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Abstract: Recently (Science 2009, 325, 181), femtosecond-
resolved electron energy loss spectroscopy (FEELS) was used
to map the structural changes of graphite upon laser irradiation,
revealing the change from sp2 to sp3, i.e., diamond-like, hybridiza-
tion. With a laser excitation energy of 2.39 eV and a fluence of
1.5 mJ/cm2, the most pronounced changes were observed in
∼180 fs, a time similar to the temporal resolution of the technique.
The presence of the laser field turns the electronic wavefunction
into a wavepacket whose quantum dynamics governs the onset
of the structural rearrangement. Density functional theory calcula-
tions with a quantum propagator that include the laser field show
that the charge density of graphite expands between the layers
in an ultrafast process of the order of ∼10 fs. Calculations as a
function of the field/fluence further show different values of the
maximum bond order reached at the stationary state. The
experimentally used value is at the crossover between two
regimes. It is tempting to associate the second regime with the
electron organization necessary to achieve ablation or melting.
The application of the model demonstrates its potential for
examining the dynamical nature of the charge density and
chemical bonding as it forms.

Mapping the dynamics of the electron density variation with
atomic-scale resolution is now feasible.1,2 Sophisticated techniques
allow visualizing changes with resolutions of femtoseconds and
millielectronvolts. In graphite, theoretical and experimental
investigations3,5 revealed that optical excitation generates a non-
equilibrium state that evolves on a time scale of 10-500 fs as a
function of the laser fluence. Optical pump-probe experiments
showed that the ultrafast response occurs in 30-50 fs.6 The optical
transmission through graphite films increases upon laser excitation.6

The increased transmission persists at probe wavelengths different
from those of laser excitation, which suggests a complex reorga-
nization of the electron density as the origin of the increase. The
behavior is similar to that of graphite compressed by hydrostatic
pressure, which shows an increase in the optical transmission that
is particularly strong during the transformation into diamond.7 Very
recently, femtosecond-resolved electron energy loss spectroscopy
(FEELS) was used to map the structural changes in graphite,
revealing the compression and subsequent expansion of layers upon
irradiation.8,9 The breathing correlates with the direction of change
from sp2 to sp3, i.e., diamond-like, hybridization. The most
pronounced changes were observed in ∼180 fs, a time similar to
the temporal resolution of the technique.

In the present work, we report time-dependent quantum me-
chanical calculations of the onset of the sp2-to-sp3 electron density

reorganization induced by electromagnetic radiation that drives
the interlayer dynamics in graphite. A quantum-mechanical time-
dependent propagator evolves the electronic wavefunction of
graphite, which is described with periodic boundary conditions. The
propagator, proposed by Allen and co-workers,10 is a function of
the graphite Hamiltonian plus the electromagnetic field, F:

where Ψ is the electronic wavefunction, ∆t is the time step set to
0.4 atomic units or ∼10 attoseconds, and H is the total Hamiltonian,
H ) H0 + Fµ cos(ωt), where µ is the matrix of the dipole moments
between crystal atomic orbitals and ω is the frequency of the laser
excitation energy. At t ) 0, Ψ is an eigenstate of the crystal
electronic Hamiltonian, H0. At t * 0, the perturbation of the field
makes Ψ no longer an eigenfunction of H; i.e., it is not in a
stationary state and becomes a wavepacket. The nuclear geometries
are frozen during the electron wavepacket dynamics so that the
pure propensity of the graphite-to-diamond transition is calculated.
The coefficients of Ψ(t) are updated at each time step. The approach
has been successfully used by us to investigate the dynamics of
photoinduced dissociation,11 nonlinear optical properties,12 and
single-photon and multiphoton excitations.13

The graphite-to-diamond transformation occurs via highly symmetric
paths,14,15 both from the hexagonal Bernal structure to hexagonal
diamond and from the rhombohedral structure to cubic diamond. We
investigate the initial step of both photoconversion paths by monitoring
the interlayer bond order during the quantum dynamics. The frequency
ω of the field was set to the experimental laser excitation energy of
2.39 eV,8,9 and the fluence was set to the experimentally reported value
of 1.5 mJ/cm2;8 the direction of the field was parallel to the z axis of
the cell. The ground electronic states of the two graphite structures
were calculated with the Gaussian 09 suite of programs,16 at Heyd-
Scuseria-Ernzerhof/6-31G* level of theory,17 which has been thor-
oughly tested for graphitic materials.17 Both unit cells consisted of 16
carbon atoms, figure S1 Supporting Information. The inter/intra cell
bond order, BO, was calculated from the density matrix P, following
Wiberg definition.18-21

Application of eq 1 in the absence of the electric field produces
stable bond orders. Switch off of the field leaves the system in a
nonstationary state, Figure S2 Supporting Information, that can
collapse to an eigenstate in the presence of an external perturbation.
The in-layer bond order obtained for the graphite ground state, at
time t ) 0, is 1.23, which is smaller than the value of 1.33 that
one expects for a C-C bond length of 1.4210 Å.21 The lower value
is due to the conjugation of the C-C bonds in crystalline graphite,
which enhances the electronic density between atoms that are not
translationally equivalent. The interlayer bond order analysis
performed during the time-propagation shows that the transforma-
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tion from graphite to diamond is practically insensitive to the type
of stacking and that the two paths are equivalent when the sp3 bonds
start to form, confirming previous local density-functional theory
calculations.15

The stationary state is reached in ∼10 fs. The final interlayer
bond order of ∼0.17 corresponds to an interlayer distance ∼2.1 Å
(calculated from the relationship between bond order and bond
length suggested by Pauling).22 The sp3 structure starts to form at
a distance of ∼1.8 Å,14 the present effect is in the prebonding
regime. An interlayer bond length of about 1.9 Å for a transient
graphite structure was also found in a recent study4 carried out
with combined time-dependent density functional/molecular dy-
namics simulations with excitation energies of 30 keV. The time-
scale of the reorganization of the electronic wavefunction is also
similar to that found in previous molecular dynamics simulations
at tight binding level that focused on the range of energies typical
of ablation (2.0 eV/atom).3

Figure 1 shows the intra- and interlayer dynamics of the bond
order of two pairs of atoms, one in-layer, the other between layers.
The presence of the field triggers a transfer of bonding density from
the layer to the interlayer region. The calculated variation of the
radial density and the final interlayer distances, calculated by the
Pauling equation,22 are given as figures S4 and S5 in the Supporting
Information.

The results of Figures 1 and 2 are obtained with the fluence and
frequency used in the FEELS experiments,8 which correspond to
an electric field of 4.94 V/Å. A higher value of 5.3 mJ/cm2 was
used elsewhere.9 Figure 3 shows the values of the bond order
reached at the stationary state as a function of the field/fluence.
The experimental value is at the crossover between two regimes.
It is tempting to associate the second regime to the electron
organization that is necessary to achieve ablation or melting.

The calculations provide insight into the dynamics of the electron
density and demonstrate that, before the graphite structure starts

deforming, the charge density expands between layers in a ultrafast
process of the order of ∼10 fs. The application of the model
demonstrates its potential for examining the dynamical nature of
the charge density and chemical bonding as it forms. It will be of
interest to expand the analysis in terms of the electronic fluxes that
take place between individual occupied and unoccupied crystal
orbitals to obtain further information into the dynamical processes
of bonding.23
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calculated bond order. This material is available free of charge via the
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Figure 1. Intra- (black line) and interlayer (blue line) bond order dynamics
of hexagonal graphite under the effect of the electromagnetic radiation. The
bond order is calculated for a pair of atoms either in-layer or between layers.

Figure 2. Time evolution of the bond order between interlayer atoms in
adjacent planes in hexagonal graphite (blue line) and in rhombohedral graphite
(black line).

Figure 3. Bond order reached at the stationary state as a function of the field.
The dots are the calculated values. The lines are used to assist the eye.
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