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We have studied single-shot femtosecond laser ablation of graphite by combining a variety of experimental
techniques including Raman spectroscopy, atomic force microscopy as well as time of flight spectrometry. The
comprehensive analysis reveals insights into the ablation process by exploring the surface structure, the fluence
dependence, and the structural dynamics of the detachment. The results show formation and detachment of
charged carbon products �such as graphene nanoflakes� from the surface. Time-resolved measurements of ion
yields and velocities reveal strong quenching and revival of Coulomb explosion as a function of delay time in
the range of 100–200 fs, suggesting a displacive motion between the topmost surface layers which regulates the
optical properties of the system.
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I. INTRODUCTION

The properties of graphite materials �such as graphene,
fullerenes, diamondlike carbon, and carbon nanotubes� have
a key importance both in nanoscience and nanotechnology.
For example, electric field effects in graphene1 may open up
the way to a new generation of electronic devices where the
electronic properties of the material are controlled via exter-
nal electric fields. In addition, the promising mechanical,2

thermal,3 and electronic properties4,5 of carbon nanotubes
have still not been fully characterized and exploited by re-
search and industry.6,7 Femtosecond laser ablation of
graphite8,9 offers a way to generate many of these carbon
species.10 Photoablation of graphite has been the focus of
numerous studies so far: e.g., time-resolved measurements of
surface reflectivity8,11 shedded light on the transient change
in the electronic properties of graphite after photoexcitation.
It has been shown that electron-lattice temperature equilibra-
tion is possible at the picosecond time scale, before the onset
of the hydrodynamic expansion that leads to disorder of the
lattice and distortion of the optical properties. Amoruso et
al.9 investigated the optical emission of carbon nanoclusters
produced by femtosecond laser ablation and estimated their
temperature and size distribution, while Bae and Claeyssens
et al.12,13 analyzed the expansion of the ablation plume. The
velocity distributions of single and double-charged atomic
carbon cations delivered experimental evidence for nano-
scopic Coulomb explosion during laser ablation as a conse-
quence of effective localization of the surface charge,14

whereas ex situ Raman spectroscopy measurements15,16 and
scanning electron microscopy �SEM� �Ref. 17� revealed in-
formation about crater formation and demonstrated the pres-
ence of an amorphous carbon layer over the damage spots.

In the present study we have applied a combination of
different techniques to characterize the femtosecond laser ab-
lation process both in time and space. First, we present a
surface analysis that was aimed at determining the thickness
and the reconstruction of the topmost nanocrystalline graph-
ite layers remaining on the surface after single-shot laser

ablation by applying a combination of micro-Raman spec-
troscopy and atomic force microscopy �AFM�. The results
reveal generation of graphite nanoparticles that reconstruct in
a thin surface layer. The size and the orientation of the par-
ticles depend strongly on the laser fluence—when the laser
fluence is decreased close to the damage threshold
��100 mJ /cm2� the size of the particles increases up to a
few tens of Angströms.

This phenomenon is well observable also in the size dis-
tribution of charged clusters, which is discussed in the Sec.
II. Here, we characterize the fluence dependence of the
positive-ion emission by means of time of flight �ToF� spec-
trometry, and correlate the results with the surface analysis.
At fluences near the damage threshold we observe a signifi-
cant amount of ions that consist of a few hundred carbon
atoms �up to 550�. The mass distribution shifts toward
“lighter” fragments when the laser fluence increases and the
“heavy” particles completely disappear from the mass spec-
trum at laser fluences above 700 mJ /cm2. Although we use
the term “fragment” throughout the paper, we shall empha-
size that surface processes constitute the main focus of this
study—fragmentation is not the direct scope of this paper.
The detection of the emitted particles both on the surface �by
means of AFM and Raman spectroscopy� and away from the
surface �by means of ToF spectrometry� suggests a
detachment—recapture dynamics during the laser ablation of
graphite.

This process has been studied in the Sec. III where we
investigate the dynamic detachment of ionic carbon products
that can consist of graphene from graphite and its optical
response in a highly nonequilibrium state through time-
resolved spectroscopy and propose a qualitative argument to
explain the experimental observations. We also estimate the
decay time of the surface charge which sets a limit on Cou-
lomb explosion and regulates the probability of a particle to
be emitted from, or recaptured by, the surface.

II. EXPERIMENTAL

The details of the light source employed18 are described
elsewhere. The freshly cleaved graphite �highly oriented py-
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rolitic graphite� samples were exposed to p-polarized Ti:sap-
phire laser pulses with 100 fs full width at half maximum
�FWHM� duration centered at �0=800 nm at 19° incidence
angle with respect to the surface normal under UHV condi-
tions �background pressure �10−10 mbar�. All experiments
were single shot, i.e., each laser shot impinged on the target
at a fresh site by rastering the sample and reducing the rep-
etition rate of the laser system. The energy of the laser pulses
was adjusted by inserting thin neutral density filters so that
other pulse parameters �such as polarization and focal diam-
eter� remained unchanged. Due to the relatively narrow laser
spectrum ����10 nm� the pulse duration was not signifi-
cantly stretched by the insertion of the filters.

The ion spectra were recorded with a linear time of flight
detector. The relatively small entrance aperture of the ion
optics �� 3 mm� and the large distance to the sample �65
mm� ensured a reduced collection angle so that mainly
straight ion trajectories were collected. Low dc electric fields
in the extraction regime ��40 V /cm� facilitated a low level
of distortion in the acquired spectra and thus an energy res-
olution of �0.1 eV for low-mass ions. On the other hand,
these fields resulted in a limited energy resolution of a few
eV on the high-mass end of the spectrum. The ions were
detected with a microchannel plate �MCP� detector �response
time �1.5 ns� of 1 in. diameter after having passed a field-
free drift tube of 1 m length. No post acceleration was used.
The electric signals of the MCP were recorded with a multi-
channel scaler with a time resolution of up to 250 ps. The
collection efficiency of the instrument was mainly deter-
mined by the response function of the MCP, which showed a
gentle decrease toward higher masses but remained within
the same order of magnitude in the particular mass ranges
studied in this work.

The Raman measurements �Sec. I� were performed at Ar+

wavelength ��0=514.5 nm�. The illumination laser power
was 1 mW, and the spot was focused to a diameter of
�1 �m. A collection time of 1.75 s per experimental point
was used. The reference spectrum from bare graphite was
recorded away from the damaged area. For the surface char-
acterization we used a commercial AFM microscope oper-
ated in tapping mode. We have applied sharp Si tips with
approximately 10 nm radius of curvature. Other experimen-
tal conditions can be found in Ref. 14.

In the time-resolved measurements �Sec. III� a pair of
pulses was generated by attenuating the pulse energy to 3.75
and 1 �J, respectively, and loosely focused onto the target
with an f =300 mm lens. The energy of the weaker pulse
was chosen to be slightly below the ion emission threshold.14

The sample was rastered so that each site received a single
pair of pulses. Each point represented in this section is an
average over at least 60 single shots.

III. RESULTS AND DISCUSSION

A. Surface analysis

The single-shot damage spots generated with the laser
system were subjected to ex situ surface analysis in order to
characterize the impact of laser irradiation on the surface. As
the first step, we performed a micro-Raman analysis on the

damage spots that were created at average laser fluences, �F�,
of 160, 720, and 1200 mJ /cm2. Some of the representative
Raman spectra recorded at various locations, x, with respect
to the spot centers are shown in Fig. 1. The spectra can be
decomposed into three bands centered at 1360, 1575 and
1600 cm−1. The sharpest band, at 1575 cm−1, is attributed to
the Raman active, k=0, E2g mode.19 The two other bands
correspond to high-density phonons that are not active in the
Raman spectra of the bulk material, but become observable
due to symmetry breakdown in crystallites of a finite size as
found in a disordered system.20

It has been demonstrated previously that the size of the
nanocrystals formed on the graphite surface19 and the thick-
ness of the damaged layer15 can be retrieved from the rela-
tive intensities of these bands. To calculate the depth, dn, of
the nanocrystalline layer we applied a procedure proposed by
Dallas et al.15 This method is based on the fact that the
sharpest Raman peak of the graphite �1575 cm−1� is attenu-
ated by the overlayer of graphite nanocrystals. Thus, the ratio
between the peak intensities recorded at pristine and dam-
aged surface sites reveals information about the thickness of
the overlayer. The observed Raman signal can be expressed
as

I1575 � e−2�ndn�
dn

�

e−2�Gzdz , �1�

where �n=581 Å−1 and �G=289 Å−1 are the inverse optical
penetration depths of glassy carbon and graphite, respec-
tively, at the wavelength of �=514.5 nm used for the Raman
measurements.21–23 Using Eq. �1�, the depth of the damage
can be estimated according to

dn = −
ln�I1575/I1575

0 �
2��n + �G�

, �2�

where I1575
0 is the Raman signal intensity of the pristine

graphite measured outside the damaged area. We calculated
dn at different laser fluences and positions within the damage
spots, as shown in Fig. 2�a�.

The validity of the results and implications can be eluci-
dated in the following way. Assuming linear absorption
within the irradiated volume, one can suggest that at the
depth z=dn�x� the energy density within the beam reaches
the damage threshold �x being the transversal coordinate�.
Thus, at the damage depth, for a Gaussian beam, the ratio of
the F amplitudes at x=0 and at any other x coordinate is
unity and can be expressed as

Fx=0,z1

Fx=x,z2

= exp�−
x2 + 2�G�2�z2 − z1�

2�2 	 = 1, �3�

where � is related to the FWHM of the laser beam profile as
2�
2 ln 2 and ��G�−1 is taken to be 380 Å at 800 nm ac-
cording to Ref. 22. z1 corresponds to dn�x=0� at the center of
the beam, and z2 to the damage depth at dn�x=x�. In this way,
we can calculate values of � at different irradiation fluences
�F� by substituting z1 and z2 obtained from independent mea-
surements,
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��� =
x


2�G�z1 − z2�
. �4�

Now, in order to check the validity of the estimation, the
calculated values of ��� can be compared to those obtained
from the beam profile measurements �see Sec. II�. For ex-
ample, for �F�=160 mJ /cm2 the calculated value of � is

70	30 �m and for �F�=710 mJ /cm2 it is 48	15 �m,
reasonably close to the value obtained from the measured
beam profile ��60 �m�. No attempt to calculate this corre-
lation has been done for �F�=1.2 J /cm2, since dn�x� does
not behave monotonically due to the contribution of addi-
tional processes that are not taken into account in this model,
e.g., plasma generation,24 cluster redeposition,25 and shock

FIG. 1. �Color online� Some representative Raman spectra taken from the damage spots of the HOPG surface irradiated with single shot
100 fs laser pulses. The spectra were recorded at different laser fluences and different x positions with respect to the center of the damage
spot. The black curve represents the raw data, the dotted red, dashed green, and solid blue lines correspond to the bands centered around
1360, 1575, and 1600 cm−1, respectively.

(b)(a)

FIG. 2. �Color online� �a� Depth of the n-graphite layer evaluated from the integration of the 1575 cm−1 band on Fig. 1 using Eq. �2�.
�b� Size of the graphite nanoparticles obtained from the data displayed in Fig. 1 and the calibration curve from Ref. 19.
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waves,26 which are reflected in the complex surface mor-
phology shown in Fig. 3�a�.

To be consistent with the applied method, we also tried to
match the estimated damage depths at �F1�=160 mJ /cm2

and �F2�=710 mJ /cm2 at x=0. If the damage depth is gov-
erned by linear absorption, ignoring material removal due to
the ablation, the relation

�G�dn2 − dn1� = − ln�F1

F2
	 �5�

has to be satisfied. Here, dn1 and dn2 are the thicknesses of
the nanocrystalline graphite at fluences �F1� and �F2�, respec-
tively. If we now calculate, e.g., dn2 by substituting the thick-
ness of the nanocrystalline graphite dn1=18 Å �see Fig. 2�a�

and the corresponding fluence values into Eq. �5� we obtain
584 Å, which contrasts with the result we obtained using
Eq. �2�, as presented in Fig. 2�a�. Such an apparent contra-
diction is most likely due to the fact that material removal
was ignored in Eq. �5�. This observation also suggests that at

�F2�=710 mJ /cm2 a layer of about 524 Å of graphite was
removed while the rest ��60 Å, see Fig. 2�a�
 resolidified
into a layer of nanocrystalline material with a thickness pro-
file proportional to the intensity distribution within the laser
beam.

In order to gain further insight into the morphology of the
ablated surface, we estimated the size of the nanocrystalline
particles, La, using a generally accepted method described
and applied elsewhere.15,19,20,27 According to this method the
ratio of the intensities of the disorder-induced Raman band
�centered at 1360 cm−1� to the band of the allowed Raman
transition at 1575 cm−1, �I1360 / I1575� is inversely propor-
tional to the average crystal size, La, within the damaged
layer. Using the calibration curve provided in Ref. 19 and
our Raman data we were able to estimate La at different
locations of the damage spot, as plotted in Fig. 2�b�. From
this plot it is notable that there is a general tendency for the
particle size to increase when the fluence decreases. This
tendency is more distinct at lower fluences of 160 and
720 mJ /cm2 when, as argued above, the redeposition pro-

(b)(a)

(c)

FIG. 3. �a� The AFM image �frame size 40
40 �m2� of the damage spot generated at F=1.2 J /cm2 laser fluence shows complex
surface morphology. The different ablation areas �such as a small inner ring consisting of porous graphite, a flat plateau of an n-graphite layer
with lines of up to 1 �m width and 10–15 nm height, and 3–5 �m wide outer rings� are highly visible. At the crater edges �not shown in
this image� debris is deposited in a wide range of sizes from a few tens of nanometers up to a few microns. �b� Typical AFM image �frame
size 125
125 nm� taken from the ablated HOPG surface at moderate laser fluences �F�150 mJ /cm2�. The depth profile �c� was extracted
along the thick white line marked on the image �b�. The height of the observed islands is consistent with the estimated diameter of the
nanoparticles �see Fig. 2�b�
.
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cess is not strong. It is also worth mentioning that crystalline
sizes at these fluences at certain locations �e.g., x=15 �m at
�F�=160 mJ /cm2 and x=25 �m at �F�=710 mJ /cm2� co-
incide at La�40 Å. This observation suggests that the ab-
sorbed energy at these points is similar, despite the fact that
irradiation intensities fluences are different. To reconcile this
contradiction we have to assume that �500 Å of the graph-
ite material has been ablated at �F�=710 mJ /cm2, as in the
analysis of the damage depth. At this depth the local laser
fluence at x=25 �m and �F�=710 mJ /cm2 reaches the
same value as at x=15 �m and �F�=160 mJ /cm2. This sug-
gests that most of the material is removed from the surface
rather than resolidified and explains the absence of the dia-
mondlike carbon �DLC� signatures present in the damaged
layer after irradiation with nanosecond pulses.28,29 In the case
of femtosecond laser irradiation, material removal occurs at
much faster time scales due to transient electrical fields14,30

and/or dense electron-ion plasma acceleration31 compared to
the irradiation with “long” nanosecond pulses. Thus, it is
likely that a significant fraction of excited graphite is emitted
from the surface without undergoing phase transition.

In order to confirm the estimated size of the particles we
took AFM images from the ablated surface with the highest
possible lateral resolution, as shown in Fig. 3�b�. The lateral
resolution of the microscope did not allow us to resolve in-
dividual particles of 10–40 Å. However, the height of the
structures could be resolved with subnanometer precision.
We found that the height of the islandlike structures was
consistent with the estimated diameter of the nanoparticles.
This suggests that the nanocrystalline graphite nanoparticles
are oriented randomly on the surface and can reconstruct in
individual layers forming more-or-less contiguous islands of
a few tens of nanometers lateral extent.

B. Fluence dependence

The first femtosecond ablation studies on the fluence de-
pendence of the emission of neutral atoms and clusters from
graphite were performed by Amoruso et al. by measuring the
optical emission spectrum of atomic species, radicals, and
clusters.9 They reported a� a relatively low optical emission
threshold for clusters which can be attributed to the ejection
of large, intact fragments of the topmost layers of the graph-
ite surface and b� a higher emission threshold for atoms and
radicals which indicates bond breaking within the individual
graphite layers during ablation. As for the atoms and radi-
cals, the intensity of the light emission from the small frag-
ments �i.e., atoms and radicals� shows a linear dependence as
a function of the laser fluence.

We directly measured the yield of the emitted positively
charged carbon clusters as a function of the time of flight at
different incident laser fluences, as shown in Fig. 4. In order
to describe the emission behavior of different clusters the
ToF scale was divided arbitrarily into two regimes: �a� the
“low mass” regime �labeled “LM” in Fig. 4� representing the
clusters ranging from C1

+ to C27
+ , and b� the “high mass”

regime �labeled “HM” in Fig. 4� which corresponds to clus-
ters from C30

+ to C550
+ .

At the lowest fluence of 130 mJ /cm2, emission peaks of
positively charged carbon clusters are observable that are

well separated at the LM end and washed-out in the HM
regime. This is due to the relatively low dc extraction field
applied between sample and ion optics which was aimed at
introducing a minimal distortion in the acquired spectrum.
The yield of the positive ions generally increases with laser
fluence up to about 310 mJ /cm2 without significant change
in the spectral shape in the LM range, where the peaks re-
main separated. At the same time, a substantial increase in
the ion yield is observable for ToFs ranging from 90 to
250 �s �which corresponds to the range from C30

+ to C240
+ �. A

further increase in the laser fluence �F=570 mJ /cm2� leads
to an unresolvable, smeared yield distribution in the LM
range, and to a reduced yield in the HM regime, simulta-
neously. The smearing can be attributed to the fact that “LM”
clusters are not created at a definite location in space �e.g., on
the surface�, but somewhere between the sample and the ToF
entrance. Alternatively, an increasing spread of the ion ve-
locities with increasing laser fluence may also explain this
observation. At F=1550 mJ /cm2 only small clusters are
present in the spectrum and the HM signal completely dis-
appears.

In order to further analyze the fluence dependence we
carried out integration over both the ToF and the mass yields
in the LM and HM regimes, as well as in the regime labeled
“multiple charges,” which includes all carbon atoms with
higher charge states �C1

n+, n�2 corresponding to the ToF
range from 6 to 11.3 �s� depicted in Fig. 5. The mass yields
were derived from the ToF spectra by applying appropriate
transformations. The mass yields were derived from the ToF
spectra by applying appropriate transformations. This means
that for the scale transformation �ToF to mass, for example�
we performed a numerical trajectory simulation of the spec-
trometer using SIMION software. In order to obtain the mass
�or velocity� distributions Jacobian transformation was ap-
plied. Integration over the ToF and the mass scale represents
the total number of detected ions, and their corresponding
mass, respectively.

Up to about 300 mJ /cm2 the ion yields are nearly the
same in both the “high” and “low” mass regimes, whereas

FIG. 4. Representative time of flight spectra of the positive ions
recorded at different laser fluences. The labels “LM” and “HM”
correspond to the low mass and the high mass regimes, respectively
�see text�.
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the mass yield in the high mass regime is higher by approxi-
mately 1 order of magnitude. In other words, the majority of
the material removed leaves the surface in the form of heavy
carbon products. This supports the theory of Jeschke et al.,
which predicts removal of intact graphene sheets from the
graphite surface during femtosecond laser ablation.32 It is
important to note that the cluster size estimated from the
Raman measurements is about 40 Å at F=160 mJ /cm2 �see
Sec. I�, which corresponds to N�500 carbon atoms, assum-
ing an in-plane atomic density of 4
1015 cm−2 �Ref. 14�
and perfectly round particles. Such clusters are clearly ob-
servable in the ToF spectrum above �300 �s �Fig. 4�. Be-
cause we can observe them both on the surface �AFM and
Raman measurements� and at the ToF detector, we can con-
clude that ablation involves an emission-recapture dynamics,
in which, initially emitted particles can either escape from or
be recaptured by the surface. This mechanism is character-
ized and discussed in more detail in Sec. III C. In addition,
the fact that the particles “survived” this relatively long flight
time �of a few hundreds of microseconds� suggests that they
are relatively “cold,” i.e., below the critical temperature33 of
about 4600 K.

Above this fluence, the high mass signal drops strongly
and finally disappears with increasing laser fluence and only
small-size clusters are detected �see Fig. 4�.

One way to explain this sudden disappearance of the
heavy clusters may be to connect the observed phenomenon
with the level of excitation on the surface. The carrier den-
sity ne at a fluence F=300 mJ /cm2 can be calculated8 ac-
cording to

ne =
�1 − R�F�

h�
, �6�

where the reflectivity is R=0.3,11 and the absorption coeffi-
cient �−1=380 Å,22 which gives ne=3
1023 cm−3. It
should be noted that the absorption coefficient is considered
to be constant during laser excitation. Assuming that only 

electrons are excited, comparison of the obtained carrier
density with the atomic density in graphite �that is
na=1.76
1022 cm−3� suggests that at this fluence level the
entire 
-system is excited. The above assumption is related
to the band structure of graphite where optical absorption
occurs primarily via the allowed 
-
� transitions around the

(b)(a)

(c)

FIG. 5. �Color online� �a� Positive ion yield and �b� the removed ion mass as a function of laser fluence. The curves were obtained from
the recorded ToF spectra by appropriate transformation �see text�. �c� Measured �black line with squares� and calculated �red line� mass yield
as a function of laser fluence. Scaling parameters are collection efficiency and ion detection threshold.
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K point.22,34 This high level of excitation leads to an insta-
bility of the graphene layers observed as an abrupt disappear-
ance of the heavy clusters. This phenomenon bears a striking
qualitative and quantitative resemblance to earlier predic-
tions of Ref. 32, where, however, formation of ions was not
taken into account. The above estimation also suggests that
at even higher fluences the excitation energy is transformed
into the breakage of in-plane bonds within the topmost
graphene layers, which is reflected in the disappearance of
the HM signal. The question, however, of whether the
“small” positive cluster ions are generated at sufficiently
high fluences �a� directly from the surface, or �b� during the
flight to the detector by thermal disintegration of heavy clus-
ters, remains open. It is likely that both processes are present
during the ablation process.

In contrast to the results presented here, multishot
measurements35 show a different behavior, where the inten-
sity of the heavy clusters saturates at high laser fluences.
This could be ascribed to the fact that in the latter case the
surface is “prepared” by subsequent laser pulses and rede-
posited clusters and debris are loosely bound to the surface.
The optical absorption of these large particles is generally
lower36 than that of pristine graphite. Therefore, we can as-
sume that heavy clusters are emitted from the crater edges,
where the deposited energy is high enough for detachment
without destroying them �see also the Raman measurement
at 710 mJ /cm2 and also Fig. 2�b� in Sec. III A
.

It is important to note that the emission of multiply
charged ions �Fig. 5� at fluences as low as 70 mJ /cm2 can be
regarded as a direct indication of the presence of nonthermal
processes, given that thermal ionization at these low irradia-
tion levels is impossible. Furthermore, the saturation of the
signal sets in around the same laser fluence as the disappear-
ance of the heavy clusters. These observations suggest that
multiply charged clusters are not directly generated from the
disintegration of heavy clusters �otherwise one would expect
an increase in the yield of multiply charged clusters�.

Below F=310 mJ /cm2 �where the heavy clusters are
present� we can estimate the ablated volume as a function of
the laser fluence based on a simple model that assumes
Gaussian intensity distribution of the laser beam, linear ab-
sorption, and laser intensity-independent collection effi-
ciency of the ions. In this case, the diameter of the ablation
crater D0 at depth z can be described by

D0�z,F0� = �
ln�F0 exp�− �z�
Ftr

	 , �7�

where � represents the beam waist and F0 and Ftr are the
peak laser fluence and the threshold fluence of the ion emis-
sion, respectively. To calculate the ablated volume one needs
to evaluate the volume integral,

V�F0� = �
z=0

z=zmax �D0�z,F0�
2

	2


dz �8�

with zmax being the maximum depth of the ablation crater,
that is

zmax =
1

�
ln� F0

Ftr
	 . �9�

We compared the calculated results with the measurement
in Fig. 5�c� by having the ion detection threshold
and the collection efficiency as scaling parameters. One can
obtain a reasonable fit in the fluence regime of
130 mJ /cm2�F�300 mJ /cm2, suggesting that the
measured ion mass yield can be directly related to the ab-
lated volume. Above the damage threshold, the change in the
surface optical properties may lead to a suppression of the
total amount of the absorbed energy,11 which results in a
lower ion yield. This could explain the discrepancy between
the measured and the calculated curves at higher fluences.
Alternatively, it is possible that positively charged clusters in
the high mass regime may disintegrate rapidly near the sur-
face into smaller fragments, including those neutral and
negative charge states, which cannot be detected with the
configuration used.

Despite the relatively good agreement at fluences close to
the damage threshold, it is important to note that the above
calculation can be considered as a very rough estimation
only, which is based on several assumptions and simplifica-
tions �e.g., it excludes any ionization process�.

C. Time-resolved dynamics

In this section we investigate the dynamic detachment of
ionic carbon products that can include graphene from graph-
ite and its optical response in a highly nonequilibrium state
through time-resolved spectroscopy. The laser-induced de-
tachment of intact graphene sheets from graphite has recently
been both predicted32 and demonstrated.14

The photoexcitation of graphite followed by the emission
of charged particles can be described by a number of sce-
narios. One of these possible mechanisms is surface charging
in the topmost layers of graphite upon strong laser excitation.
The resulting impulsive electrostatic field can induce a dis-
placive motion of the graphene sheets within graphite, which
will be determined mainly by the interplay between the re-
pulsive Coulomb force and the restoring van der Waals
�VdW� force. Alternative explanations for the expansion of
the topmost layers include �i� electronic repulsion,32 �ii� elec-
tronic excitation of interlayer vibrational modes,37 �iii� ul-
trafast melting,8,38 or �iv� optical excitation of strongly
coupled lattice vibrations.39 It is important to note that �iii�
involves both interlayer and in-plane phonon modes whereas
�iv� is explained predominantly in terms of lateral vibrations.
To identify the mechanism that is dominant in inducing the
interlayer motion is out of the scope of our study.

In this section we attempt to interpret the experimental
findings of the time-resolved measurements by a qualitative
model based on the induced motion of the uppermost atomic
layers leading to the detachment of i.a. graphene flakes from
graphite. We propose that this approach can be considered as
an alternative technique to time-resolved electron
crystallography,40 aiming to observe signatures of ultrafast
structural changes in the graphite lattice. In our study, we
utilized Coulomb explosion �CE� to track the structural dy-
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namics of a solid surface, specifically the detachment process
of graphene flakes from graphite. In addition to the conven-
tional CE imaging techniques, the interlayer motion can also
be tracked by monitoring the CE efficiency rather than by
measuring the kinetic energies of the ionic products. We be-
lieve that the utilized technique is applicable to the tracking
of the interlayer motion regardless of which generation
mechanism induced the motion.

The laser intensity is set such that the stronger beam
�pump� initiates a displacive motion of the layers,14 but the
detachment of positive ions is minimized. The weaker �de-
sorption� beam is adjusted to generate CE when it is tempo-
rally overlapped with the pump �Fpump=150 mJ /cm2,
Fdesorption=40 mJ /cm2, see also Fig. 5 in Sec. II�. Thus, one
can track the efficiency of the CE process as a function of
pump-desorption delay time, which will be directly con-
nected to the structure of the sample later in this section.

The experiments performed were aimed at shedding light
on the temporal evolution of the detachment of highly ex-
cited graphene layers and their decomposition products, de-

tected as carbon clusters of different sizes. Thus we mea-
sured the ToF spectrum of the products as a function of
pump-desorption delay time. Figure 6�a� displays a contour
plot of the ToF spectra of C1

+ obtained at delay times up to
500 fs. Figure 6�b� plots the ion yield in two different mass
ranges, “fast” C1

+ only �which represents the integrated yield
in the ToF range of 12–15 �s, i.e., kinetic energies of about
30–180 eV� and the integrated yield for masses ranging from
C50

+ to C1000
+ �labeled as high mass�.

The very high kinetic energies suggest that the fast C1
+

ions originate from CE. We therefore focused our attention
on fast C1

+ since its yield and velocity distribution serve as an
indicator of the efficiency of the CE process. Figure 7 shows
ToF spectra extracted from Fig. 6�a� for a representative
sample of delay times.

The mass resolution of the spectrometer in the high mass
regime is quite modest and does not allow the reliable recon-
struction of the mass and velocity distribution of individual
carbon species. Nevertheless, the yield information gained
via integration over this mass range is sufficient to make a
useful comparison between the behavior of the C1

+ generated
in CE and high-mass products originating from the detach-
ment of ionic carbon products that can include intact
graphene flakes.

In the first 40 fs �range I in Fig. 6�b�
 the C1
+ yield initially

increases and the high-mass yield is nearly constant as a
function of delay time, consistent with increasing CE effi-
ciency. The transient enhancement of the C1

+ yield �and thus
the CE efficiency� can be attributed to the increased absorp-
tion of the surface due to the excitation of the saturated
electron-hole plasma and the absorption of the free carriers
on the leading edge of the pump pulse. The corresponding
ToF spectrum �Fig. 7�a�
 reveals intense emission of fast C1

+

ions, suggesting that CE is the main �positive� ion generation
mechanism in this regime,30 as confirmed by the velocities of
C1

+ and C1
2+ ions, see below. However, in the range

40 fs���200 fs �range II in Fig. 6�b�
 an “antiphase” be-
havior is observed, i.e., the yield of the fast C1

+ ions de-
creases while the high-mass yield increases. At the same
time, the ToF spectra show �Fig. 7�b�
 a replacement of fast
C1

+ ions with slower C1
+ ions with nearly thermal velocities

FIG. 6. �Color online� �a� Contour plot representation of the
single-shot time of flight spectra of C1

+ ions from graphite as a
function of delay time. The false color scale represents the ion
intensity �normalized to 100�. �b� Particular ion yields as a function
of delay time. High mass represents the integrated positive-ion yield
detected in the mass range from C50

+ to C1000
+ . “Infinite” delay rep-

resents the background signal, i.e., when only pump pulses impinge
on the target. Solid lines serve to guide the eyes. At the top we show
schematically the compression and expansion of the top graphene
layers.

FIG. 7. Single-shot time of flight spectra of C1
+ ions at different

delay times. Data extracted from Fig. 6�a�.
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arriving at the detector at �16.2 �s, indicating suppression
of CE. What can explain such surprising behavior?

We propose that the observed antiphase behavior can be
explained in terms of the dependence of the ionization prob-
ability �and consequently the CE efficiency� on the interlayer
distance between the graphene sheets. Density-functional
theory �DFT� calculations by Marinopoulos et al.23 predict a
very strong dependence of the optical absorption of graphite
on the interlayer distance. For p polarization, the optical
transitions are quenched with increasing interlayer separation
and for s polarization the 
-
� transitions are “blocked” in
the photon energy range of 0–10 eV. This weakening of the
oscillator strength is also consistent with the predictions of a
model based on the dipole selection rules for an isolated
graphene layer.41

As a consequence of the suppressed optical absorption
with increasing interlayer distance, the observed higher in-
tensity �i.e., higher survival probability� of the heavy carbon
products can be explained by less efficient dissociative ion-
ization at the high-mass end of the spectrum. At the same
time, the intensity of the C1

+ signal decreases since the ma-
jority of the C1

+ ions originates from the dissociation of the
emitted heavy clusters via CE. Because of the high nonlin-
earity of the ion emission process �Fig. 5 in Sec. II�, a rela-
tively small decrease in the absorbed energy can lead to a
significant suppression of the CE process, reflected in less
efficient C1

+ emission.
After reaching the “turning” point of the motion, where

the repulsive force is equalized by the interlayer cohesive
attraction, a fraction of the flakes can be recaptured and the
interlayer distance starts to decrease, giving rise to more ef-
ficient absorption of the weaker desorption pulses again. This
accounts for the “revival” of the emission of fast C1

+ in Fig.
6�b�, which begins at �100 fs and reaches another maxi-
mum at around 200 fs delay time �see also Fig. 7�c�
. Over
the same delay time range the heavy mass signal drops again,
indicating strong dissociative ionization due to the more ef-
ficient optical absorption.

For pump-desorption delay times of �250 fs �range III in
Fig. 6�b�
, the ion yields decrease for both ion mass regimes.
At the same time, the fast C1

+ ions disappear from the ToF
spectrum and only very low kinetic energy C1

+ ions are ob-
servable �Fig. 7�d�
, which can be explained by the decay of
the excitation energy and the consequent termination of the
CE process. The “pump only” contribution �background sig-
nal� is displayed at “infinite” delay time in Fig. 6�b�.

To estimate the decay time � of the electrostatic field in-
duced by the pump excitation we studied the velocity distri-
butions and the momentum ratios of the emitted C1

+ and C1
2+

ions, which were obtained by direct transformation of the
ToF spectra.

Figure 8 shows the momentum ratios, while the inset dis-
plays the mean velocities of the corresponding ions them-
selves, in both cases as a function of delay time. Up to
�200 fs the momentum ratio is close to a value of 2 sug-
gesting that the momentum of the emitted ions scales with
their charge state.30,42 This behavior functions as an indica-
tion of the existence of an impulsive electrical field induced
by the combination of the pump and the desorption pulses, so
that we can estimate the charge decay time � of 200 fs.43

Because the proposed technique for tracking the interlayer
dynamics in graphite is based on the efficiency of the CE
process, the decay of the surface charge sets an upper time
limit for its applicability. It is, however, able to provide sig-
natures of the femtosecond dynamics of the laser-induced
nuclear motion.44

IV. SUMMARY

In summary, we combined different experimental tech-
niques in order to characterize single-shot femtosecond laser
ablation of the graphite surface. Ex situ micro-Raman spec-
troscopy measurements revealed the thickness of the
n-graphite layer and the size of the nanocrystals that were
formed at different laser fluences. We showed that the thick-
ness of the nanocrystalline layer remaining on the surface of
the ablation crater depends on the locally deposited energy
�i.e., the energy density� and amounts to a few nanometers.
This layer consists of small nanoclusters with particle sizes
ranging from 10–40 Å. From the AFM analysis we con-
cluded that these particles form islands of a few tens of na-
nometers in lateral dimensions on the surface. Moreover, the
complex surface morphology appearing around F
=1.2 mJ /cm2 suggests that a multitude of different phenom-
ena �including e.g., thermodynamical expansion, shock wave
formation, surface recapture of clusters and recrystallization�
take place in the crater formation at moderately high flu-
ences.

Time of flight spectroscopy allowed the direct character-
ization of the ionic products generated upon laser irradiation.
At lower laser fluences �up to �300 mJ /cm2� a strongly
nonlinear increase can be observed with increasing laser flu-
ence, where the majority of the carbon ions is removed in the
form of heavy carbon products �most likely graphene sheets�.
Above this fluence, the positive-ion signal decreases and the
majority of the detected carbon species is found exclusively
in the low-mass end of the spectrum, i.e., clusters are smaller
than C4

+. In addition, there is no clear separation between

FIG. 8. Momentum ratio for the emitted C1
+ and C1

2+ ions as a
function of delay time. The inset displays the mean ion velocities
obtained from the time of flight spectra. Infinite delay time repre-
sents the background signal, i.e., when only pump pulses are ap-
plied to the target.
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individual mass channels. The high level of the excitation of
the 
-system supports the idea of bond breaking within the
graphene planes which leads to the formation of small clus-
ters.

Time-resolved measurements of the CE efficiency offered
an alternative means to track the lattice dynamics of solid
surfaces in situ. The method was employed to study the mo-
tion of the topmost graphene layers of graphite. A displace-
ment of the layers, driven by the competition between laser-
induced repulsive and intrinsic attractive forces, is
manifested in a corresponding shift of the center of gravity
of the velocity spectrum of the emitted ions, which provides
a novel indicator for tracking the surface dynamics. The de-
cay of the transient surface charge �within about 200 fs� sets
a limit to the application of the method proposed. It suggests
however, that detachment of graphene is possible via non-
thermal pathways, within a few hundred femtoseconds. We
argue that the proposed method is generally applicable to the

study of the lattice dynamics of a manifold of materials
where CE is possible. In addition, we propose that meta-
stable free-standing graphene can be generated and studied
by femtosecond laser pulses, its transient optical properties
can be characterized, and its transformation dynamics into
stable structures �e.g., fullerenes and carbon nanotubes� can
be tracked.
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