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PACS. 78.47.+p – Time-resolved optical spectroscopies and other ultrafast optical measure-
ments in condensed matter.

PACS. 81.05.Uw – Carbon, diamond, graphite.
PACS. 71.15.Pd – Molecular dynamics calculations (Car-Parrinello) and other numerical sim-

ulations.

Abstract. – By using femtosecond laser excitation, non-thermal melting of fullerite has been
experimentally achieved. Because the ultrafast, non-thermal transition occurs approximately
at constant volume, the density of the resulting liquid is 25% lower than for non-thermally
molten graphite. Tight-binding molecular-dynamics simulations indicate the formation of the
low-density liquid phase, composed by sp-bonded chains at 7900 K and 7 GPa. The extracted
dc resistivity of the liquid (2 mΩ cm) is in agreement with theoretical predictions (2.5 mΩ cm)
for the equilibrium low-density phase.

The phase diagram of carbon is, at high temperatures and pressures [1], still poorly under-
stood and difficult to investigate experimentally. In fact, the liquid state cannot be reached
at ambient pressures by slow heating of the solid, which sublimes into the gas phase and
never reaches the GPa pressures of the melting line. Yet the properties of carbon in this
elusive regime are not only interesting in their own right, but have profound implications for
a variety of physical phenomena, ranging from the behavior of matter in the interior of plan-
ets [2] to the controlled fabrication of materials such as diamond, fullerenes and nanotubes [3].
The extreme states of carbon can, however, be accessed transiently in the laboratory using
short-pulse lasers, which allow for rapid heating of the solid phase and high-pressure tran-
sients [4, 5]. Further, the use of femtosecond laser pulses is intriguing because the systems
can be driven through highly non-equilibrium physical pathways into novel regimes of matter,
thereby creating new possibilities for processing applications [6]. An example of these unique
pathways is the electronically driven solid-to-liquid transition, or non-thermal melting. This
c© EDP Sciences
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Fig. 1 – Glosli-Ree P -V diagram displaying the two liquid phases of carbon, as calculated in ref. [10].
Full lines: calculated isotherms. Dashed thin line: binodal, limiting the coexistence regime for the two
liquid phases. Vertical dashed thick lines: non-thermal melting transitions of high-density graphite
and low-density fullerite.

transition is brought about by the lattice de-stabilisation that occurs upon strong electronic
excitation [7] and it has been observed in several covalently bonded semiconductors [8]. Iso-
choric non-thermal melting of graphite was used by Reitze et al. [5] to generate and probe the
liquid phase of carbon at the approximate density of the solid phase (2.26 g/cm3).

The existence of two distinct phases of liquid carbon has been extensively discussed in the
literature since 1979 [9]. Most notably, a liquid-liquid first-order phase transition has been
clearly identified in recent molecular-dynamics simulations employing empirical interatomic
potentials [10] and corroborated by some experimental evidence, albeit indirect [11]. Although
the use of empirical classical potentials in the theory may result in sizeable quantitative
differences with experiments, the calculated phase diagram reported by Glosli and Ree [10]
(see fig. 1) suggests that the isochoric non-thermal melting of graphite achieved by Reitze et
al. [5], may have resulted in a mixture of the two coexisting liquid phases or in a supercritical
fluid. The goal of our work is the observation of the low-density liquid phase, ideally reached
by melting a low-density solid phase at quasi-constant volume.

C60 crystallizes as a van der Waals solid with a density of 1.68 g/cm3, 25% lower than
graphite. Recently, ab initio molecular-dynamics simulations have been performed to study
the structural tranformation in fullerite in the first picosecond after intense femtosecond ir-
radiation [12]. These simulations indicate that for sufficiently high electronic excitation, non-
thermal fragmentation of the individual C60 cages is followed by thermalization into a con-
densed phase that resembles liquid carbon. However, no experimental evidence of non-thermal
melting is to date available for fullerite, despite the indication that this process should lead
to the low-density liquid phase (fig. 1) [10].

In the experiments reported here, C60 polycrystalline films were grown by thermal subli-
mation on an optical-grade quarz substrate. A portion of the substrate was masked in order
to obtain a film with a sharp edge and to measure the film thickness with an atomic force
microscope (0.98µm ± 10 nm). Ultrafast, time-resolved experiments were performed using
pump-probe microscopy, with an interrogating pulse that provided spatially resolved reflec-
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Fig. 2 – Ultrafast, time- and space-resolved images of the melting and ablation process in fullerite.
(a) Time-resolved reflectivity images. (b) Lineouts of the reflectivity value across the pumped spot
for various time delays.

tivity snapshots of the evolving surface at variable delays after excitation with a pump pulse
(fig. 2(a)) [13]. Excitation was obtained with single, 100 fs, 620 nm wavelength p-polarized
pulse, impinging onto the film at 45◦ at a peak fluence of approximately 100mJ/cm2. Imme-
diately after absorption of the pump pulse, the reflectivity was observed to rise over a large
area. After approximately 200 fs (see fig. 2(b)) the spatially dependent reflectivity indicates
that the material is still in an electronically excited state, with its degree of excitation that
follows the Gaussian profile of the pump beam. Within few hundred femtoseconds, the re-
flectivity relaxes toward an intermediate value (R ≈ 0.12) maintained for 20–30 picoseconds
thereafter. At longer time delays the transformed area turns progressively darker, due to hy-
drodynamic expansion of the generated fluid, eventually resulting in the formation of a crater
in the very same region where the transient phase is observed. Plasma formation is not likely
to be a cause of the transient, enhanced reflectivity state, because a more pronounced spatial
dependence of the optical properties would result (similar to that at 200 fs delay). Also, the
expansion of the free electrons would cause rapid ablation, causing a significantly shorter life-
time of this phase [14]. Finally, the threshold for plasma formation should be higher than the
∼ 7 · 1011 W/cm2 observed in our experiments [14].

Tight-binding molecular-dynamics simulations [15, 16] were performed for the first 20 pi-
coseconds, in order to clarify the nature of the observed transient state of the material. These
calculations extend the scope of the ab initio simulations of ref. [12], which were limited to the
constant-volume dynamics and covered only the first few hundred femtoseconds following opti-
cal excitation. Cells composed by one to four C60 molecules were used. As in previous studies,
the electrons were assumed to instantaneously thermalize at a given electronic temperature Tel,
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Fig. 3 – Instantaneous ionic and electronic temperature in the simulation with energy absorbed
from the laser pulse as large as 3.5 eV/atom, and electronic cooling τL = 1 ps, while τD = ∞.
Inset: Calculated pair correlation function of the high-temperature, low-density liquid phase. The
simulations cell contains 240 atoms.

which was increased in time during the first 100 fs, thus mimicking energy absorption (linear
in time) from a (square) laser pulse. For an absorbed energy of 3.5 eV/atom the electronically
excited state of fullerenes was structurally unstable, giving rise to a liquid with hot electrons
and relatively cold ions (∼ 1000K) in few hundred femtoseconds. This liquid corresponds to
the same fluid-like phase composed by small chains of twofold-coordinated atoms predicted by
the ab initio simulations [17]. The electronic temperature was then decreased in time under
the combined effect of electron-lattice equilibration and hot-carrier diffusion. Since reliable
values for the characteristic times for electron-lattice relaxation (τL) and hot-carrier diffusion
(τD) are not available for the liquid phase, the relative importance of the two processes was
not known precisely.

Guided by what assumed in previous experiments on the ultrafast relaxation of optically
excited graphite (τD � τL) [18], we performed a first set of simulations, neglecting carrier
diffusion (τD = ∞) and varying τL over the range 1–6 ps. The energy was subtracted from the
electronic system and transferred to the lattice as a random increase of the ionic velocities, in
such a way as to conserve the total energy. Because these simulations were meant to describe
the bulk of the material, they were performed at constant volume (at the density of fullerite)
until thermalization was achieved. This was done under the assumption that the expansion of
the volume of material under consideration would not occur within the simulation time, i.e.
before an acoustic perturbation had propagated inward from the surface. The evolution in
time of the electronic and ionic temperatures is shown in fig. 3 for τL = 1ps. The ions reach
7900K in 2τL (for all values of τL in the range 1–6 ps), with the system still in a liquid-like
phase as indicated by the pair correlation function (see inset, fig. 3). The first peak and first
minimum are well defined and the coordination number is 2.0, as expected from the chain-like
structure of the liquid, surviving at 7900K.

The properties of the simulated low-density liquid, obtained here from irradiation of ful-
lerite, are very close to the results of tight-binding simulations by Morris et al., who investi-
gated equilibrium liquid carbon at different densities and temperatures [19]. Further, Morris
et al. report a dc conductivity of 2.5mΩ cm for liquid carbon at 7000K and at the density
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of fullerite. Our measurement of the sole reflectivity at normal incidence is not sufficient for
unique, independent determination of the transient optical constants. However, if one assumes
a liquid with the same density of solid fullerite and two electrons per atom contributing to
the conductivity (from the simulated twofold coordinated chains), one can fit the reflectivity
using a Drude model along the lines reported by Reitze et al. in ref. [5]. Under these assump-
tions, a damping time of 0.01 fs and a dc resistivity of 2mΩ cm can be extracted from the
experiments, showing good agreement with the results of the simulations. Thus, we identify
the experimentally observed high-reflecting phase with low-density liquid carbon.

At longer time delays, the 7GPa internal pressure caused the system to expand indefi-
nitely once the constraint of fixed volume was released and a constant-pressure simulation
was switched on. The simulated expansion of the liquid is in qualitative agreement with the
darkening of the transformed area and subsequent formation of a crater at the surface, as
observed at later time delays in the optical experiments.

A second set of simulations was performed as control by assuming that energy was sub-
tracted from the system only by hot-carrier diffusion assuming that this occurs long before
the ions could warm via electron-lattice relaxation (τL � τD). By choosing τD in the range
2–6 ps and τL = ∞, we observed, on the timescale of 3τD, the formation of a mainly sp2-
like solid phase (Tions ∼ 3500K). By further cooling the system (both electrons and ions)
toward room temperature [20], we observed well-shaped graphitic layers with many pentagon-
heptagon pairs as products of resolidification. No significant ablation resulted in this case.
Thus, the second set of simulations contrasts with the experimental observations.

In order to verify the possibility of at least partial re-solidification on the surface, as sug-
gested by the latter electronic cooling mechanism (diffusion), pristine and irradiated regions
of the film were examined with an AFM operating in contact mode. The topography of the
pristine fullerite was characterized by the presence of a coarse granularity (and measured
roughness σ was 80 nm) and by protruding large globular structures with micrometer dimen-
sions, typical of a polycrystalline film grown on cold substrate [21]. Close to the threshold for
permanent modifications (30mJ/cm2), the effect of irradiation was a substantial reduction
of the roughness and the disappearance of the globular particles. A finer granularity was
measured on the surface (σ = 15nm), without any indication of the thermal processes charac-
teristic of irradiation with longer pulses, usually leading to the formation of complex structures
on a micrometer scale and larger islands [22]. Above a second threshold of 70mJ/cm2 (cen-
ter of the spot), we observed the formation of a crater, due to ablation of bulk material.
This regime corresponds to the range where the transient high-reflectivity phase is observed
and is the object of our investigation. Sub-micrometer granularity of intermediate range was
observed on the surface of the crater (σ = 35nm), with no evidence of thermal annealing.
The absence of conventional thermal effects, usually leading to fullerene disruption and to
the formation of an amorphous carbon phase [21] in the crater, was conclusively confirmed
by MicroRaman characterization, showing no evidence of carbon forms other than fullerite.
These results further supported the conclusions drawn from the first set of simulations, with
the generation of a hot, low-density liquid followed by complete ablation on a timescale that
is too short to thermally affect the volume beneath the melt.

Unlike in graphite [23] and all other linearly absorbing materials previously investigated
[24], Newton rings are not observable in the reflectivity images. The presence of Newton rings
is generally related to a first-order, liquid-gas phase transition. In fact, upon passage of the
expanding fluid through the liquid-gas coexistence region the discontinuity in the speed of
sound leads to a sharp density front in the rarefaction wave [24]. The absence of such effect
in the fullerite images points toward a smoothly varying rarefaction profile upon ablation into
vacuum. This result suggests that the liquid phase at 7900K and at the density of fullerite
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lies above the liquid-gas critical isotherm [25]. However, as yet, too little is known about the
liquid-gas critical point to make any quantitative comparison with theory. Also, some caution
should be applied in view of the relative coarse pristine surface (σ = 80nm), which could
be responsible for a drop in interference contrast even in the presence of a first-order phase
transition.

In summary, we have reported on non-thermal melting of fullerite and generation of the
low-density liquid phase of carbon. The experimental results and the tight-binding calculations
point toward the following physical picture. After electronic destabilization, electron and ions
thermalize and the system relaxes to a hot, sp-bonded liquid-like phase, at temperatures of
the order of 7900K and pressures of 7GPa. The density of this phase is, at the earliest times,
close to that of solid fullerite, i.e. 11.85 Å3/atom (as opposed to 9 Å3/atom for the denser case
of graphite). On the phase diagram of Glosli and Ree this liquid lies in the region of the low-
density liquid phase and below the liquid-liquid critical isotherm. Our work also suggests new
possibilities for the experimental study of the phase diagram of carbon. By isochoric melting
of various solid phases of carbon, appropriately engineered at chosen densities, information
on unexplored regions of the phase diagram could be achieved.
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