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Optical properties of liquid carbon measured by femtosecond spectroscopy
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A comprehensive report of femtosecond time-resolved reflectivity and transmission of graphite and di-

amond following optical excitation above critical melting fluences F of 0.13 and 0.63 J/cm, respective-

ly, is presented. Normal- and oblique-incidence reflectivity has been measured with 100-fs resolution at
wavelengths ranging from 700 to 310 nm. Within 1 ps following excitation above F, probe reflectance
increases sharply at visible frequencies, remains nearly unchanged at near-ultraviolet frquencies, and de-

pends weakly on excitation fluence. These optical changes are interpreted as an ultrafast melting transi-
tion from crystalline graphite or diamond to a common, more reflective liquid state. During the first pi-
cosecond following excitation, electron and lattice temperatures substantially equilibrate, and the lattice
melts, before heat conducts out of the absorbing volume or the surface hydrodynamically expands. A
Drude model of the reflectance spectrum 1 ps after excitation reveals a strongly damped plasma (plasma
frequency-relaxation time product co~~-1), in contrast to liquid silicon (co~~-5). Inferred electron

0

mean free paths approach the average interatomic spacing (2 A), implying electron localization. Optical-

ly determined dc resistivities up to 625+75 pQ cm agree with measurements at kilobar ambient pressure,
but significantly exceed resistivities measured and calculated at low pressure. Thus, the attribution
"metal" is questionable for fluid carbon under these conditions. The results demonstrate that fem-

tosecond lasers can extend condensed-matter thermophysics measurements to temperature-pressure re-

gimes inaccessible by other methods.

I. INTRODUCTION

Scientific debate 'over the properties of the elusive
liquid state of carbon, nature's most refractory material,
dates back to Ludwig's' 1902 report of increased resis-
tance in carbon rods melted at high pressure. Extensive
recent research on high temperature-pressure phases
of carbon, which has been reviewed by Bundy, reflects
not only the wide-ranging importance of the problem in
condensed matter physics, astrophysics, ' and geolo-
gy,

' ' but the continuing controversy over the basic
properties of the liquid state. For example, much recent
debate has focused on whether liquid carbon is metallic
or insulating, and on how its electrical conductivity de-
pends on temperature and pressure. ' Much of the
controversy stems from the difficulty of creating and
studying a reproducible sample of liquid carbon in the
laboratory, particularly producing identical samples and
conditions by different methods. Since the melting tem-
perature (-5000 K) exceeds that of any containment
vessel, and since the solid sublimes at low ambient pres-
sure, long-term confinement at elevated temperature and
pressure is impossible. Consequently experiments must
rely on transient melting and probing, using methods
such as shock waves, ' pulsed ohmic heating in high
pressure cells, ' and pulsed laser heating. ' '

Recent pulsed laser melting experiments ' ' ' were
the focus of a particularly sharp disagreement because of
the apparent contradiction in measured properties. On
the one hand, 30-ns laser pulses incident on highly orient-
ed pyrolytic graphite (HOPG) created melt depths which
Steinbeck et al. could explain only by assuming large,
metallic thermal conductivities in the melt. This result

agreed qualitatively with metallic electrical resistivity
(p-50+20 IMQ cm) measured by microsecond pulsed
ohmic heating of pyrolytic graphite fibers at low pres-
sure. On the other hand, in time-resolved optical
reflectivity measurements of HOPG melted and probed
by 20-ps laser pulses, Malvezzi et al. observed decreased
surface reflectivity following excitation above a critical
melting fluence, which they interpreted as the formation
of an insulating liquid phase. This interpretation was
supported by an optoelectronic switching experiment in
which picosecond laser-melted HOPG functioned as the
photoconductive gap material in a current transmission
circuit, but challenged by authors who argued that ma-
terial ablation obscured the liquid surface within the 20
ps pulse duration, causing a reflectivity decrease unrelat-
ed to liquid carbon.

In an earlier Rapid Communication, ' we briefly re-
ported the first femtosecond time-resolved refiectivity ex-
periments on HOPG. The current paper is a comprehen-
sive report of these experiments, augmented with expand-
ed data and analysis. Femtosecond time resolution pro-
vides the ultimate "inertial confinement" of a laser-
melted sample, because there is no time in the first 1-2
ps, following femtosecond excitation for atoms to move
away from the surface. Thus the optical integrity of the
surface is preserved, and the question of hydrodynamic
surface expansion, or ablation, does not arise during this
time interval. At the same time, considerable evidence
suggests that structural disordering, or melting, of the lat-
tice ' and equlibration of electron and lattice tempera-
tures progress substantially toward steady-state during
this time interval. Thus a critical time window exists
during which the optically smooth surface of a quasi-
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steady-state liquid can be probed. Indeed the fem-
tosecond experiments' showed sharply increased
reflectivity for several picoseconds following excitation
above the critical melting fluence, which decayed to the
much lower values observed in ps experiments only after
time delays of 10 ps or more. This pattern closely
matched the reflectivity response of the much better un-
derstood silicon when irradiated at several times the
melting fluence by a femtosecond pulse, where it is gen-
erally attributed to ultrafast melting into a metallic liquid
followed by the slower process of surface expansion. '
Thus these earlier fs experiments defined the time scale
during which the optical properties of the unobscured
liquid should be measured following melting by a fern-
tosecond pulse.

In this paper the measurement and analysis of the opti-
cal properties of femtosecond-laser-melted carbon during
the initial increased reflectivity stage is carried out
in much greater detail. Specifically, time-resolved
reflectance data at a range of probe wavelengths
(700) A. & 310 nm), oblique incidence angles, and pump
fluences is reported. Furthermore a dielectric function
based on the Drude model is fit to the data. From the
model, Drude parameters —conduction electron density
and collision frequency —are extracted. There are three
motivations for such detail. First, careful reflectance
measurements have historically provided one of the most
important experimental keys to the underlying electronic
properties of liquid metals. Second, the recent appear-
ance of molecular dynamics simulations and a density
functional theory of the liquid state of carbon provide
testable predictions of optical properties which can be
compared directly to our data. Third, the low-frequency
limit of the optical dielectric function can be related to
previous measurements ' and calculations ' of the dc
electrical resistivity of liquid carbon. Our results show
much higher resistivity (p-600 pQ cm) than ohmically
heated carbon at low pressure or liquid silicon and ger-
manium, but agree closely with measured resistivity
(p-1000 pQ cm) of carbon melted by ohmic heating at
high pressure. ' Additional new points of the current pa-
per are time-resolved reflectance data of femtosecond-
laser-melted diamond, which closely corroborate the
graphite results, an analysis of the morphology of the
damage spot produced above the critical melting fluence
and its relationship to ablation, and a quantitative model
of the delayed reflectivity decrease as a surface hydro-
dynamic expansion.

The paper is organized as follows. Section II discussed
experimental methods. Section III presents experimental
results of three kinds: (a) postmortem analysis of sample
damage morphology, (b) self-reflectivity and -transmis-
sion of 90-fs pulses, and (c) pump-and-probe reflectivity
and transmission measurements of HOPG and diamond
at several probe wavelengths and polarizations. Section
IV discusses the thermodynamic conditions which exist
in the first picoseconds after intense femtosecond excita-
tion: the rate of hydrodynamic surface expansion, the es-
timated extent of electronic and structural equilibration
in the melt prior to surface expansion, and the estimated
magnitude and time evolution of the transient tempera-

ture and pressure. Finally in Sec. V, we analyze the opti-
cal properties of liquid carbon by applying a Drude mod-
el to femtosecond reflectance measurements at At —1 ps,
after excitation, and relate this analysis to other measure-
ments ' and theories of the liquid state of carbon.

II. EXPERIMENTAL METHODS

Experiments were performed with samples of highly
oriented pyrolytic graphite (HOPG) and 250 pm thick,
type IIa (100) diamond obtained from Dubbledee Dia-
mond Corporation. The basic material properties of both
the HOPG and diamond are described in detail else-
where. ' ' Throughout this work, many of the mea-
surements were repeated under identical conditions on a
reference silicon sample, which, because of its structural
similarity and extensive previous studies of its fem-
tosecond melting dynamics ' ' and equilibrium liquid
state (see Ref. 43), served both as a calibration and an aid
in interpreting results. All measurements were made in
air. The surfaces of the HOPG samples (normal to the
graphite c axis) were prepared by using tape to peel off
the first few layers immediately before each set of mea-
surements to expose a fresh surface. The diamond sur-
faces were prepared by standard optical polishing tech-
niques. Laser pulses of 90 fs duration, centered at 620
nm, and up to 0.2 mJ energy were provided by a colliding
pulse mode-locked (CPM) ring dye laser followed by a
four stage Nd:YAG pumped optical dye amplifier sys-
tem operating at a 10-Hz repetition rate.

When freshly prepared surfaces were excited by a 90-fs,
620-nm pulse above a critical fluence F, a damage spot
appeared. The fluence of incident pump pulses was cali-
brated by measuring their energy with a calibrated photo-
diode, while measuring the focused spot size at the sam-
ple surface by monitoring transmission through a pinhole
(mounted in the same plane as the sample) translated
across the focal spot. At each of several fluences thus
calibrated, a sampling of irradiated spots was examined
under Nomarski and scanning electron microscopes, and
F was defined as the minimum fluence at which any
change in surface morphology attributable to the laser
pulse (e.g. , amorphization, cratering) was observed. '

Measured values of F are reported and discussed in the
next section. F of a reference silicon wafer, measured

by the same procedure, agreed with the value 0.1 J/cm
reported by other investigators for 90-fs, 620-nm
pulses 2 1,22, 29

At fluences F &F, the diameter and depth of the
craters created by irradiation pulses was measured as a
function of fluence in HOPG, diamond, and the reference
silicon sample. The average radius of the damage spot
rd, at each fluence for a common focal spot size was
determined by examining a statistical sampling of dam-

age spots under a Nomarski microscope. Damage crater
profiles were mapped with approximately 30-A resolution
using an Alpha-Step depth profiler. These depth profiles
help in estimating the amount of material removed from
the surface, and thus in evaluating the role of ablation in
the experiments.

Two types of surface reflectance measurements were
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performed: (1) self-reflectance of single 90-fs, 620-nm,
near-normally incident pulses as a function of fluence,
and (2) pump-probe measurements using a 90-fs, 620-nm,
normally incident pump pulse and 90-fs probe pulses of
varying wavelength (310&A,~„b,&700 nm), polarization,
and incidence angle. In addition, with diamond,
transmission measurements were performed. Self-
reflectivity measurements were performed on HOPG by
focusing pulses to 50-pm diameter at a 10 angle of in-
cidence onto the sample surface, collecting and imaging '

the reflected pulses, then detecting only the center of the
pulse profile, which was selectivity apertured in the image
plane. This procedure avoided spatial averaging over a
transverse fluence distribution. Thirty shots were taken
at each fluence, and a matched reference photodiode
monitored the pulse energy incident on the sample to
provide normalization against shot-to-shot energy fluc-
tuations, permitting reliable measurement of reflectance
changes smaller than l%%uo. The sample was translated 150
pm after each laser shot to ensure that each shot interro-
gated a fresh region of the surface. A computer con-
trolled the acquisition and shot-to-shot subtraction of the
signal and reference voltages and the movement of the
sample raster stage. The onset of surface morphology
changes provided in situ calibration of absolute laser
fluence.

Pump-and-probe measurements monitored the tem-
poral evolution of reflectivity changes induced by surface
melting. For these experiments, a beamsplitter divided
the amplified pulses into pump and probe pulses. The
pump beam was sent through a computer controlled opti-
cal delay line and focused to a spot diameter of 60 pm
(HOPG) or 30 pm (diamond) at normal incidence onto
the sample surface. The probe beam was attenuated to
well below F . Time-resolved reflectivity and transmis-
sion of diamond was probed only at near normal in-
cidence with 620-nm pulses, because of the limited
amount of sample available. Normal incidence
reflectivity of HOPG was probed not only at 620 nm, but
at different wavelengths generated either by frequency
doubling in a thin, phase matched potassium dihydrogen
phosphate (KDP) crystal (to produce 310-nm pulses) or
by white light continuum in a jet of ethylene glycol (to
generate pulses at 700&A, &500 nm}. Band-pass filters
selected the appropriate wavelength for detection. In ad-
dition reflectance was probed at an oblique incidence an-
gle (8=50') with s and p polarizations. Steeper incidence
angles, though valuable for characterizing the dielectric
function precisely, were avoided because of the much
greater difficulty of fully overlapping the pump and probe
spots on the sample, and thus in obtaining quantitatively
accurate absolute reflectance values. The probe beam
was focused to a spot diameter of approximately 30 IMm

(HOPG) or 15 pm (diamond) in the center of the pump
spot. Acquisition and shot-to-shot normalization were
accomplished as described above. As an additional nor-
malization, each spot was probed twice: first without,
then with the pump, accomplished by blocking, then
transmitting alternate pump pulses with an electronically
controlled shutter. The difference between these two sig-
nals, each separately normalized to the reference photo-

diode signal, measured the change in reflectivity (HOPG,
diamond} and transmission (diamond). Multiple laser
shots at each time delay were then averaged. This pro-
cedure corrected for possible surface nonuniformities as
the sample was rastered, and significantly improved
signal-to-noise ratio, reproducibility, and accuracy of the
measured absolute values of surface reflectivity. With the
reference silicon sample, this procedure yielded absolute
reflectance within 5%%uo of independently measured values
(see Ref. 43). ' ' Such measurement accuracy is criti-
cal to extraction of accurate Drude parameters, and thus
to conclusions regarding the nature of the liquid state of
carbon. The temporal zero-delay (to) between pump and

probe was calibrated to within +15 fs by monitoring the
well-characterized reflectivity response ' ' of the melt-

ing transition of the reference silicon sample.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Postmortem analysis of sample damage

Using the procedure described above, we find the criti-
cal damage fluence F~ of HOPG to be 0. 13+0.02 J/cm
for single 620-nm, 90-fs optical pulses, very close to the
value of 0.14 J/cm determined by Malvezzi et al. using
20-ps, 532-nm pulses. From known equilibrium material
properties of HOPG, ' we can calculate the final, equili-
brated surface temperature T& reached slightly below F
(independent of the dynamical pathway by which it is
reached) by equating absorbed optical energy to the in-

tegrated heat capacity:
Tf

(1—R)F a=p I C (T)dT . (1)
3ooK ~

We assume temperature-independent density p =2.25
g/cm and linear absorption (a '=300 A), which is
nearly the same for 620 and 532 nm. A functional form
of temperature-dependent heat capacity C (T) below the
melting temperature is given by Eq. (9) of Ref. 5, and

pump pulse reflectivity R -0.3 at F has been measured
directly (see next section}. The time constant for vertical
heat diffusion out of the absorption volume is approxi-
mately 500 ps, ' and can be neglected on the time scale
( —1 ps) on which an equilibrium temperature is estab-
lished. We obtain T&-6000 K for both 20-ps and 90-fs
pulses, 20—50% higher than the high pressure melting
temperature, of HOPG. However, the actual tempera-
ture is somewhat lower because the interband absorption
saturates as fluence approaches F, reducing the value
of a by 30—50% in Eq. (1). This simple equilibrium
analysis shows the HOPG indeed reaches the melting
temperature at F, and suggests that melting occurs and
causes the damage spot to form at F)F .

The damage threshold for diamond was measured to be
0.63+0.15 J/cm for 620-nm, 90-fs pulses. The fivefold
higher value can be attributed to the requirement for
simultaneous absorption of at least three 2.0-eV photons
to cross the indirect energy gap E of 5.48 eV in dia-
mond. Self-reflectivity and transmission measurements
presented below indeed confirm that strongly nonlinear
absorption is present at fluences just below F, although
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the final surface temperature Tf is therefore difficult to
compute accurately because a depends strongly on the
pulse energy and intensity profile.

Figure 1 presents measurements of the average damage
spot radius as a function of the fluence of a normally in-
cident 90-fs pump pulse focused to a spot radius of 30 pm
on HOPG, or 15 pm on diamond. At F, a small darn-

age spot (only a few microns in radius) appears in the
center of the irradiated area. For F &F, the damage ra-
dius increases, at first rapidly, then more slowly with in-
creasing fluence. For thermal melting by a pulse with
Gaussian spatial profile F =Foexp( r /p—o), the damage
spot radius should increase with fluence as rd,
=pc[in( Fo/F )]', which is the fraction of the pulse
cross-sectional profile in which F & F . The curves
through the data points in Fig. 1 are fits of this formula
to the measured damage radii using p0=30 pm (HOPG}
or 15 p,m (diamond), which agree with the independently
measured pump spot radius. From Fig. 1 we can deter-
mine that for F&0.4 J/cm (HOPG) or 1.5 J/cm (dia-
mond), the damage spot encloses & 95%%uo of the energy of
a Gaussian profile probe pulse focused as described
above. However, below this fluence, any fluence depen-
dence to the probe reflectivity must be attributed partly
to the changing size of the melted region.

Figures 2(a} and 2(b) present measured depth profiles
across the center of representative damage spots induced
by 90-fs, 620-nm pulses -in HOPG and silicon, respective-
ly. Profiles of regions irradiated below F show no evi-
dence of craters in either material. At 2.0 F (0.26
J/cm ) in HOPG, a typical crater with a depth of —300
A is shown. In silicon, although amorphization, a signa-
ture of prior melting and rapid recrystallization, is clearly
seen under a microscope in the irradiated region, the
depth profile still shows insignificant cratering at 2.0 F
(0.2 J/cm ). At 4.0 F, a typically deeper and wider
crater is shown for HOPG, whereas the crater shown for
silicon at 5.0 F is still small by comparison. The plot of
average crater depth versus fiuence (normalized to F ) in

Fig. 2(c) summarizes measurements of numerous damage
spots in HOPG (filled squares) and silicon (open squares).
For HOPG, measurable craters are observed at all
fluences aboue the damage threshold, indicating that ma-
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terial has been lifted off the surface. The depths increase
monotonically with increasing fluence, approaching 1000
A at 12 F . In silicon, on the other hand, measurable
craters are observed only for F & 2.5F, and increase in
depth up to about 6F . At fluences above about 10F in
silicon, surface mounds appear, which may be caused by
freezing of the molten silicon after being subjected to hy-
drodynamic shock from the laser pulse. ' The higher
threshold for crater formation in silicon can be attributed
quantitatively ' to the additional energy required to heat
the stable liquid to the vaporization temperature, and to
provide the latent heat of vaporization. Thus for
F & 2.5F, the liquid is above the vaporization tempera-
ture. Most carbon phase diagrams, on the other hand,
show that the liquid phase exists in equilibrium only at
pressures above 100 atm, and is thus thermodynamically
unstable at atmospheric pressure, where it tends to sub-
lirne. Consequently, material loss to vaporization is ex-
pected as soon as the liquid phase is formed at F . With
femtosecond excitation at F&F, material loss is prob-
ably enhanced compared to longer pulsed excitation, be-
cause of the initially elevated pressure (see Sec. IV).

40a
OC

P+
20

0 1 2

FLUEN("E(3lcm )

~ (c)

0 ~A
OC

-500
CC

- l000

O
Si

r

0
-~--

la

I ~ ~ I

5 IO

Normalized Fluence (F/FJ

FIG. 1. Average radius of damaged area as a function of
pump fluence for HOPG (solid squares) and diamond (open
squares) after photoexcitation by 90-fs, 620-nm laser pulses fo-

cused to 1/e spot radius of 30 pm (HOPG) or 7.5 pm (diamond).

FIG. 2. Depth profiles of representative damage craters on

(a) HOPG and (b) silicon for two fluences F above the critical
melting fluence F . (c) Average crater depth as a function of
F/F for HOPG (solid squares) and silicon (open squares).
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B. Self-re8ectivity and transmission

1. Graphite

Figure 3(a) shows the near-normal incidence self-
reflectivity of the central part of the profile of 620-nm,
90-fs pulses from HOPG as a function of fluence normal-
ized to F . Below F, the measured self-reflectivity is
fluence independent and indistinguishable from the value
of 0.3 measured for unexcited HOPG. Precisely at F,
however, self-reflectivity begins to rise, reaching a values
above 0.5 at 20F . This result contrasts with the self-
reflectivity response observed by Malvezzi et al. using
532-nm, 20-ps pulses, where self-reflectivity decreases
above F

three-photon absorption model" yields a three-photon
absorption coefficient y-25 cm /TR', although the
data is not sufficiently accurate to rule out the simultane-
ous presence of higher order absorption nonlineraities.
Precisely at F, self-reflectivity begins to increase sharp-

ly, just as observed in HOPG, while self-transmission
continues to decrease.

The precise correlation between the self-reflectivity in-
crease and the damage threshold in both samples suggests
that the increase is caused by the initial dynamics of the
melting process which occur during the pump pulse, as
discussed further in Sec. IV. Measurements of the related
process of two-photon absorption of 4.0-eV femtosecond
pulses in diamond have been presented elsewhere.

2. Diamond

Figure 3(b) shows the self-reflectivity (R) and self-
transmission (T) of near-normally incident 620-nm, 90-fs
pulses in diamond as a function of normalized fluence. In
this case the entire reflected and transmitted pulse ener-
gies were monitored, and the plotted R and T values in-
clude the fraction of pulse energy which was multiply
reflected between the faces of the 250-pm thick sample.
At very low fluences (F (0.01F ), R +T =1, signifying
the absence of absorption. In the range 0.01F &F&F,
R remains nearly fluence independent, while T drops
sharply to less than —,

' of its low fluence value, a clear sig-

nature of multiphoton absorption. A fit of the data to a
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FIG. 3. (a) Self-reflectivity of 90-fs, 620-nm pulses normally
incident on HOPG as a function of fluence F normalized to the
critical melting fluence F . (b) Fluence dependent self-
reflectivity and transmission of 90-fs, 620-nm pulses normally
incident on diamond.

C. Femtosecond pump-probe measurements

I. Graphite

a. 620 nm w-avelength probe, the first 25 ps. Figure 4
presents the time-resolved reflectivity of 620-nrn probe
pulses from HOPG for the first 25 ps following excitation
above F as the pump fluence increases from 0.5 J/cm2
to 20 J/cm . This time interval is long enough to show
all of the major features of the reflectivity response with
relatively coarse time resolution. Beyond ht =25 ps, the
visible reflectivity remains nearly constant for approxi-
mately a nanosecond, as also observed by Malvezzi
et al. '

Figure 4(a) shows three reflectivity responses corre-
sponding to a common pump fluence (F=0.5 J/cm ),
but to three different probe polarizations: s polarized at
8=50', near normal incidence, and p polarized at 8=50'.
The measured reflectivities for ht &0 agree with Fresnel
equation predictions when the published optical con-
stants n =2.6, k =1.5 for unexcited graphite at 620 nm
are used. For bt ~0, the inequality R, (8=50')
)Rz(8=10')) Rz(8=50') is maintained at all time de-
lays. At ht =0, reflectivity increases sharply with a pulse
width limited rise time to a value roughly 50% higher
than the initial value. There is a slight "overshoot" in
the reflectivity, evident as only a single data point on this
coarse time scale, which recovers in a fraction of a pi-
cosecond. There follows a slower decay to the initial
value in -8 ps, then a continuing drop to a final steady
state value in 20 to 40 ps. From the three measured
reflectivities, the complex index of refraction n +ik can
be determined uniquely at any time delay from Fresnel's
equations, provided that the surface is assumed to remain
perfectly discrete. Thus at 0.3 ps&Et (1 ps, we obtain
n =1.35, k =1.93, showing increased metallic character.
At time delays greater than several picoseconds, howev-
er, the assumption of a discrete interface may no longer
be valid, as discussed further in Sec. IV.

Figures 4(b) and 4(c) show the reflectivity response
probed at near normal incidence at progressively higher
pump fluences of 2.0 and 3.9 J/cm, respectively. Again
reflectivity increases sharply at ht =0, reaching a max-
imum value which increases slightly with pump fluence.
The subsequent drop in reflectivity depends strongly on
pump fluence. The reflectivity decays more rapidly, and
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the final reflectivity value becomes smaller, as pump
fluence increases. This trend continues at higher
fluences, as shown by the oblique incidence probe
reflectivity data at 20 J/cm pump fluence in Fig. 4(d}
(data for a near norinally incident probe is not shown in
this figure). The general pattern of a sharp reflectivity in-
crease followed by a slower, but fluence-dependent de-
crease closely resembles the reflectivity response of sil-
icon ' when melted by femtosecond pulses above the
vaporization fluence F &2.5F -0.25 J/cm . The main
difference is that in silicon the reflectivity decay is not ob-
served for pump fluences F &F &2.5F between the

melting and vaporization fluences, whereas in HOPG, the
decay is observed at all fluences F & F . Thus the
reflectivity decay correlates with the appearance of dam-
age craters described above, suggesting that hydro-
dynamic surface expansion causes the reflectivity decay.

It is helpful to fit the observed reflectivity responses in
Figs. 4(a) —4(d) phenomenologically to a function R (ht),
which convolves a single exponential response function
r(t)=exp[ (t —t'—)/ r, ]—C with the temporal intensity
envelopes P~„(t}and P~,», (t) of the pump and the
probe pulses:

R(ht)= f P „,b, (r+hr) f P „(t')r(t')dt'dt .
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FIG. 4. Femtosecond time-resolved reflectivity of HOPG.
(a) Excitation at pump fluence F=0.5 J/cm, probe at 620 nm,
comparing 50 incident angle s and p polarized reflectivity, and
near-normal incidence reflectivity. (b) Near-normal incidence
620-nm reflectivity at F =2.0 J/cm; dashed line shows convo-
lution of data with 20-ps pump and probe pulses. (c) Same with
F=3.9 J/cm . (d) Excitation at 20 J/cm, probe at 620 nm,
comparing 50 incident angle s and p polarized reflectivity.
Vertical scales on all panels denote absolute reflectivity.

30

I
Zo

A

w 10

0.0
p 5 10 15 20

FLUE%&"E ( J/cm )

25

FIG. 5. Fluence dependence of the decay time constant of
the reflectivity response of HOPG (open circles) and silicon
(solid circles). The solid line is a theoretical fit to a F
dependence, as discussed in the text.

~, is the relaxation time constant, and the modified base-
line C represents the final reflectivity value. The pump
and probe intensity envelopes are conveniently represent-
ed as sech (t/r ). Examples of fits to Eq. (2), using the
measured pulse width ~ =90 fs, are shown by the curves
superimposed on the data in Figs. 4(b) and 4(c) where
time constants ~, =6 and 4 ps, respectively, were used.
Fits of equal quality are obtained for other fluences. In
Fig. 5 these decay time constants obtained in the same
manner from femtosecond reflectivity data on silicon
photoexcited at F)0.25 J/cin are also plotted (solid cir-
cles). For similar fluences, similar time constants are ob-
tained in HOPG and silicon. The solid line is a theoreti-
cal curve which predicts a characteristic time constant
for hydrodynamic surface expansion, which decreases
with laser fluence in a manner very similar to ~, . This
model is discussed further in Sec. IV.

Equation (2) can also be used to calculate the
reflectivity response R (At) which would be observed in
an experiment with longer pump and probe pulses. The
grey-tone curves in Figs. 4(b) and 4(c) were obtained us-

ing the same response function r ( t), but r~ =20 ps, corre-
sponding to the pulse duration used by Malvezzi et al.
Clearly the initial reflectivity increase cannot be observed
at all with this time resolution. In addition, the fluence
dependence of the reflectivity drop is largely masked.
Consequently the calculated response shows only a
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FIG. 6. The first picosecond of the time-resolved reflectivity
response of HOPCx probed by 90-fs, 620-nm pulses at near nor-
mal incidence. (a) Excitation at pump fluence F below critical
melting fluence F; (1) F=F; (c)—(f) increasing fluences above
F . Vertical scales denote absolute reflectivity.

monotonic reflectivity drop following photoexcitation,
consistent with the picosecond data of Malvezzi et al.

One additional feature of the Fig. 4 data is noteworthy.
Maximum s-polarized reflectivity, observed at ht —1 ps,
increases form 0.58 at 0.5 J/cm [Fig. 4(a)] to 0.69 at 20
J/cm [Fig. 4(d)], a trend also observed in normal in-
cidence reflectivity. Maximum p-polarized reflectivity,
on the other hand, decreases from 0.3 (0.5 J/cm ) to 0.26
(20 J/cm ). The selective suppression of p-polarized
reflectivity at such a high fluence as 20 J/cm probably
results from a significant degree of ionization, and the
formation of a short scale length plasma density gradient

at the surface. Consequently resonance absorption selec-
tively attenuates p-polarized light. Similar effects have
been observed and analyzed by Milchberg et al. Since
s- and p-polarized reflectivity increase about equally at
lower fluences [e.g. , Fig. 4(a)], however, we can assume
that the surface is discrete at early time delays.

b 62. 0 nm-probe wavelength, the erst picosecond F.ine
time-scale data over the first picosecond documents the
initial stage of photoexcitation and melting dynamics.
Figure 6 shows the first picosecond of the reflectivity
response probed at near-normal incidence as the pump
fluence is varied from 0.033 to 3.9 J/cm . Just below the
threshold [I' =0.033 J/cm, Fig. 2(a)], a small decrease in
reflectivity is observed during the pump pulse, which re-
covers in -200 fs. This response is caused by the genera-
tion, relaxation, and recombination of an electron-hole
plasma, and is in good quantitative agreement with the
extensive reflectivity measurements below F reported by
Seibert et al. When the pump fluence is increased to
exactly 0.13 J/cm, a nearly flat response is seen, as
shown in Fig. 2(b). As soon as the fluence is increased
above F, a sharp reflectivity increase is observed
[I' =0.25 J/cm, Fig. 2(c)], followed by a fast (-200 fs)
recovery and a small residual reflectivity increase, which
persists for over 10 ps. For the data in Figs. 2(b) and 2(c),
the damage spots were smaller than the probe spot. Con-
sequently, the measured response averages the actual
response below and above F to some extent. At higher
fluences, however, essentially the entire probe pulse sees
material excited above F . At F=0.7 J/cm and 1.3
J/cm [Figs. 2(d) and 2(e)], the fast transient is still evi-
dent, but the persistent reflectivity component increases
sharply in magnitude to over 0.4. At still higher pump
fluence [F=3.9 J/cm, Fig. 2(f)], the fast transient is no
longer evident, and a slight further increase to R -0.5
occurs.

Two important features of the initial reflectivity
response above F are noteworthy. First, the rise times
of reflectivity signals in Figs. 6(c)—6(e) are all pulse width
limited. This contrasts with a resolvable delay of -200
fs in the rise time of the reflectivity of silicon when pho-
toexcited just above F . This comparison suggests that
the initial response of HOPG above F is caused by an
overdense electron-hole plasma, which rapidly equili-
brates, whereas the electron-hole plasma in silicon fails to
reach critical density just above F, yielding a response
time governed by the melting dynamics. Second, the fast
transient observed above F, though opposite in sign, re-
covers on the same time scale as the transient observed
below F [Fig. 6(a) and Ref. 23]. This comparison sug-
gests that the former, like the latter, is also caused by
equilibration of hot electrons with the lattice, as dis-
cussed further in Sec. IV.

c. Other probe wavelengths. A reflectivity spectrum
over as wide a range of wavelengths as possible is key to
modeling the underlying electronic structure of liquid
carbon. Figure 7 shows the time-resolved reflectivity of
310-nm, probe pulses from HOPG following excitation
below F [Fig. 7(a)] and at two fluences above F [Figs.
7(b) and 7(c)]. The response differs substantially from
that at 620 nm. Following sample excitation at 0.1F
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0.30—
(a) F&.013 J/cm
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[Fig. 7(a)], ultraviolet reflectivity first decreases for the
first 100 fs, then recovers within 2 ps to a steady-state
value 4% higher that the initial reflectivity, which per-
sists for -500 ps. A detailed interpretation of this
response has been presented elsewhere. The initial de-
crease is caused by the rapid generation and energy relax-
ation of electrons and holes, while the slowly rising
reflectivity is caused by the thermal renormalization of
the graphite m energy bands, and provides a measure of
the time required for full electron-lattice equilibration.
The ultraviolet reflectivity response above F differs
significantly from the response when excited below F
providing further evidence that an irreversible phase
transition occurs at F~. At F=0.7 J/cm, no reflectivity
increase whatsoever is observed with the ultraviolet
probe, in sharp contrast to the 620-nm, probe [Figs. 4(a)
and 6(d)]. Instead, reflectivity remains unchanged for the
first picosecond, then monotonically decreases within 20
ps to a steady-state value (R =0.05 ), which persists for at
least 300 ps. When pump fluence is increased, the

reflectivity drops more rapidly, and to a lower final value,
the same trends observed with the 620-nm, probe. In ad-
dition, when the pump fluence is increased to 4 J/cm, a
slight transient reflectivity increase (barely above the
noise level) is observed during the first -0.5 ps, as shown
on the magnified scale of Fig. 7(b). This transient evolves
on approximately the same time scale as the reflectivity
transients shown in Figs. 6(a)—6(e) and 7(a). We attribute
this to the initially nonequilibrium electron-hole plasma
which at this fluence has become sufficiently dense to be
detected at 310 nm.

Figure 8 shows fluence dependent reflectivity measure-
ments made at fixed time delays of 0.7 and 20 ps, using a
white light continuum probe, where wavelengths of 550
nm [Fig. 8(a)], 620 nm [Fig. 8(b)], and 700 nm [Fig. 8(c)]
were selected for detection. A delay of 0.7 ps probes the
high reflectivity portion of the evolution after the initial
transient 200-fs features, while a delay of 20 ps probes the
approach to a low steady-state reflectivity. In both cases,
no change in reflectivity occurs until the critical melting
threshold is reached. At At =0.7 ps, the reflectivity be-
gins to rise precisely at the critical melting fluence at all
probe wavelengths, reaching a final value of —1.5Rp at
10F . In addition, the reflectivity scales equally with
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FIG. 7. Time-resolved reflectivity response of HOPG probed
by 90-fs, 310-nm pulses at near normal incidence for three
fluences F of the 90-fs, 620-nm pump pulse: (a) F=0.1F, (b)
F =5F, (c) F =30F .

FIG. 8. Reflectivity of HOPG as a function of normalized
pump fluence F/F for probe delays of 0.7 and 20 ps, for probe
wavelengths (a) 550 nm, (b) 620 nm, (c) 700 nm.
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fluence in each case. Spot size effects contribute to the
increasing magnitude of the reflectivity in the fluence
range F &F&3F . Above 3F, however, the increas-
ing reflectivity is caused entirely by changing properties
of the material as its temperature increases. The scale at
the top of Fig. 8(a) gives a rough estimate (+50%%uo) of
sample temperature at ht =0.7 ps derived by an exten-
sion of Eq. (1), as discussed further in Sec. IV. At a given
fluence (temperature) refiectivity is slightly higher at
longer wavelengths. At ht =20 ps, for all wavelengths,
the reflectivity drops below the background HOPG value
precisely at the critical melting fluence, and decreases
monotonic ally with fluence. A very slight rise in
reflectivity is observed below the critical melting fluence
at 620 nm, as observed in previous studies below F,
and is related to electron-hole carrier generation.

shown in Fig. 9(b}. Transmission decreases abruptly at
ht =0 from its unexcited value (0.7) to less than 0.2. On
the time scale (25 ps) on which reflectivity undergoes
large changes, no further change in transmission is ob-
served. The slightly higher final transmission value at
3F results from the probe spot being slightly larger than
the damage spot. A similar transmission response is ob-
served with silicon-on-sapphire upon melting with a fem-
tosecond pulse.

0.9
(a) F =0.63 Fm

0.6
~ ~ ~ ~ ~ ~

2. Diamond

Below F very different femtosecond responses are ex-
pected in graphite and diamond, because of the very
different electronic band structures. Above F, however,
we expect to measure similar optical properties, if the
two samples melt and equilibrate to a common liquid
phase on the time scale of the measurements.

Figure 9 shows the time-resolved reflectivity and
transmission of 620-nm probe pulses from diamond fol-
lowing excitation just below F [Fig. 9(a}]and well above
F [Figs. 9(b) and 9(c)]. For these measurements, the
probe is incident at a large enough angle ( -20') that the
front surface reflection has been spatially separated from
the back surface reflection. Below I' [Fig. 9(a)], no
change in front surface reflectivity was detectable. How-
ever, transmission drops to 0.45 immediately upon pho-
toexcitation, with negligible recovery over tens of pi-
coseconds. We believe this response to be free carrier ab-
sorption in an electron-hole plasma generated by three-
photon absorption. The recovery rate is severely limited
compared to graphite because of the large energy gap
which separates electrons and holes following their relax-
ation to band edges. Above F, we observe on a coarse
time scale [Fig. 9(c)] a reflectivity response qualitatively
very similar to the graphite responses shown in Figs. 4: a
sharp initial increase followed by a slower decay over
—10 ps. The lower peak reflectivity value (-0.3) com-
pared to HOPG excited at 10F (-0.45) is partly an ar-
tifact resulting from the coarse time spacing of data
points used to conserve sample area in taking the Fig.
9(c) data. When repeated at the same fluence (F =9F )

with finer time resolution over a shorter time interval
[Fig. 9(c)], the data indeed show that diamond reflectivity
increases from 0.17 to approximately 0.4, very close to,
although still slightly lower than, the value observed with
HOPG. This small discrepancy may be a real difference
in the reflectivity of the liquid phases, perhaps because
the liquid initially retains the higher density of diamond
(3.5 g/cm ) compared to graphite (2.2 g/cm ).

The corresponding transmission response of diamond
excited at 3F (solid squares) and 6F (open squares) is
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FIG. 9. Femtosecond time-resolved front surface reflectivity
(R) and transmission ( T) of diamond, probed at near normal in-
cidence by 90-fs, 620-nm pulses. (a) Pump fluence F=0.6F;
(b) T at F=3F (solid squares) and 6F (open squares); (c) R at
F=9F on coarse time scale; (d) detail of first picosecond of
reflectivity response at F=9F .
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IV. DISCUSSION

A. Hydrodynamic surface expansion

In order to obtain meaningful optical data on the liquid
phase, it is critical to collect data before surface optical
properties deteriorate because of hydrodynamic expan-
sion. Femtosecond experiments remove all ambiguity
that the surface can be probed before the surface expands
significantly. The consistent observation of an early
reflectivity increase (unresolvable in ps experiments ) fol-
lowed by a fluence dependent decrease is therefore simply
and naturally explained as initial creation of a highly
reflective condensed phase, which is subsequently ob-
scured by surface expansion. Indeed there is general
agreement ' ' that at fluences F)5F, ablation attenu-
ates surface reflectivity within several picoseconds of
photoexcitation.

Nevertheless, some authors ' have argued that during
a 20-ps melting pulse in the limited fluence range
F & F & 5F, insufficient material can evaporate to
afFect surface reflectivity significantly, and that reduced
reflectivity in this fluence range must therefore be as-
cribed to intrinsic (electrically insulating) properties of
the condensed surface. Analogously, in our previous pa-
per, ' we did not rule out the possibility that the delayed
reflectivity decrease for F &F & 5F observed in fs ex-
periments could be caused by a delayed metal-to-
insulator transition within the liquid, which maintained a
discrete, unobscured interface.

Several cogent arguments can now be advanced against
this interpretation of the fs experiments. First, if the
reflectivity decrease corresponded to an unobscured insu-
lating material developing, a transmission recovery on
the same time scale as the reflectivity decrease would be
expected. Yet no such recovery is observed in the dia-
rnond transmission measurements at any pump fluence
[Fig. 9(b)]. Instead transmission drops sharply upon pho-
toexcitation to a value which remains constant for over
25 ps. On the other hand, this pattern is consistent with
the early formation of a glossy, reflective liquid and sub-
sequent surface expansion. Such transmission measure-
ments were not available in the previous report on graph-
ite. ' Second, the careful damage morphology analysis
now shows that delayed reflectivity decreases following fs

melting in both graphite and silicon are precisely correlat-
ed with appearance of a damage crater, and thus with re-
moval of material from the surface at some time after ir-
radiation. Specifically, in silicon, damage craters and de-
layed reflectivity decreases ' both are observed only for
F)2.5F, the fluence required to heat the liquid to the
boiling temperature and provide the latent heat of vapori-
zation; correspondingly in graphite, damage craters and a
delayed reflectivity increase both occur for F)F, sug-
gesting that liquid carbon spontaneously ablates at at-
mospheric pressure. Third, the time constants of the
reflectivity decrease (Fig. 5), have nearly the same values
and fluence dependence for femtosecond-irradiated car-
bon and silicon, suggesting a common ablative mecha-
nism. Finally, no theoretical basis exists for structural or
electronic equilibration within the liquid on a 10—30-ps

time scale. On the contrary, recent molecular dynamics
simulations of the liquid state of carbon show that the
liquid reaches steady state structural and electronic prop-
erties within —1 ps of heating to the melting tempera-
ture.

In order to reconcile the observation of a strong
reflectivity decrease within —10 ps with the very small
evaporation rate expected ' at F & 5F, we must recon-
sider the microscopic mechanism for the reflectivity de-
crease. The "evaporation" model described in Refs. 8
and 37 in the context of ps irradiation depicts the escape
of individual atoms from the liquid to form an absorptive
vapor above the liquid surface, which is assumed to re-
tain an atomically sharp interface. Indeed optical ab-
sorption from the expected vapor density at b t —10 ps is
clearly inadequate to account for the observed reflectivity
decrease at F & SF . On the other hand, recent studies of
metal surfaces irradiated by intense, femtosecond
pulses ' show that strong reflectivity decreases within a
few picoseconds are caused by hydrodynamic expansion
of the surface as a whole, because of the high transient
pressure created by femtosecond irradiation (Sec. IIIC
below). The initially atomically abrupt interface develops
a short scale length density gradient shortly following ex-
citation, similar to the hydrodynamic expansion of a sur-
face experiencing a strong shock wave. When the gra-
dient scale length L approaches a significant fraction of
an optical wavelength A, , surface reflectivity can no longer
be described by Fresnel's equations, which are based on
boundary conditions for an abrupt interface, but instead
requires numerical treatment via the Helmholtz wave
equation. Typical calculations ' show strong
reflectivity decreases for L )0.2A, , with complicated
dependence on polarization, wavelength, material, and
the precise form of the density gradient.

In order to estimate the time ~ for such a density gra-
dient to form under our experimental conditions, we use
the expression for hydrodynamic expansion velocity of a
surface experiencing a strong shock wave:

' 1/2
ZkT
M

where (u ) is the average particle velocity in the normal
direction, y =C /C„ is the ratio of electronic heat capa-
cities at constant pressure and volume, Z is the effective
ion charge, T is the surface (electron) temperature, and M
is the mass of a carbon atom. Estimating y —1.6 and
Z -4 for carbon at high temperatures, we obtain
(u ) -2[k+T(eV)]' X 10 cm/s, close to the speed of
sound. To a fair approximation, kz T-0.5 eV at F=F,
and kz T ~ F at higher fluences. Thus at F =4F, for ex-

ample, a scale length L =0.5A, =310 nrn develops in a
time r=L /( u ) —10 ps, consistent with the time scale of
the refiectivity decrease in Fig. 4(a). To obtain a fit to the
fluence dependence of the exponential decay constants ~
plotted in Fig. 5, we assume that surface reflectivity is re-
duced by e ' when an L develops over a fraction
0. 1 &f &1 of the probe wavelength A, , where f can be
treated as a fitting parameter which depends on polariza-
tion, wavelength, material, and the form of the density
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gradient. The time for the necessary gradient to form is
then r=fA, /(v). As the fluence (and therefore T) in-
creases, (v ) increases as (kz T)', resulting in a reduced
gradient formation time. The solid (graphite} and dashed
(silicon) theoretical curves in Fig. 5 are fits to the data ob-
tained using f =0.6 (graphite) or 0.15 (silicon), corre-
sponding to L =3720 A (graphite) or 930 A (silicon).

Thus both the magnitude and Quence dependence of
the reflectivity decay time constant ~ in both silicon and
graphite (Fig. 5) are consistent with the one-dimensional
expansion rate of condensed material surface into a vacu-
um after being pressurized and heated by the absorption
of a femtosecond pump pulse. Significantly, the fluence
dependence of ~ for both F &F&5F and F)5F fit

naturally to a single model, further confirming that the
delayed reflectivity decreases in both Quence ranges of fs
excitation are caused by a common mechanism of surface
hydrodynamic expansion. Thus if the influence of hydro-
dynamic expansion is to be ruled out unambiguously, the
optical properties of a condensed phase driven to elevated
temperature and pressure by a femtosecond pulse must be
probed within a critical time window of no more than a
few picoseconds.

B. Electron-lattice and structural equilibration

A key question then becomes: to what extent has the
photoexcited carbon equilibrated within the available
time window? Several lines of evidence suggest that elec-
tron and lattice temperatures substantially equilibrate
within —1 ps following photoexcitation of the carbon
sample. First, femtosecond spectroscopy of graphite ex-
cited below F shows that photoexcited carriers relax
almost completely within 1 ps. The graphite lattice tem-
perature is measured directly by the rising UV reflectivity
response in Fig. 7(a),23 which confirms that, below F
the lattice reaches its maximum temperature within 2 ps,
and has nearly reached the maximum within 1 ps. Simi-
lar or shorter electron-lattice equilibration times have
been measured for many metals. As the lattice melts,
the increased disorder should further accelerate
electron-lattice equilibration, as observed, for example, in
comparisons of carrier lifetimes in crystalline, ' amor-
phous, and liquid25 silico~

Second, the subpicosecond reflectivity transient ob-
served upon photoexciting graphite above F [Figs.
6(b)—6(e) and 7(c)] recovers on a similar time scale to the
transient below F . In our previous paper, ' we showed
that this reflectivity "overshoot" at 620-nm, probe wave-
length [Figs. 6(b)—6(e)] is explained by the instantaneous
generation of an overdense electron-hole plasma
(N, I, ) 10 cm ) upon photoexciting HOPG at F~F
With an ultraviolet probe [Figs. 7(b) and 7(c)], higher
pump fluence ( —10F ) and carrier density
(N, I, &4X10 cm ') is required to see this overshoot, as
expected from the Drude dielectric function, ' and
confirms the interpretation of the overshoot as a short-
lived electron hole plasma. The common subpicosecond
recovery time of these reflectivity transients both below
and above F supports the interpretation that electron
and lattice subsystems equilibrate to nearly a common

temperature within 1 ps.
Third, molecular dynamics (MD) simulation of the

liquid state of carbon by Galli et al. show that structur-
al equilibration is also very rapid: the structural and
electronic properties of an initial amorphous carbon
structure heated to 5000 K in the electronic ground state
reach a steady-state liquid structure in well under 1 ps.
Simulations which begin by heating a crystalline graphite
or diamond structure might yield a somewhat longer
equilibration time, and would be of great interest in inter-
preting femtosecond experiments. Nevertheless our ob-
servation of very similar subpicosecond reflectivity evolu-
tion of graphite and diamond samples excited at F & F
[Figs. 6 and 9(c)] strongly suggests that both have equili-
brated to a common liquid phase at ht —1 ps.

Finally, in a well-studied material as silicon, subpi-
cosecond reflectivity transients are also observed, but
reach steady-state values within 1 ps ' which are fully
consistent with the independently measured optical prop-
erties of fully equilibrated, over-melted silicon. " In
fact, femtosecond and picosecond experiments at
F &F & 2.5F show a constant reflectivity for 0.5
ps&At &1 ns or more. ' Femtosecond surface second
harmonic measurements show that long-range crystal-
line order is lost in 0.5 ps, demonstrating that the mea-
sured reflectivity is indeed that of a liquid phase.

Available evidence thus supports the conclusion that
optical properties probed at ht —1 ps are those of a liquid
state of carbon with substantially equilibrated electron
and lattice subsystems. At very high fluences F &&F,
the term "solid density plasma" may be more ap-
propriate than "liquid, " in recognition of the higher ion-
ization states which accompany higher temperature and
pressure conditions. However, there is no sharp demar-
cation between the two regimes, and both may be encom-
passed by the term "Quid. "

C. Temperature and pressure following femtosecond excitation

For F&F, the quasiequilibrium temperature Tf of
the liquid established by ht —1 ps can, in principle, be
calculated by a generalization of Eq. (1}which takes into
account variations in the absorption coefficient a(t) dur-
ing the pump pulse, and the heat capacity C„q„,d( T) of
the liquid phase. In practice, the variations in a(t) are
quite complicated and C&;q„;d(T) can only be estimated,
thus precluding any more than a rough estimate of Tf of
the liquid. The significant saturation (decrease in a}
which occurs at fluences approaching F for HOPG has
already been noted. On the other hand, above F, the
onset of melting and metallic properties probably in-
creases a later in the pump pulse. Thus as a compromise
the linear absorption depth u '=300 A of HOPG pro-
vides an approximate basis for estimating Tf. On the
short time scale of ht —1 ps, volume expansion can be
neglected (p=p0=2. 25 g/cm for HOPG), and the heat
capacity C„atconstant volume should be used. The
specific heat (3/2)Nk~ of a classical monatomic gas pro-
vides a basis for estimating for C„.„,.d(T). Internal vibra-
tional modes in the liquid would, of course, increase this
value toward the Dulong-Petit value of 3Nk&. The mea-
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FIG. 10. Effective pressure of carbon sample following con-
stant volume heating at density of graphite (2.25 g/cm') or dia-
mond (3.5 g/cm ), calculated using approximate equation of
state formulas described in Ref. 44. Dashed curves include the
dominant ionic contribution only; solid curves include both ion-

ic and Thomas-Fermi electronic contributions to pressure.

sured pump self-refiectivities R (F ) in Fig. 3(a) can be
used directly in Eq. (1). Combining these approxima-
tions, the temperature estimates on the upper horizontal
axis of Fig. 8 were obtained, and indicate that tempera-
tures as high as 100000 K can be reached under our ex-
perimental conditions. The expected accuracy of this
scale, however, is no better than +50%%uo in view of the
above approximations.

When the sample is heated and probed on a time scale
shorter than the characteristic time for thermal expan-
sion, transient pressure exists because the sample is iner-
tially confined to a constant volume. The magnitude of
the pressure depends on the degree of equilibration
within the phonon system. As an upper limit which as-
sumes an equilibrated phonon system, the pressure p of a
solid heated to ks T & 10 eV (assuming T, = T; = T) at the
constant density p, of the low temperature solid is deter-
mined primarily by anharmonic ionic motion, and is de-
scribed by the approximate formula p-p, -3Nyk~T,
where y is the Gruneisen parameter. More precisely,
total pressure p also includes contributions from
Thomas-Fermi electron pressure, and a correction for
chemical bonding, but for k~T &10 eV and p-p„the
ionic contribution p; strongly dominates. The dashed
curves in Fig. 10 plot p;,„(T)for liquid carbon for fixed
densities corresponding to graphite (2.25 g/cm ) or dia-
mond (3.5 g/cm ). The solid curves show p ( T) corrected
for the electronic and bonding contributions [derived
from Eqs. (81) and (106) of Ref. 44]. For completeness,
the curves have been extended to T (T, using the cor-
responding expression for p;,„(p,T) for a high tempera-
ture solid [Eq. 34(b) of Ref. 44]. Figure 10 shows that
transient pressures of approximately 1 megabar can exist
at T & T . The time scale ~„&for release of the pressure
is estimated from the ratio of the heated (absorption)
depth a ' to the speed of sound c, . For HOPG, we esti-
mate r„~-a '/c, -5 ps, using a '-500 A and c, —10
cm/s. This estimate confirms that solid density, and thus
elevated pressure, still exist at ht —1 ps, and simultane-
ously supports the argument that the reflectivity decrease
observed at ht & 5 ps corresponds to the expansion of ini-

tially pressurized material. Rothenberg has measured
such a pressure release time in picosecond-irradiated
solid silicon using time-resolved photothermal deflection
spectroscopy.

V. DRUDE DIELECTRIC FUNCTION
OF LIQUID CARBON

We now analyze in detail the measured optical proper-
ties of the fluid state. This analysis is compared directly
to optical properties predicted by molecular dynamics
simulations, and to pulsed electrical measurements of dc
conductivity of liquid carbon.

The dielectric function of most liquid metals is well de-
scribed by a Drude function:

co&t co& r
e(co)=e)~

~ „+Ee2q+t
1+co r2 co(1+co )

(4)

Success in fitting the optical properties of the related
column IV liquid metals Si, ' Ge, and Sn, with this
model especially motivates its application to liquid car-
bon. Usually the polarizability (e„)and residual inter-
band absorption (e2, ) of the ionic cores can be neglected
(e„=1, ez, =0), leaving the free electron plasma fre-
quency ro =4nn, e /m (n, =electron density, m =free
electron mass) and relaxation time r as the dominant pa-
rameters which determine surface reflectivity. We shall
follow this simplifying assumption initially, then later ex-
amine the effect of introducing finite core dielectric pa-
rameters. Full determination of the Drude parameters
co and v. requires at least two independent measurements;
measurements at steep incidence angle usually provide
the greatest precision in determining e(co). Our measure-
ments can be summarized in two categories: (1) the nor-
mal incidence refiectivity spectrum R (hv) over the range
1.77 & h v &4.0 eV (see Figs. 6—8) and (2) oblique in-

cidence (8=50') s- and p-polarized refiectivity at h v=2. 0
eV [e.g. , Figs. 4(a) and 4(d)]. Measurements at ht —1 ps
at each of several pump fluences are used for the analysis.
Any choice of Drude parameters must be consistent with
all measurements for a given pump fluence.

Figure 11 plots the normal incidence reflectivity spec-
trum at b.t —1 ps for two fiuences (large solid squares:
0.5 J/cm; open squares: 2.0 J/cm ), as gleaned from the
data in Figs. 6—8. This data is compared to the measured
refiectivity spectra of solid graphite (solid curve), dia-
mond (crosses), and liquid silicon (open circles). The
measured reflectivity decreases monotonically with in-

creasing photon energy h v, and equals or exceeds the
reflectivity of the corresponding solids throughout the
probed frequency range. At visible frequencies the mea-
sured reflectivity increases with pump fluence up to a
maximum of about 0.5, although at h v= 4.0 eV,
reflectivity was independent of fluence within experimen-
tal error. The first column of Fig. 12 plots the measured
s- and p-polarized oblique incidence reflectivity at
h v=2. 0 eV, ht —1 ps, at F =0.5 J/cm, compared to the
normal incidence reflectivity at the same probe wave-

length.
The remaining curves in Figs. 11 and 12 are theoretical

models of the reflectivity spectrum, which we now discuss



OPTICAL PROPERTIES OF LIQUID CARBON MEASURED BY. . . 2689

0.8 p
~ oooo

0.7 '"
~

oooo l-Si
o oo o o o o o o o o ty

0.6 ~ ~ ~ ~ ~ ~ ~

0.4
1-C

0.3

0.1
1.0

+ + + + + ++ + +
diamond

2.0 3.0 4.0
PHOTON ENERGY(eV)

+

5.0

FIG. 11. Normal incidence reflectivity spectra of crystalline
diamond (Ref. 27) (crosses); crystalline pyrolytic graphite (Ref.
26) (solid curve); carbon measured at ht-1 ps after a fem-
tosecond melting of graphite with pulse of 0.5 J/crn (large solid
squares) or 2.0 J/cm2 (large open squares); liquid carbon calcu-
lated using Drude parameters ~p =3.5 X 10' s
v.=0.25X10 ' s (dotted curve) and cop =1.6X10' s

7 —0.9X 10 ' s (dashed curve); liquid carbon calculated from
molecular dynamics simulation at atmospheric pressure (Ref. 6)
(small solid squares); liquid silicon measured by ellipsometric
methods (Ref. 25) (open circles).

further. The small solid squares in Fig. 11 represent a
reflectivity spectrum R (co) extracted from the conduc-
tivity function cr(co) derived by Galli et al. from a
inolecular dynamics simulation of liquid carbon [see Fig.
2 of Ref. 6(a)] for the following conditions: low pressure
P-I atm, T, =T;=5000 K, density p=2.0 g/cm To.
obtain this R(co), Imo(co) was derived by Kramers-
Kronig transformation of Reer(co) given by Galli et al. ;
then e(co), expressed in terms of complex conductivity,

0.8
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FICx. 12. Oblique (8=50 ) incidence, s- and p-polarized, and
normal (8=0 ) incidence reflectivity of liquid carbon at photon
energy 2 eV. (a) measured at At-1 ps after a femtosecond
melting of graphite with pulse of 0.5 J/crn; (b) calculated from
molecular dynamics simulation at atmospheric pressure (Ref. 6);
(c) calculated using Drude parameters cop 3 5 X 10 s
v =0.2, 0.25, 0.3 X 10 ' s; (d) calculated using Drude parame-
tersco =1.6X10' s ', =0.8, 0.9, 1.0X10 ' s.

was used to derive R {co). Alternatively, a nearly identi-
cal R(co) was obtained over the frequency range of
our data by fitting Reo (co) to a Drude function
co~r/4~(i+co r ), then substituting the resulting best
fit Drude parameters a) =3.5X10' s ' and &=0.67
X10 ' s ', into the dielectric function Eq. (4) with

= 1 6'2 =0. Physically, the best fit cop corresponds to
n, =3.8 X 10 cm (assuming a free electron mass), very
close to four times the atomic density n, =1X10 cm
corresponding to p=2. 26 g/cm, implying a nearly qua-
drivalent metal. The best fit ~ implies a mean-free path
1=vFr=1.8 A (vs=Fermi velocity =2.6X10 cm/s),
close to the average interatomic spacing n, ' =2. 1 A.
The second column of Fig. 12 shows the oblique in-
cidence reflectivity calculated from Fresnel's equations,
using the same dielectric function.

The calculated reAectivity is approximately 50%
higher than the observed reflectivity (Figs. 11 and 12),
well outside of experimental inaccuracy. We therefore
consider possible causes of this significant discrepancy.
One possibility is that core dielectric terms must be in-
cluded along with the best fit Drude parameters. Howev-
er, introducing a core polarizability as large as that of
solid graphite (ei, =4.5) together with the best-fit Drude
parameters cited above yields R (2 eV)=0.58 and R (4
eV) =0.45, still well above the observed values. We have
investigated systematically combinations of core dielec-
tric terms in the ranges 1 &e„4.5 and 0 e2, & 4.0, and
find generally that core dielectric terms cannot explain
the discrepancy shown. We must conclude that the
Drude parameters themselves are different from the
values extracted from the simulations of Galli et al. , or
that the Drude function itself does not adequately de-
scribe the properties of carbon 1 ps after photoexcitation.
Close agreement should not necessarily be expected, be-
cause our experiment probes a sample at high pressure,
and densities close to those of the initial solids {graphite:
2.26 g/cm; diamond: 3.5 g/cm ). The discrepancy pro-
vides motivation for further simulations of the electronic
properties of liquid carbon under conditions closer to
those of the experiment. In fact, a molecular dynamics
simulation at high pressure has been reported, ' ' but to
our knowledge electrical properties were not derived. In
the current absence of such simulations, we consider
what revisions in the dielectric function can better ex-
plain the reAectivity data.

The dotted curve in Fig. 11 shows a greatly improved
fit to R (co) at F =0.5 J/cm obtained by reducing the
value of ~ from 0.67 to 0.25X10 ' s, while retaining
other parameters (~~=3.5X10' s ', e„=l,e2, =0)
corresponding to a simple nearly quadrivalent Drude
metal. The third column of Fig. 12 shows that the ob-
lique incidence re6ectivity at F=0.5 J/cm is also ex-
plained almost perfectly by this dielectric function, and
that slightly larger (0.3X10 ' s) or smaller (0.2X10
s) values of r significantly worsen the fit. Nevertheless
this fit is not unique. The dashed curve in Fig. 11 and the
fourth column of Fig. 12 show that a fit of nearly equal
quality is obtained by decreasing cop to 1 6X10' s
corresponding to a monovalent (n, =1X 10 cm ) met-
al, and increasing ~ to 0.9X10 ' s. In fact a family of
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(co,r) pairs in between these two extremes, plotted as a
line in the (co~, r) plane in Fig. 13(a), provide satisfactory
fits to our reflectance data for F =0.5 and 2 J/cm . Fits
of similar quality are obtained for the data at other
fluences. Thus the individual Drude parameters are not
uniquely determined by our current data. On the other
hand, the line in Fig. 13(a) determines the product co r
and the dc resistivity pd, =4m. /co ~ to within relatively
narrow ranges, as shown in Fig. 13(b) (e.g. , 1 & coze& 1.6
and 400&pd, &500 pQcm for 0.5 J/cm ). Finally Fig.
13(c) shows the dependence of the optically determined
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FIG. 13. (a) Family of Drude parameters co~ and ~ which
provide satisfactory fits to carbon reflectance data at ht —1 ps
after femtosecond melting pulse at 0.5 and 2.0 J/cm; (b) dc
resistivity values 4m. /cop7 corresponding to family of Drude pa-
rameters in (a); (c) dependence of optically determined resistivi-

ty on pump fluence, showing four different data analyses assum-

ing co~ constant at either 1.6 X 10' s ' (open circles) or
3.5 X 10' s ' (open squares) and ~ variable with increasing
fluence; or, conversely, ~ constant at either 0.3X10 ' s (solid
squares) or 1.0X10 ' s (solid circles), and co~ variable with in-

creasing fluence.

pd, on pump fluence. Because co& and ~ may individually
vary with fluence in a range of possible ways, four plots
of pd, illustrating the extreme cases are shown in Fig.
13(c): co~ constant (at either 1.6 or 3.5X10' s ') and r
variable with increasing fluence; or, conversely, ~ con-
stant (at either 0.3 or 1.0X 10 ' s), and co variable with
increasing fluence. In all cases, pd, decreases from
625+75 pQcm slightly above the melting fluence to
375+75 pQ cm at tenfold higher fluence. For
0. 13 &F & 0.3 J/cm, the reflectance data was first
corrected for the incomplete overlap of the melted area
with the probe spot, using the data in Fig. 1. The slight
increase in p for F & 0.25 J/cm falls within experimental
error. The trend in p contrasts with the usual increase of
p with temperature in metals, but follows the usual de-
crease of p with pressure, as discussed further below.

Table I compares our optically derived Drude parame-
ters and dc resistivity with optical-derived parameters of
the other column IV liquid metals (measured at atmos-
pheric pressure slightly above their respective melting
points), and with pulsed electrical measurements and
theoretical simulations for liquid carbon. Our product
co ~-1 is significantly smaller than for the other column
IV liquid metals, indicating an unusually strongly
damped electron plasma and strong electron localization.
Similarly, the optically determined pd, is significantly
higher than those of the other metals. The I-C values are
consistent qualitatively with the trends of decreasing co ~
and increasing pd, as atomic size decreases in column IV.
The unusually large size of the changes between I-Si and
l-C is consistent with the much higher temperature re-
quired to melt carbon, which in turn strongly reduces the
electron collision time ~. Nevertheless, the unusually
small numerical values of r (0.3 &r & 1.0X10 ' s) for I-

C compared to optically determined r values in I-Si
(2. 1 X 10 ' s), I-Ge (2.5 X 10 ' s), and 1-Sn (3.5 X 10
s) warrant further comment, since they imply electron
mean free paths l-vF~ in the range 0.8&l &1.7 A,
which are actually somewhat smaller than the average in-
teratomic spacing (N '~ -2 A). N '~ should set an
approximate lower limit on the path between electron
scattering events, leading to "saturation" of pd, and ~
with increasing temperature, as has been observed in
aluminum under short pulse heating conditions. A pos-
sible physical mechanism yielding I slightly less than
N ' might be collisions within localized carbon mole-
cules containing small angle bonds. Alternatively, a re-
sidual population of anomalously hot electrons with
v & uF would have mean-free paths larger than the range
indicated above. On the other hand, in view of the phe-
nomenological nature of the Drude model, the precise
value of ~ should probably not be interpreted too literal-

ly, as long as vF~ saturates in the vicinity of N
Indeed the fluence dependence shown in Fig. 13(c) is fully
consistent with a saturated resistivity above the melting
fluence, since resistivity does not increase as fluence in-
creases above F (with the possible exception of a slight
increase in a narrow range just above F ). In fact, rather
than leveling off, resistivity actually decreases with ap-
proximately F dependence. The decrease in p prob-
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TABLE I. Summary of measurements and calculations of Drude parameters and dc resistivity in column IV liquid metals.

Liquid Pressure (bars) Temperature (K) pd, (pOcm) Method Reference

Sn
Ge
Si

-0.3X10

4X 10
1

1

1130
1270
1800
1800

-5000
-4500

5000

8
6
5.6
5.3

2.3

60
75
80
85

625+75

1000
30—70

140+28

cw ellipsometry
cw ellipsometry
cw ellipsometry
Picosecond
reflectance
Femtosecond
reflectance
Ohmic heating
Ohmic heating
Molecular dynamics
simulation

Hodgson (Ref. 47)
Hodgson (Ref. 47)
Shvarev et al. (Ref. 43)
Li and Fauchet (Ref. 25)

This work

Gathers et al. [Ref. 14(a)j
Heremans et al. (Ref. 4)
Galli et al. [Ref. 6(a)]

ably has multiple causes, including increasing ionization
(i.e., increasing to~, even at constant r), and an approach
to high temperature plasma behavior, in which resistivity
is increasingly determined by Coulomb scattering, and
scales as T

The range of Drude parameters cited above corre-
sponds to a range of possible electronic and molecular
structures. The smaller co (1.6X 10' s ') corresponds
to a monovalent metal, implying that three of the four
valence electrons of carbon are involved in covalent
bonding. Indeed the molecular dynamics simulation of
Galli et al. , although consistent with a quadrivalent
electronic structure at low pressure, nevertheless shows
prevalent clusters and chainlike molecular structures in
the liquid state. On the other hand, the other column IV
liquid metals are all quadrivalent metals. ' The current
results provide no firm basis for distinguishing between
these two pictures, or an intermediate version. Molecular
dynamics simulations of the electronic properties at
elevated pressure, together with extended femtosecond el-
lipsometric measurements at very steep probe incidence
angles and vacuum ultraviolet probe frequencies will nar-
row the uncertainty considerably, and possibly detect
variations from Drude-like optical properties. Whichev-
er of these interpretations proves ultimately correct, the
current experiments show clearly that liquid carbon is a
resistively saturated material, for which the "free elec-
tron" Drude model and the attribution "metal" are at the
limits of their validity.

Comparison of our optically determined resistivity
with pulsed electrical heating measurements of liquid car-
bon (see Table I) also provides physical insight. The mea-
surements which most closely approximate our pressure-
temperature conditions involve pulsed ohmic heating of
vitreous' "or glassy carbon' ' ' to temperatures up to
6000 K under 2—4 kbar rare gas pressure. Melt resistivi-
ties p-1000 pQcm were reported from these measure-
ments, which is very consistent with our optically deter-
mined values just above F . In fact the somewhat small-
er values obtained in our experiment are fully consistent
with the higher sample compression under femtosecond
excitation, which suppresses the amplitude of ionic vibra-
tional motion responsible for electron scattering and
resistivity. Indeed clear evidence of volume expansion
was obtained in the pulsed ohmic heating

measurements, ' "' and was taken into account in deter-
mining the resistivity. On the other hand, recent mea-
surements and calculations ' at ambient atmospheric
pressure have yielded much smaller resistivities than ob-
tained in our experiment. Heremans et al. reported
resistivity 30 &p (70pQ cm based on resistance measure-
ments of ohmically heated pyrolytic graphite fibers at at-
mospheric pressure. Two theoretical simulations per-
formed after this experiment yielded resistivities of 140
pQ cm, and 80 pQ cm . Volume expansion upon melt-
ing was neglected in analyzing the measured resistance,
which, if present to the degree observed in Ref. 14(c),
could raise the reported resistivity by as much as a factor
of 2. Nevertheless, even with this correction the values
would still fall significantly below ours. The lower sam-

ple pressure compared to our conditions is expected to
yield higher, rather than lower resistivity (in the absence
of phase transitions). Thus other causes of the discrepan-
cy with our measurements must be sought. One possibili-
ty is that the nature of the material is very different at at-
mospheric pressure. Indeed, a number of independent
experiments in which graphite was melted in atmospheres
of pressurized inert gases have agreed that the solid-
vapor-liquid triple point occurs at —110 atm.
pressure. "' Thus according to these investigators, an
equilibrated liquid phase of carbon does not even exist at
atmospheric pressure. It is therefore conceivable that at-
mospheric pressure experiments measure a qualitatively
different phase of carbon than high pressure experiments.
Reconciliation of the various pulsed ohmic heating exper-
iments is complicated by their use of different starting
forms of carbon, and by the lack (to our knowledge) of
measurements on a single type of starting sample at pres-
sures both above and below 110 atm. In addition, the re-
ported electrical resistivity of the heated phase sometimes
depends on prior history (e.g., heat treatment) of the
starting solid. These ambiguities would be clarified by
performing ohmic heating experiments on well-
characterized pyrolytic graphite fibers, glassy carbon, vit-
reous carbon, and perhaps other solid carbon forms at
systematically varied pressures ranging from 1 bar to
several kbar. In summary, our optically determined
resistivity agrees very well with pulsed electrical measure-
ments reported for carbon samples melted at pressures
well above the widely accepted triple point pressure of
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110 atm, ' but significantly exceeds reported measure-
ments and calculations ' of resistivity for low pressure
samples.

VI. CONCLUSIONS

Femtosecond melting experiments measure the optical
and electronic properties of refractory condensed materi-
als in quantitative detail at extremes of pressure and tem-
perature inaccessible by other experimental methods. We
have presented a comprehensive study of the optical
properties of liquid carbon produced by femtosecond ex-
citation of pyrolytic graphite and diamond above critical
melting fluences of 0.13 J/cm and 0.6 J/cm, respective-
ly. All evidence suggests that both samples melt, reach
nearly common electron-lattice temperature and steady
state visible reflectance higher than the starting solids
within 1 ps, before the release of internal pressure and hy-
drodynamic expansion distort the optical properties of
the surface. A careful analysis of fluence-dependent
reflectance at At & 1 ps and fluence-dependent damage
morphology shows that surface expansion. strongly at-
tenuates surface reflectivity within a few picoseconds of
femtosecond irradiation at all fluences above the critical
melting fluence. A Drude model fit of the measured
reflectance spectrum at At —1 ps shows liquid carbon to
be a resistively saturated metal under femtosecond melt-
ing conditions, consistent with dc resistivity measure-
ments made on carbon samples melted by pulsed ohmic
heating in an inert, pressurized atmosphere.

This work points to a number of areas for additional
research. The pressure dependence of the electrical prop-

erties of liquid carbon should be clarified by theoretical
simulations at high pressure and by pulsed electrical mea-
surements on well-characterized samples at systematical-
ly varied pressures between 1 bar and several kbar. Fem-
tosecond experiments can be improved by using probe
pulses at vacuum ultraviolet wavelengths and steep in-
cidence angles, in order to probe the plasma edge more
accurately and determine individual Drude parameters
more precisely than has been possible in this work.
Significant deviations from Drude-like behavior might
also be detected. The degree of equilibration following
femtosecond excitation can be further clarified by dynam-
ical simulations which start with graphite and/or dia-
mond crystalline structures, and by more extensive com-
parison of the femtosecond time-resolved reflectance of
less refractory materials with independently measured
optical properties of the equilibrated liquid phases. Fi-
nally, in a larger context, femtosecond spectroscopy pro-
vides a promising method for optically characterizing a
wide range of condensed, refractory materials in previ-
ously inaccessible pressure and temperature regimes
characteristic of planetary and stellar interiors.
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