
[29]. For this calculation, DFT-based simulations with
CHIVES indicate that the chemical potential in fðEÞ can
be considered as a constant. Figure 4(c) shows the
unoccupied p DOS of l-C for t ¼ 0.52 ps, convoluted
with a Gaussian of 0.3 eV FWHM to account for the
experimental resolution broadening which is expected to
be larger than the s core hole lifetime broadening in carbon.
K-edge XAS directly probes, for dipole selection rules, the
unoccupied p DOS that approaches, in C, the total DOS
across the Fermi level. Core-hole exciton effects are likely
suppressed by Coulomb screening, especially after sample
ultrafast melting and concomitant massive electron de-

localization, therefore the absorption spectra mainly reflect
the profile of the unoccupied p DOS. Calculation of
time-dependent transition dipole matrix elements is not
included in the simulations as computationally unachiev-
able. In Fig. 4(c) the l-C absorption spectrum (subjected to
removal of linear preedge absorption background, energy
offset of 283.2 eV and finally scaled by a factor 0.011)
nicely matches the calculated unoccupied pDOS across the
Fermi level, indicating that both the electronic structure and
temperature value computed by CHIVES for l-C are
realistic. Effective pressure exerted on a sample upon
isochoric laser heating is mainly due to the anharmonic
ionic motion [27]. A carbon sample with density 2.0 g=cm3

subjected to constant volume heating up to a temperature of
1.2 eV, is expected to reach a pressure of about 0.5 Mbar
[27,43]. Those thermodynamic conditions persist in the
bulk part of the excited sample volume for some hundreds
of femtoseconds [27,28] that is the time window explored
in this study.
The transformation of the electronic structure revealed

by TRXAS and CHIVES induces a profound ultrafast
rearrangement of the local atomic structure. Figure 5
presents a summary of the evolution of relevant physical
quantities associated with the carbon atomic structure,
computed by CHIVES. Figures 5(a) and 5(c) show the
pair g2ðrÞ and angular g3ðθÞ distribution function,

(a)

(b)

(c)

FIG. 4. CHIVES calculations on l-C 0.52 ps after laser pump
exposure: (a) electron distribution function (Fermi-Dirac) from
Fig. 3(a); (b) related p DOS and occupied electronic states;
(c) unoccupied p DOS compared with scaled TRXAS of l-C,
α�ðE; t̄Þ, t̄ ¼ 0.52 ps [Fig. 1(a)].

(a)

(b)

(c)

(d)

(e)

FIG. 5. CHIVES calculations: (a) pair correlation function
g2ðrÞ; (b) height of the first peak; g2ðr0Þ, r0 ¼ 1.43 Å; (c) angular
distribution function g3ðθÞ; (d) ion distribution as a function
of the coordination number; (e) height of the main peaks in
panel “d.”
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respectively. Disordering of the atomic structure is already
evident after 0.05 ps associated with both a pronounced
broadening of the g2 and g3 main peaks and the stretching
of the first neighbor average distance from 1.47 to 1.62 nm.
After only 0.07 ps, the g2 profile resembles that of a liquid.
Further adjustment of g2 (compression of the first neighbor
distance to about 1.5 Å) and g3 distributions (additional
broadening) is noticeable between 0.1 and 0.5 ps upon
thermalization of the electron and lattice subsystem and
related pressurization. Figure 5(b) shows the time evolution
of the first peak height of g2 indicating that the local atomic
order rearranges simultaneously with the electronic struc-
ture as reported in Fig. 3(b). Figures 5(d) and 5(e) show
how the coordination number evolves in time, providing
confirmation of the TRXAS qualitative analysis. The sp2

hybridization of the a-C structure rapidly disappears
triggering the ultrafast structural rearrangement reported
in Figs. 5(a) and 5(c) that leads to l-C with a prevalence of
sp1 hybridization. Experimental and theoretical findings
indicate that the time scale for a-C melting is about 0.1 ps,
well before completion of the energy transfer from elec-
trons to ions. Moreover, calculations indicate that melting
initiates prior to a significant lattice temperature increase.
Consequently, the nature of the observed melting dynamics
is likely nonthermal. This means that the local atomic
order in a-C, dominated by sp2 bonding, collapses as a
consequence of the ultrafast PES modification and rapid
increase of free electron density, similarly to what occurs in
semiconductors [52,53].
In conclusion, employing our combined experimental

and theoretical approach, we succeeded in obtaining access
to the electronic and atomic structure of liquid carbon at
about 1.2 eV (14 200 K), 0.5 Mbar and 2.0 g=cm3. Under
those extreme conditions, monitored by FEL XAS with
unprecedented sub-ps time resolution, the atomic structure
of l-C is dominated by chainlike structures, resulting from
sp1 hybridization, with average C-C distance of about
1.5 Å. The electron distribution is well described, also
under nonequilibrium regime, by a Fermi-Dirac function
with constant chemical potential. The abundance of unsatu-
rated bonds and related high density of states across the
Fermi level indicate that the liquid has metallic character.
Our study reveals that fs-laser-driven l-C results from
ultrafast nonthermal melting of a-C, occurring in about
0.1 ps, probably without superheating of the ion subsystem.
The collapse of the local atomic order is a direct and
immediate consequence of the rearrangement of the elec-
tronic structure and the related PES. Notably, the electronic
and atomic temperatures equilibrate in about 0.3 ps, excep-
tionally faster than in other laser heated materials, thus
leading to the formation of l-C under constant volume
conditions. This offers the unique opportunity to create and
monitor l-C under a well-defined thermodynamic state,
prior to activation of the hydrodynamic expansion and
pressure release in the excited sample volume [26–28]. The

observed thermalization dynamics can be simulated using a
constant electron-phonon coupling parameter of about
17 × 1018 Wm−3K−1, significantly larger than for other
excited metals [50]. We finally emphasize that sub-ps
TRXAS, combined with isochoric heating of different C
allotropes, can give access to the electronic structure of l-C
in a vast region of the phase diagram with pressures in the
range 0.1–1 Mbar and temperatures greater than several eV.
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