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We present a comprehensive report of pump-probe reflectivity and transmission measurements on
highly oriented pyrolytic graphite with 50 fs time resolution. The experiments trace the generation,
relaxation, and recombination of nonequilibrium carriers in a quasi-two-dimensional semimetallic
solid over a wide range of experimental parameters. The fluence of excitation at hv=2.0 eV was
varied between 107° and 1072 J/cm?, below the threshold for optical damage, while probe pulses in
the photon energy range 1.5 <hv <4.0 eV were used. On a subpicosecond time scale we observe a
strong, initial, broadband absorption saturation caused by state filling by a hot, dense 7-band elec-
tron population, which recovers with a fluence- and probe-wavelength-dependent time constant as

the carriers cool and recombine in less than 1 ps.

Later dynamics reflect the generation and

diffusion of heat in the lattice, and are consistent with previous picosecond reflectivity measure-

ments.

I. INTRODUCTION

Because of its simple quasi-two-dimensional structure,
and because of the availability of good-quality crystalline
samples, graphite has served as a “textbook” system for
fundamental investigations of solid-state physics of all
kinds for over 50 years.! For example, graphite was one
of the earliest materials to which the quantum theory of
solid-state band structure was applied.” Subsequently
these band-structure calculations have been greatly
refined, and related in detail to the equilibrium electronic
and optical properties of graphite.>* Nevertheless very
little is known about the ultrafast dynamics of nonequili-
brium electronic carriers in graphite, despite extensive in-
vestigations of such processes in other materials using the
techniques of ultrafast laser spectroscopy.’ Indeed, be-
cause of its well-characterized, highly anisotropic, sem-
imetallic properties, graphite provides an excellent op-
portunity to study fundamental femtosecond solid-state
processes possessing both major differences from, as well
as important similarities to, related processes in isotropic
semiconductors and metals, which have been the dom-
inant focus of ultrafast spectroscopy of solids for the past
several years.’

In this paper we report the first femtosecond time-
resolved study of the generation, relaxation, and recom-
bination of nonequilibrium electronic carriers in solid
graphite over a wide range of optical excitation condi-
tions below the threshold for optical damage. Our exper-
iments utilize a pump and probe technique with 50-fs
time resolution, and examine both the time-resolved
reflectivity of bulk samples and time-resolved transmis-
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sion through thin films in order to characterize the evolv-
ing optical properties as completely as possible. The re-
sults show clearly that important initial stages of the dy-
namics were beyond the resolution of previous experi-
ments performed with picosecond pulses.®” Further-
more, two fundamental properties of graphite lend the
femtosecond carrier dynamics a unique character. First,
its extreme anisotropy strongly suppresses carrier
diffusion perpendicular to the basal planes, despite the
short absorption depth and high-carrier-density gradients
which are generated. Consequently, graphite is an excel-
lent model system to study the ultrafast dynamics of a
two-dimensional electron-hole plasma. Second, its sem-
imetallic band structure introduces elements familiar
from dynamics in both semiconductors and metals.
Graphite shares with semiconductors the ability to gen-
erate an electron-hole plasma by optical excitation, and
to follow its evolution with an optical probe. On the oth-
er hand, it shares with metals the absence of a band gap.
Consequently, electron-hole recombination can occur im-
mediately upon relaxation to the band extrema.

There is an important additional motivation behind
our work. In the last few years, several studies®™ !> have
shown that intense pulsed laser excitation of graphite can
induce melting, even though graphite normally sublimes
when heated adiabatically at subkilobar pressures. These
studies have used nanosecond,®® picosecond,‘3’7'1°'11 and
very recently femtosecond'? laser pulses to provide new,
although sometimes conflicting, information on the ul-
trafast laser-induced melting process and on the unique
material properties of liquid carbon produced by intense
laser excitation. Nevertheless, the changes in optical
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properties caused by ultrafast melting are convolved with
changes caused by nonequilibrium carriers initially gen-
erated in the solid, especially in femtosecond experi-
ments.!? Consequently, the low-excitation work reported
here aids the interpretation of these high-excitation ex-
periments by helping to distinguish the effects of solid-
state carriers.

II. EXPERIMENTAL PROCEDURE

Our experiments were performed with room-
temperature samples of highly oriented pyrolytic graphite
(HOPG). The basic material properties of these samples
are described elsewhere."®®  For front-surface-
reflectivity experiments, optically opaque multilayered
samples were used with the surface normal to the graph-
ite ¢ axis. For simultaneous reflectivity-transmission ex-
periments, thin HOPG films were prepared by peeling
optically thin layers from a master sample with transpar-
ent tape. Strong light scattering was observed from the
free-standing films. However, scattering was greatly re-
duced by gluing the films to a glass substrate before re-
moving the tape. Mounted films were therefore used in
the experiments. The experiments were performed with a
standard pump-and-probe method. A dispersion-
compensated, colliding-pulse, mode-locked dye laser!?
supplied optical pulses of 50-fs duration, centered at
A=0.62 um, at a repetition rate of 100 MHz. For exper-
iments at a low level of sample excitation, this source was
used at its full repetition rate without any external
amplification. Pump pulses were focused at normal in-
cidence onto the sample surface either at the full fluence
of 15 pJ/cm? or attenuated to as little as 1 uJ/cm? A
train of weak probe pulses was split from the pump beam,
passed through a variable optical delay, and focused
tightly at near-normal incidence to a beam waist centered
within the pump spot on the sample surface. The
reflected and/or transmitted probe beams were detected
with photodiodes as the pump-probe optical delay was
varied. Standard synchronous detection methods, involv-
ing mechanical chopping of the pump beam, lock-in
amplification of the modulated probe, and slow scan of
the optical delay, served to enhance signal-to-noise ratio.
However, at the lowest levels of excitation, superior
signal-to-noise ratio and baseline stability were achieved
with a novel rapid data-acquisition'* system in which the
optical delay was swept rapidly and repeatedly at up to
200 Hz repetition rate, while a specially developed com-
puter acquired 12-bit data at a 4-MHz rate and averaged
data points over as much as 10° scans. This resulted in a
detectivity of AR /R, and AT /T, of a few 10~". For ex-
periments at higher levels of excitation, the output of the
colliding-pulse laser was amplified at a 7-kHz repetition
rate in a multipass dye amplifier pumped by a copper-
vapor laser.”® Measurements at pump fluences up to 16
mJ/cm? were made with this output. In addition, the
amplified output permitted a wide spectral probing range
(0.84 um>A>0.45 pum) by generating white-light
continuum-probe pulses'® in an ethylene glycol jet.
Continuum-probing measurements were done placing an
interference filter with calibrated center wavelength and
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10-nm bandwidth after the glycol jet to select the probe
wavelength reaching the sample. Cross-correlation mea-
surements between the 620-nm pump and respective
probe pulses was accomplished by substituting a thin
(<100 pm) ZnO crystal at the sample location and moni-
toring sum frequency absorption as a function of pump-
probe time delay. The measured widths of the cross-
correlation curves were approximately 130 fs at the ex-
treme wavelengths (i.e., 450 and 800 nm) and approxi-
mately 100 fs around the central wavelength (620 nm), in-
dicating a probe-pulse width shorter than 100 fs in the
complete wavelength range. By generating second-
harmonic pulses, measurements with probe pulses at
A=0.31 pm were also performed. No measurements are
reported at fluences above 16 mJ/cm? because evidence
of cumulative optical damage appeared on the sample
surface. Nevertheless, independent measurements made
with a 10-Hz-repetition-rate amplifier system,'? slow
enough that the sample could be translated to a fresh re-
gion in between individual laser shots, have shown that
the optical response retains the same qualitative features
as the data reported here for pump fluences up to the
single-shot melting threshold, which was measured to
occur at 130 mJ/cm? Thus our measurements cover a
range of 5 orders of magnitude of pump fluence up to the
single-shot melting threshold, above which radically
different effects are observed.'?

III. EXPERIMENTAL RESULTS

Figure 1 presents time-resolved transmission and
reflectivity data recorded simultaneously from HOPG
film of approximately 350 A thickness, as estimated from
the 20% transmittance of the unexcited sample. The
data in Fig. 1 contrast the first picosecond of the optical
response following a very low level of excitation (5
uJ/cm?) with the response following thousandfold more
intense excitation (7.5 mJ/cm? ). Pump-and-probe pulses
were both at A=620 nm (hv=2.0 eV). Transmission and
reflectivity data were also taken with thicker films (~ 600
A). Essential features of the optical response, particular-
ly the recovery time constants, were consistent with those
presented here for 350-A films.

Figure 1(a) shows AT /T, and AR /R, for low excita-
tion. The initial response is a pulsewidth-limited rise in
transmission, accompanied by a simultaneous, and small-
er, drop in reflectivity. These initial changes reach peak
magnitude slightly after At=0, which was determined in-
dependently to within +20 fs by measuring two-photon
absorption cross correlation in a thin crystalline film of
GaP which was translated into the sample position.
AT /T, and AR /R then both recover rapidly, with a
fall time 7=30=£10 fs, determined by a fit of the data to a
single-exponential response convolved with Gaussian
pump-and-probe temporal profiles of 50 fs FWHM. Fi-
nally, for At >200 fs, there is an overshoot in both sig-
nals, AT /T, dropping slightly below, and AR /R rising
slightly above zero.

Figure 1(b) shows the result of converting this data
into the corresponding changes A€, /€, and A€, /€, in the
real and imaginary parts of the dielectric function. A de-
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FIG. 1. Femtosecond transmission (7) and reflectivity (R) data from thin graphite films, showing the first picosecond of the optical
response. (a) Pump fluence 5 pJ/cm?, probe wavelength 0.62 um, data taken with output of unamplified CPM laser. (b) Fractional
changes in the real (€,) and imaginary (€,) parts of the complex dielectric function extracted from the data in (a). (c) Pump fluence 7.5
mJ/cm?, probe wavelength 0.62 um, data taken with amplified pulses. Note the longer relaxation time compared to (a). (d) Fraction-

al changes in the dielectric function corresponding to data in (c).

crease in €, and a simultaneous increase in €; underlie the
initial reflectivity-transmission transient. The decrease in
€, can be interpreted as a slight interband absorption sat-
uration caused by state filling, while the accompanying
change in €, follows from the Kramers-Kronig relation.
Possible causes of the changes at later time delays are dis-
cussed in the next section. All extracted Ae/e curves
presented in this paper were confirmed independently by
reconstructing from them a calculated bulk reflectivity
transient. This calculated bulk reflectivity was then com-
pared with an actual measured reflectivity transient from
a bulk sample excited at the same fluence level. In all
cases, excellent agreement (< 10% error in AR /R at all
observed time delays) is observed in the sign and magni-
tude of reflectivity change. This check ensures that the
determination of Ae/e from AR /R, and AT /T, at one
wavelength is an unambiguous procedure. The consisten-
cy of bulk and thin-film optical responses also implies
that classical size effects have little impact on the mea-
sured thin-film response, and that carrier scattering at
surfaces or cleavage planes, if important, influences the
thin-film and bulk response in similar ways.

As pump fluence is raised to several mJ/cm?, impor-
tant changes are observed in the initial optical response,
as shown in Fig. 1(c) for excitation at 7.5 mJ/cm?®. The
most obvious difference is that the initial transients are
much larger in magnitude, in approximate proportion to
the increased pump fluence. A precise statement regard-
ing the linear or nonlinear scaling of the AT /T, and
AR /R signals is difficult to make because the data in
Figs. 1(a) and 1(c) were taken with different laser systems.
Furthermore, somewhat different scaling of AT /T, and
AR /R with fluence is expected, according to the laws of
thin-film optics and because of the different temporal evo-
lution of the two signals, and is observed. Nevertheless,
the peak AT /T, and AR /R signals scale approximately
linearly with pump fluence up to 7.5 mJ/cm? with

perhaps a small degree of saturation as discussed further
in the following section. A much more precise compar-
ison can be made of recovery times, which at high fluence
[Fig. 1(c)] are unambiguously longer than the pulse dura-
tion. A careful fit of both curves to an exponential
recovery convolved with Gaussian pump and probe tem-
poral profiles yields a decay constant 7=130%15 fs for
AT/T, and AR/R,. The AT /T, and AR /R, signals
eventually overshoot the original values slightly as in the
low-fluence case. However, this overshoot is masked dur-
ing the first picosecond by the longer exponential
recovery of the initial signal.

Figure 1(d) shows the dielectric function changes cor-
responding to the high-fluence data. The sign and ratio
of magnitudes of the initial Ae;/€, and Ae,/€, closely
resemble the low-fluence case. Strong interband satura-
tion over a wide spectral range is expected at this pump
fluence. The relationship between interband saturation
and the optical response is discussed in Section IV.

Further insight into the initial optical transient was ob-
tained by probing the front-surface reflectivity of a bulk
HOPG sample with white-light continuum (0.45
pm <A, <0.84 um) or second harmonic (A, =0.31
pm) pulses. Thin-film transmission data were not taken
with a white-light or second-harmonic probes. However,
to a good approximation, the bulk reflectivity changes in
graphite can be interpreted in the context of an interband
saturation model, as discussed further in Sec. IV. This
approximation is based on our numerical estimates
OR /d€;= —0.003 and AR /d¢€,=0.024 for small bulk
reflectivity changes in HOPG. Since the thin-film mea-
surements at 620 nm for high-fluence [Fig. 1(d)] show
that Ae; and Ae, are of the same order of magnitude, we
assume that the bulk reflectivity change AR /R at other
probe wavelengths is dominated by changes in €.

Figure 2 presents time-resolved reflectivity curves for
the first picosecond of time delay for five different probe
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wavelengths in the range 0.45 um <A <0.84 yum from a
white-light continuum probe, with pump fluence at 13
mJ/cm?. The data in Fig. 2 were all taken with the

pump-and-probe beams on the same spot on one sample.
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FIG. 2. Femtosecond reflectivity data from bulk graphite
taken with amplified 50-fs pump pulses and white-light continu-
um (0.45 pm <A <0.84 um) probe pulses, showing the first
picosecond of the optical response. Pump fluence was 13
mJ/cm® Dots are fits to the data of an exponential response
function convolved with Gaussian pump and probe temporal
profiles. Note that the exponential time constant 7 is longer for
longer probe wavelengths.

In all cases an initial reflectivity drop occurs, as was ob-
served with the 620-nm probe. However, close inspection
of the wavelength dependence reveals several additional
trends. First, there is a monotonic increase in the decay
time constant of the initial transient as probe wavelength
increases from 0.45 to 0.84 um. The dots represent fits of
the data to a single exponential convolved with pump-
and-probe temporal profiles. The time constant 7 in-
creases from 110 fs at A,,.=0.45 um to 300 fs at
Aprobe =0.84 um, as marked on each panel in Fig. 2. The
pump-probe cross-correlation curves obtained by sum
frequency absorption in ZnO have a narrower temporal
width, a completely different (symmetric, nonexponential)
temporal shape, and a completely different dependence
on probe wavelength than these observed optical
responses. Therefore, the observed monotonic increase in
recovery time with A, . is an intrinsic feature of the
sample response, unrelated to details of the continuum
generation process. Also, the magnitude of the initial
reflectivity transient depends on probe wavelength, the
largest AR peak occurring at probe wavelengths near the
pump wavelength. The unusual “kink™ in the falling
edge of the 840-nm curve [Fig. 2(e)] has no counterpart in
lower-fluence data [Fig. 3(e)] or in cross-correlation
curves. It is therefore believed to be a real part of the
high-fluence optical response, related to the optical satu-
ration process, although its precise physical origin is not
understood.

Figure 3 shows reflectivity data at the same probe
wavelengths, but at a pump fluence of 1.3 mJ/cm?. The
time constant is smaller at each A, compared to the
higher fluence. Nevertheless, the wavelength dependence
of AR and 7 of the initial reflectivity transient closely
resembles that observed at higher fluence. This wave-
length dependence reinforces the picture of absorption
saturation caused by a dense, rapidly relaxing electron-
hole plasma, as described in detail in the following sec-
tion.

Figure 4 illustrates the behavior of the reflectivity sig-
nals beyond the first picosecond for pump fluence of 13
mJ/cm?  Figure 4(a) shows reflectivity data at
Aprobe =031 pm (second harmonic) over a 6-ps interval.
The initial drop in reflectivity (—1.7%) is much weaker
than at longer %, and recovers more rapidly, con-
sistent with the trends in wavelength dependence ob-
served with the white-light continuum probe (Figs. 2 and
3). A unique feature of the uv reflectivity, however, is the
sharp (+4%) increase with a rise-time constant 7~ 1 ps
which occurs after this initial transient. This increased
reflectivity was observed to relax slowly with a time con-
stant 7~500 ps. We believe that this increased uv
reflectivity is caused by lattice heating, and the accom-
panying downward shift in the energy of the main oscilla-
tor peak of the 7-electron band, as discussed in Sec. I'V.

A 10-times-smaller reflectivity increase at At > 1 ps is
observed at A, =0.45 um [Fig. 4(b)], and progressively
smaller increase at A, q,.=0.50 um [Fig. 4(c)] and 0.62
um [see Fig. 1(a)]. For A, ,.>0.65 um [Figs. 4(d) and
4(e)], no reflectivity increase was observed at all at Az > 1
ps, the initial negative transient recovering exponentially
to AR/Rq=0. At A, =0.62 um, the weak positive
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overshoot was followed out to long time delays, and ob-
served to behave differently from the 0.31-um signal. It
slowly relaxed over a time interval of approximately 17
ps, corresponding to a time constant of 5 ps, then reached
a maximum negative value at At ~25 ps, approximately
one-tenth the magnitude of the maximum positive value,
before beginning a much slower recovery. Thus the phys-
ical origin of this signal may differ from that of the 0.31-
pm signal. Nevertheless, we believe that this positive
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FIG. 3. Femtosecond reflectivity data from bulk graphite as
in Fig. 2, but with pump fluence 1.3 mJ/cm?.
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overshoot in AR /R, corresponds to the initial positive
reflectivity transient reported by Heremans et al.” in a
time-resolved reflectivity experiment on HOPG using 5-
ps pulses with A, =0.5925 um. Because of the longer
pulse duration, the rapid initial negative reflectivity tran-
sient was not resolved in that experiment.
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FIG. 4. Femtosecond reflectivity data from bulk graphite,
showing the optical response beyond the first picosecond.
Pump fluence was 13 mJ/cm?, probe pulses were (a) second-
harmonic or (b)-(e) white-light continuum pulses. Note that
the positive AR /R signal for At >1 ps is larger for shorter
probe wavelengths.
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IV. DISCUSSION
A. Carrier dynamics during the first picosecond

In this section we present a simple model of interband
absorption saturation caused by carrier generation, and
relate the time evolution of this saturation to the ob-
served reflectivity and transmission changes shown in
Fig. 1-3. The general concept of absorption saturation
can be understood at the simplest level by considering the
interaction of light with a two-level system consisting of
ground state “a” and excited state “b’’, each of which can
be multiply populated. Optical absorption consists of the
partial promotion of population in state “a” to state “b”
by the absorption of photons at the resonant frequency
wy,. Therefore the optical absorption coefficient of such a
“sample” is proportional to the population difference
N,—N, between the excited and ground states. If the
population of the two states becomes equal, the absorp-
tion coefficient drops to zero, corresponding to complete
absorption “saturation.” Absorption of a strong resonant
pump pulse will partially saturate the system’s absorption
(and therefore increase its transmission) for a closely fol-
lowing resonant probe pulse by temporarily reducing the
population difference between, and therefore the absorp-
tion coefficient corresponding to, the two states.

In order to apply this general concept to analysis of
our data, we must use the actual energy levels of HOPG
which occur at energy separations corresponding to the
experimental pump-and-probe frequencies. The optical
properties of graphite below 8 eV are determined almost
entirely by the m-electron bands,>* which arise from the
one electron per atom originating in the atomic 2p, orbit-
als extending above and below the carbon layer planes.
The experimental results can therefore be discussed in
terms of generation and relaxation of carriers entirely
within the 7 bands. Figure 5 depicts a portion of the 7
bands near the band extrema located at one corner of the
hexagonal Brillouin zone (K point), showing the valence-
and conduction-band states coupled by 2.0-eV pump pho-
tons. Initially, carriers are generated in the optically cou-
pled states, as shown schematically by the electron and
hole distributions labelled ““r,.” These carriers then
thermalize nearly instantaneously by carrier-carrier
scattering, spreading the distributions over a wide energy
range both above and below the optically coupled states,
as illustrated by distributions ““r, ” This hot-carrier pop-
ulation causes absorption saturation not only at 2.0 eV,
as in the Fig. 1 data, but to a lesser extent at probe wave-
lengths widely separated from the pump, as in Figs. 2 and
3.

The wavelength dependence of the decay time constant
in the Fig. 2 data is explained by the subsequent relaxa-
tion of the initial carrier distribution. As carriers
transfer energy to the lattice via the electron-phonon in-
teraction, electrons and holes relax toward the respective
band extrema, reaching distributions such as those la-
beled “7;.” Consequently, absorption saturation recovers
more rapidly at probe wavelengths shorter than the
pump, since carriers relax more rapidly out of states far-
ther from the band extrema. On the other hand, satura-
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FIG. 5. Partial 7 band-structure diagram of graphite adapted
from the calculation of Johnson and Dresselhaus (see Ref. 4)
showing occupied, bonding valence bands and unoccupied, anti-
bonding conduction bands near the corner of the hexagonal
Brillouin zone (K point). The Fermi energy E is defined as the
zero of energy. The arrows illustrate interband optical excita-
tion at a photon energy Av=2.0 eV. The initial electron and
hole distributions, represented schematically by the curves la-
beled “r),” thermalize rapidly by carrier-carrier collisions to
broader distributions, represented schematically by the curves
labeled “7,.” Within a few hundred femtoseconds, the hot car-
riers relax toward the band extrema, reaching distributions such
as those labeled “73.”

tion persists at longer probe wavelengths, because initial-
ly higher-energy carriers relax into lower-energy states
coupled by these wavelengths. The fluence dependence of
the relaxation time is also consistent with this picture, be-
cause at higher carrier density a wider initial energy
spread is expected. Thus optically generated carriers re-
quire more time to relax from higher-energy into lower-
energy optically coupled states via electron-phonon
scattering processes. The displacement of the peak sig-
nals from Ar=0 shows that the signal depends on accu-
mulation of carriers throughout the pump temporal
profile, in contrast to a x> effect which would follow the
pump-intensity profile. In principle, a slight increase in
this displacement with increasing recovery time 7 is ex-
pected. However, our experimental uncertainty in deter-
mining At=0 (approximately =20 fs) is too great for this
increase to be clearly evident in the data.

The equality of the recovery time constant in R and T
shows that vertical carrier diffusion plays a negligible role
during the first few picoseconds. AR /R, is determined
by carrier density at the front surface, and is therefore
sensitive to vertical diffusion; AT /T, on the other hand,
depends on integrated carrier density across the sample
thickness, and is therefore insensitive to carrier diﬁ‘usiogl.
This result has been confirmed also in thicker (L ~600 A)
samples. For an absorption depth of 300 A at 2.0 eV,>*
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this places an upper limit of D ~1 cm?/s on the ambipo-
lar diffusion coefficient for our sample, consistent with
the lower end of the range of values reported for pyrolyt-
ic graphite samples.

By examining the electronic density of states, we can
formulate a quantitative, although approximate, model of
the evolution of the carrier-density distribution in
HOPG. To a good approximation, the density of -
electronic states within 1 eV of the band extremum can
be written as!’

D _(E)=4|E|/97da*y}+16y,/97*dy3a® , (1

where |E| is the energy separation from the band ex-
tremum, d=3.35 A is the interlayer separation, a=1.42
A is the nearest-neighbor atomic spacing, and y, and y,
are band-structure parameters which have been given
different values in different band-structure calcula-
tions*!7 71 (typically y,~2.5 eV, y,~0.3 eV). Since
most band-structure calculations have shown the valence
and conduction bands to be nearly symmetric around
E=0 within 1 eV of E=0, Eq. (1) can be assumed equally
valid for both bands over the range of energies relevant
for analyzing the experimental data. In discussions of op-
tical properties, the band symmetry further implies that
E can be assumed equal to hv/2, in which case Eq. (1)
provides a good approximation to the joint density of
states. Inserting numbers, the density of states (including
spin degeneracy) of either band can be expressed as?®

D_(E)=[(7+£3)X10%' eV 2cm *]E
+(3+1)X10¥ eV lecm 3. )

The indicated uncertainties reflect the range of values of
the parameters y, and y; which have been used in vari-
ous band-structure calculations.*!” ! The effect of opti-
cal excitation is to create a carrier distribution N (E),
which causes interband absorption saturation by state
filling. The degree of saturation which influences a probe
at hv at some instant is then proportional to the ratio
N(hv/2)/D_(hv/2). We assume Drude contributions
to the dielectric function to be small at visible and near-
ultraviolet wavelengths. The fractional change in the
imaginary part of the dielectric function can be expressed
as

Aey(E)/e)E)=—N(E)/D (E) . (3)

By deriving the ratio Ae,/€, from optical data over a
wide range of wavelengths and time delays, it then be-
comes possible, using Egs. (2) and (3), to construct the
carrier distribution N (E) as it evolves on a femtosecond
time scale. As an additional constraint on the distribu-
tion N(E), the initial integrated carrier density must
equal the total carrier density generated by absorption of
the pump pulse of fluence F with absorption coefficient
alhv,,m,)- As long as absorption saturation and multi-

pump’*

photon are weak, this constraint can be expressed as
JN(E)dE=(1=R)Fa/hv . @)

At hv,,. =20 eV, R=0.32 and a=3X10° cm™ L

pump
Therefore at F=1.3 mJ/cm?, a total initial carrier density
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8X10° cm ™3 is expected, while at F =13 mJ/cm?, a to-
tal density of 8 X 10*! cm 3 is expected. If recombination
remains negligible on the time scale of the experiment,
then the relation (4) remains valid for all time delays as
the distribution N (E) evolves.

In cases where both transmission and reflectivity data
are available, the fractional change Ae€,/€, required to
derive N(E) can be determined without any approxima-
tions. For example, from the data in Fig. 1(c) and the
analysis in Fig. 1(d), we obtain Ae)(hv=2.0
eV)/e;(hv=2.0 eV)=—0.28 at the peak, yielding
N(E=1.0 eV)=2.4X10* eV~ lcm™? from Egs. (2) and
(3). Furthermore, we have verified at several pump
fluences that €, and €, derived from a thin-film measure-
ment account for the front surface reflectivity response of
a bulk sample at hv,,q,.=2.0 eV to within 10%. In order
to construct N(E) at other energies, however, we must
analyze data taken with different hv... Since only
reflectivity data are available (Figs. 2 and 3), an addition-
al assumption is required to relate Ae,(hv)/e,(hv) to the
observed AR (hv)/R (hv). We shall assume, once Ae, /€,
is determined at hv=2.0 eV from thin-film measure-
ments, that Ae€,/€, is simply proportional to the mea-
sured AR /R at hv,;,72.0 eV. Although only approxi-
mately correct, this assumption is expected to introduce
less error into the derived values of N(E) than
uncertainties in the value of the electronic density of
states D_(E). The value of N(hv/2)=—Ae(hv)/
€(hv)*D_(hv/2) for each probe photon energy hv is
then derived using Egs. (2) and (3).

Figure 6 presents the results of such an analysis for the
reflectivity data in Fig. 3, for which F,, =1.3 mJ/cm’.
Although no reflectivity data were taken at hv . > 1.48
eV, the results suggest that, immediately after the pump
is absorbed (Ar=100 fs), N(E) is maximum just below

hv (eV)
— 0 1.0 2.0 3.0 4.0
R X e O L
g ] . F=1.3 mJ/cm?
[ ;0 ®"100fs| |
T 10} ™~ N 2200fs|
% i ,’ \ \\ @ 400 fs 1
- | L ®]ps
~ ] \ a \\
S 05} /’ \\.‘\ .
4 ] \\l
@ I /// \.\ \A\‘\\:\ - ]
Z. 0.0 Z 1 . S Y
0.0 0.5 1.0 1.5 2.0
E =(1/2)hv (eV)

FIG. 6. Carrier energy distributions at four different time de-
lays following a 2.0-eV pump pulse at fluence F=1.3 mJ/cm?,
derived from optical reflectivity data in Fig. 3 as explained in
text. The plotted points represent densities inferred directly
from the data. The dashed curve is a Maxwell distribution with
an integrated carrier density of 8X10%* cm™’, which corre-
sponds to (1—R)Fa/hv.
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the optically pumped states at E=hv/2=1.0 eV. A
Maxwellian (solid) curve centered at E=0.8 eV has been
drawn through the available data points for At=100 fs,
in accordance with the expectation that carrier-carrier
scattering processes rapidly thermalize the optically gen-
erated nondegenerate plasma. Significantly, the area un-
der this Maxwellian curve — i.e., the integrated carrier
density (1—R)Fa/hv=8X10* cm~> determined in-
dependently from the known pump fluence — satisfies
criterion (4). This good agreement demonstrates the
internal consistency of the above analysis, and supports
the assumption that the observed optical response is
indeed caused primarily by absorption saturation. Be-
cause of band symmetry the curve represents both the
electron and hole distributions. The representative error
bars shown reflect uncertainties in the value of the elec-
tronic density of states equation (2). The other curves in
Fig. 6 represent similar analyses of the Fig. 3 reflectivity
data at later time delays. The center of the distribution
moves toward lower energy, as expected for a hot plasma
relaxing via electron-phonon scattering processes. In-
creasingly the experimental probe wavelengths sample
only the high-energy tail of the distribution as relaxation
proceeds.

Figure 7 presents similarly derived carrier distribution
curves for a pump fluence F=13 mJ/cm?, based on the
reflectivity data in Fig. 2. At Ar=100 fs, the experimen-
tally determined N (E) is strongly peaked near the energy
E=hv/2=1.0 eV corresponding to the optically pumped
states. However, it is not possible to draw a smooth
curve through the experimental points with an area
Fa/hv=8X10%' cm~3 without introducing an unphysi-
cal distortion in the low-energy part of the curve. In fact,
the area under the curve drawn in Fig. 7 corresponds to a
total density of only 3X10?! cm™3. This discrepancy
probably results from strong absorption saturation at this
fluence. Indeed, using the density-of-states function (2),

hv (eV)
— 0 1.0 2.0 3.0 4.0
[g] 4 T T v T T
g | ..  F=13mlfcm?]
° 3 " s 100 fs| |
N \ 4 200 fs
>} 2% 0400 fs| 1
- a2k 2\ a 600 fs| |
~ o 1ps
—
Z __#-0-o
n \a .
a 1 //-r—{.'\A\A A\‘\\
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F - . AN \.\
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E =(1/2)hv (eV)

FIG. 7. Carrier energy distributions as in Fig. 6, but for
pump fluence F=13 mJ/cm?.
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the integral [ D _(E)dE from O to 1 eV yields 6.5X 10%!

cm 3, which is the maximum density of carriers which
can be generated even with complete band filling. The
leading edge of the pump pulse thus increases the
effective absorption depth a~! for the trailing edge,
spreading the generated carriers over a larger volume.
Indeed, the Fig. 1(c) data show a 40% transmission in-
crease during a pump pulse of 7.5 mJ/cm?. It is therefore
reasonable to expect that the effective @' could be dou-
bled at 13 mJ/cm’. Furthermore at this high pump
fluence, the simple relationship (3) between state filling
and the dielectric function may no longer be a good ap-
proximation, as free-carrier absorption, X* effects, and
other nonlinear-optical processes become important. In
view of these complications, the N (E) curves in Fig. 7
should be regarded as rough approximations only. Nev-
ertheless, the derived curves show that at later time de-
lays N (E) again shifts toward lower energy, although a
peak near hv=2 eV persists for half a picosecond. For
At=200 and 400 fs, we find that completion of smooth
curves through the experimental points requires progres-
sively smaller integrated area than the At=100 fs curve.
The Ar=200 fs curve corresponds to a density of
1.75X10*' cm~? and the Ar=400 fs curve to a density of
1X10%' cm 3, nearly the density generated at 10-times-
lower fluence. This decreasing area suggests that a
density-dependent recombination process may become
important at these high densities. However, because of
the complications involved in interpreting the high-
fluence data, we do not believe that more detailed
analysis of this recombination is justified at this time.

B. Dynamics beyond the first picosecond

The most striking effect observed beyond the first pi-
cosecond is the pronounced uv reflectivity rise shown in
Fig. 4(a). The rise time of this signal (r~1 ps) is con-
sistent with the time required for the lattice to heat as op-
tically excited electron-hole pairs relax to the band extre-
ma via phonon emission. Furthermore, the observed fall
time (~500 ps) is consistent with the expected time for
vertical thermal diffusion under our experimental condi-
tions. This time is estimated from the expression

Tthermal 1 /azD :pCp /Ka2~550 ps,

where the optical-absorption coefficient =3 X 10° cm ™!

at the pump wavelength 620 nm,* and the thermal
diffusion coefficient D=0.017 cm?s ™! is determined from
density p=2.25 g/cm’, heat capacity C,=19.5 J/molK,
and thermal conductivity k=0.06 J/cm s K for pyrolytic
graphite’ at the final temperature T=300
K+F(1—R)a/pC,~1000 K of the sample surface after
pumping at F=13 mJ/cm? These features of the uv
reflectivity rise provide strong evidence that it is caused
by lattice heating.

The uniqueness of this signal to the ultraviolet probe is
explained by the unique position which 4.0-eV light
probes in the band structure of graphite, as illustrated by
the partial graphite reflectivity spectrum in Fig. 8. The
4.0-eV light probes the steeply sloped low-energy edge of
the main oscillator peak of the 7 bands, which arises
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FIG. 8. Partial reflectivity spectrum of HOPG (solid curve)
showing the main oscillator peak of the 7 bands. Dashed curve
represents shifting of the reflectivity peak caused by lattice heat-
ing, inducing a strong reflectivity rise at Av=4¢eV.

from a large joint density of states at energy separation
4.2 eV which occurs near the corner of the Brillouin
zone.* Thus the reflectivity of 4.0-eV light is highly sensi-
tive to small shifts in this band separation, but insensitive
to the interband saturation effects which dominate the
optical response of visible and near-infrared probes (as
with visible probes, Drude effects are negligible at ultra-
violet probe wavelengths). Indeed, as lattice temperature
rises, shrinkage of this band separation, analogous to
thermal band-gap shrinkage in semiconductors, is expect-
ed. A downward shift (assuming no broadening) of only
0.1 eV in the energy of this peak is sufficient to explain
the 4% rise in uv reflectivity observed at a pump fluence
of 13 mJ/cm?, as illustrated by the dashed line in Fig. 8.
The magnitude of this shift is comparable to thermal
band-gap shrinkages observed in semiconductors for
similar temperature rises.?! In contrast, the visible wave-
length probes fall in a relatively flat portion of the
reflectivity spectrum, and are therefore insensitive to
shifts in the band energies. Thus the visible and ultravio-
let probes provide complementary diagnostics of different
aspects of the ultrafast dynamics of graphite.

The uv reflectivity data show no evidence of electronic
band renormalization induced by the presence of a high
electron-hole-pair density. The effects of such renormal-
ization would be expected to occur immediately upon in-
jection of carriers, rather than after a 1-ps delay as ob-
served in our experiment. We must therefore conclude
that electronic band renormalization is a much weaker
effect than thermal band shrinkage in graphite. By con-
trast, band-gap shifts as large as 0.5 eV induced by car-
rier densities of 10>! cm 3 are observed and calculated in
many semiconductors.”? However, no previous observa-
tions or theories of this effect in graphite are available.
The apparent weakness of electronic band renormaliza-
tion may be a unique property of graphite or of the par-
ticular band separation probed by our experiment.

The much smaller reflectivity increases observed after
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At=1 ps at A, =450 and 500 nm [Figs. 4(b) and 4(c)]
may also be caused by the shift of the oscillator peak ob-
served in its long-wavelength tail. However, the time
dependence of these signals was not investigated at time
delays At >7 ps. The relatively rapid (~20 ps) recovery
of the small reflectivity increase at A, =620 nm, on the
other hand, suggests that this signal has a different physi-
cal origin. This signal may be caused by the degenerate
electron-hole plasma near the band extrema following re-
laxation of the plasma. Indeed, state filling (absorption
saturation) near the band extrema should yield a small
reflectivity increase for photons probing unoccupied
states at higher energies in the band, according to the
Kramers-Kronig relation. The recovery of the signal
could then be ascribed to electron-hole recombination.
The rapid time scale of recombination compared to
direct-band-gap semiconductors could be attributed to
the absence of a band gap, which permits recombination
without the requirement of photon or phonon emission to
conserve energy and momentum. Carrier diffusion may
also play a role, although the exponential shape of the
recovery is not consistent with a diffusion model. Indeed
diffusion along the c axis is expected to be slow in a
quasi-two-dimensional structure such as graphite.

V. CONCLUSION

A comprehensive study of femtosecond carrier dynam-
ics in a quasi-two-dimensional semimetallic solid has been
performed using femtosecond reflectivity and transmis-
sion measurements on graphite. Experimental results
were analyzed using a model based on absorption satura-
tion caused by state filling by a dense, nonequilibrium
electron-hole population, which was used to reconstruct
the hot-carrier energy distribution as it evolves on a sub-
picosecond time scale. Carrier dynamics during the first
picosecond resemble dynamics observed in direct-band-
gap semiconductors.”® Initially a hot, nondegenerate
plasma is created at energies corresponding to the opti-
cally pumped states, and is thermalized by carrier-carrier
scattering processes on a time scale shorter than the reso-
lution of our experiment. The electron and hole distribu-
tions then relax to the respective band extrema by
electron-phonon scattering processes in approximately 1
ps. At very high carrier densities, evidence of density-
dependent recombination is observed on this time scale.
These measurements provide essential input for theories
of the electronic and optical properties of graphite, which
require knowledge of fundamental scattering times which
have not previously been measured.
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