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Access to hole dynamics in graphite by femtosecond luminescence and photoemission spectroscopy
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Ultrafast dynamics of holes in a solid is usually hard to observe directly because the optical transition includes
both electron and hole dynamics. In this paper we show an approach combining femtosecond luminescence
and photoemission spectroscopy, successfully applied to graphite. Ultrafast infrared luminescence is observed in
graphite and ascribed to recombination luminescence, though graphite is a semimetal. The dynamics of holes is
deduced by taking a ratio between the time-resolved luminescence and photoemission data recorded on the same
sample, and shown to be very close to that of electrons.
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I. INTRODUCTION

Carrier dynamics in solids is an important issue for
understanding the light emission process, transport of high
momentum carriers, relaxation from the excited electronic
states, and energy dissipation channels. It is also relevant
to developing high-speed electronic and photonic devices.
Traditionally, the ultrafast phenomena in solids have been
studied by means of transient absorption, reflection, lumi-
nescence, and various nonlinear optical processes. Although
these methods are powerful and widely applicable, one cannot
avoid mixing up of the information from electrons and holes,
because the process includes optical transition within the
electronic band structure of the solid. On the other hand,
photoemission spectroscopy has an advantage to capture di-
rectly the electron population, since single electron excitation
spectra are recorded. Owing to this unique property, time-
resolved photoemission spectroscopy (TrPES) is recognized
as a powerful tool to investigate the carrier dynamics around
the Fermi level (EF ).1–3 Practically, however, the details of the
hole dynamics are less accessible than those of the electrons,
because the depression of the finite photoemission signal from
the occupied states has lower signal-to-noise ratio than the
transient signal increase from the states above EF . Moreover,
it is often noticed that the spectral weight across EF is not
conserved,4,5 which may indicate that the quantum efficiency
of photoemission (matrix element) exhibits energy-dependent
change in nonequilibrium. It is therefore imperative to combine
various ultrafast probes for revealing the whole picture of the
carrier dynamics, especially that of holes.

In this paper, we report the ultrafast carrier dynamics
of graphite investigated by femtosecond luminescence spec-
troscopy and TrPES. From the high-speed electronics point
of view, graphite as well as graphene6–8 are promising
device materials, since they have conelike massless dispersion
centered at the K point in the Brillouin zone projected on
surface9,10 [Fig. 1(a)]. As the dispersion is nearly linear without
a band gap, we can expect quite different carrier dynamics
compared to that in ordinary semiconductors. Motivated by
the importance of the ultrafast response of these systems in
applications, the carrier dynamics have been studied by various
methods, such as photoemission spectroscopy (PES),11,12 tran-
sient absorption,13 and terahertz14 spectroscopy. Anti-Stokes
radiation in graphene under femtosecond pulse excitation has
also been reported and the time response has been studied

with a correlated luminescence signal under double pulse
excitation.15 In spite of these efforts, the hole dynamics has not
been extracted experimentally, and symmetry is often assumed
for the dynamics of electrons and holes a priori in analyzing
the experimental data. However, the carrier-phonon interaction
via deformation potential is not necessarily the same for the
electrons and holes in the π and π∗ bands, respectively. Firstly,
we report observation of recombination-type luminescence
typical for semiconductors in graphite, although graphite is
a semimetal. Secondly, through the fact that photoemission
and luminescence correspond to upward and downward
transitions, respectively, from the same electronic state in the
unoccupied band [Fig. 1(a)], we extract the hole dynamics by
combining the luminescence and TrPES data.

II. EXPERIMENT

Measurements of the femtosecond luminescence were
performed with the up-conversion technique, which enables
direct observation of ultrafast luminescence over a wide energy
window in the visible-to-infrareds. The apparatus is almost
the same as that used in our previous works on wave-packet
spectroscopy.16–18 The sample was excited with amplified
mode-locked pulses from a regenerative amplifier operating
at a repetition rate of 200 kHz. The wavelength was 790 nm
(1.57 eV) and the pulse width was 70 fs. The average power
at the sample surface ranged from 10 to 60 mW. The spot size
was about 150 μm and the corresponding maximum fluence
per pulse was estimated to be 1.7 mJ/cm2.

Paraboloidal mirrors were used to collect and to refocus the
luminescence onto a nonlinear-optical crystal, lithium iodate
(LIO). The luminescence light was frequency mixed in the LIO
crystal with variably delayed 790 nm pulses from the amplifier.
The up-converted signal was spectrally and polarization
filtered by an edge filter, a Gran-Taylor prism, and directed to a
double grating monochromator (SPEX 1680B) equipped with
a cooled photomultiplier tube (Hamamatsu R943-02) and a
photon counting system. The system had a sensitivity between
0.23 and 1.3 eV for the luminescence photons. The spectral
sensitivity of the up-conversion measuring system was cali-
brated with a tungsten standard lamp between 0.6 and 1.2 eV.
In spite of relatively large spot size on the sample, we realized
a time resolution of 150 fs. We used a cleaved surface of a
highly oriented pyrolytic graphite (HOPG) block as a sample.
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FIG. 1. (Color online) (a) Illustrated are the Dirac-cone band
structures near the K point, with photoemission and recombination
luminescence processes in graphite. Electron-hole pairs are created
by pumping light (upward green arrow; around 1.5 eV) and recombine
to give a short-lived luminescence (downward red arrow). When the
second pulse (5.9 eV) is impinged, the hot electrons are excited
above vacuum level to give photoelectrons. The electron-hole pairs
can recombine also by emitting phonons (curved black arrow).
(b) Density of states of electrons and holes (dashed black lines),
and Fermi-Dirac distribution for electron (red curves) and hole (blue
curves) systems. The white arrows show the change of distribution
due to cooling process.

All luminescence measurements were performed at room
temperature in air.

TrPES measurements were performed with 1.48 eV pump-
ing pulses and 5.9 eV probe pulses at a repetition frequency
of 250 kHz, using a setup described in Ref. 12. The
angle-integrated PES signal was detected by a hemispherical

analyzer. The overall time resolution was 400 fs. The fresh
sample surface was prepared by cleaving the sample in vacuum
without a heat treatment.

III. RESULTS AND DISCUSSION

In spite of the semimetallic nature of graphite, we have
observed moderately strong ultrafast luminescence in the
femto-to-picosecond regime, while time-averaged brightness
is very low, as the lifetime is short. Figure 2(a) shows the
time evolution curves of the luminescence at indicated photon
energies under excitation by amplified pulses at a wavelength
of 790 nm. The ordinate is in a unit proportional to photons per
second per unit energy interval. The intensity becomes larger
toward longer wavelength in infrared.

Figure 2(b) shows the normalized luminescence intensity
in a wider energy range from 1.3 to 0.23 eV. As the
band dispersion is symmetric about the crossing point, this
corresponds to the range from 0.65 to 0.115 eV for kinetic
energy of electron or hole. The luminescence signal has always
a spikelike component near t = 0. The dashed curve is the cross
correlation traces between the gating pulse and the pumping
pulse reflected by the sample surface. As shown in Fig. 2(b), the
rising part is mostly the same at all photon energies, and close
to the cross-correlation trace (dashed curve). This indicates
that the carriers are scattered to whole energy range of the
band in a very short time.

The decay profiles show clear energy dependence; the time
constant increases as the photon energy decreases [inset of
Fig. 2(b)]. This behavior reflects the cooling process of the
carriers, as seen in the transient absorption.13 The existence
of very fast carrier relaxation with time constants 13 fs and
100 fs has been reported above 1.2 eV in transient absorption

FIG. 2. (Color online) (a) Time evolutions of the luminescence intensities L(E) from 0.6 to 1.3 eV in graphite. The intensities are shown in
units proportional to photons/eV/s. The arrows indicate the positions, where the time resolved spectra are constructed in Fig. 1(c). (b) shows
the normalized time evolution curves in a wider photon energy range down to 0.23 eV. Dots are the experimental results and the gray curves
are the calculated ones resulting from the cooling model described by Eqs. (2) and (3). The dashed black curve is the instrumental function
evaluated by cross correlation of the pump and gate pulses. The inset shows the time constants of the fast and slow components evaluated
with a phenomenological double exponential fitting. The dotted curves in (c) are the time resolved spectra in a logarithmic scale evaluated
at time positions indicated by arrows in (a). The ordinate scale is proportional to photons/eV/s. The dashed curves indicate the calculated
luminescence spectra based on the Fermi-Dirac distribution.
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FIG. 3. (Color online) Excitation power dependence of luminescence intensity at several delay times. (a) and (b) show the results for
1.2 eV and 0.6 eV, respectively. The black straight lines correspond to square and linear dependences.

measurements.13 As we observe the electrons in lower energy,
the apparent time constants (180 fs and 1 ps at 0.8 eV) are
larger than these values [see inset of Fig. 2(b)].

The time-resolved spectra are constructed from the data
in Fig. 2(a) and shown in Fig. 2(c) in a logarithmic scale.
The intensity is higher at the lower-energy side reflecting the
thermalized carrier distribution. The spectral weight moves to
the lower-energy side as time elapses, reflecting the cooling
process. Until 200 fs, the intensities at 1.3 eV are larger than
that at 1.2 eV, reflecting nonthermalized carrier distribution,
which will be discussed later.

To analyze the time evolution of the luminescence spectra,
we use a Fermi-Dirac distribution f (Ee,Te) and f (Eh,Th) for
electrons and holes at temperatures Te and Th, respectively
[see Fig. 1(b)];

f (Ee,h,Te,h) = 1/[exp(Ee,h − μe,h)/kBT + 1]. (1)

Here, μe,h are the chemical potentials of electron and hole
systems. The luminescence intensity at a photon energy E is
given by

L(E) = WE3De(E/2)fe(E/2,Te)Dh(E/2)fh(E/2,Th),

(2)

where W is a constant determined by a dipole transition
matrix. As we observe a spontaneous emission, the factor E3

is introduced. De,h are the density of state of electrons and
holes given by

De,h(E) ∝ |Ee,h|. (3)

As shown by Eq. (2), the instantaneous luminescence
intensity at E will be proportional to a product of fe(E/2,Te)
and fh(E/2,Th). On the other hand, the corresponding PES

signal at E/2 is given by

P (E/2) ∝ De(E/2)fe(E/2,Te). (4)

The excitation power dependence of the luminescence
intensity at fixed photon energies and delay times are
shown in Fig. 3. Here, the fluence is estimated to be 2 ×
1021 photons/cm3 at 10 mW. The intensities of 1.2 eV
luminescence show nearly square dependencies as expected
from Eq. (2). This behavior is typical for free carrier
recombination luminescence in undoped semiconductors.19

We should note that we observe an instantaneous lumines-
cence intensity rather than the time-integrated one, which is
often discussed in steady-state luminescence measurements,
where the exciton effects and competition between radia-
tive and nonradiative processes largely modifies the power
dependence.20

In contrast, the slope for 0.6 eV luminescence at the early
stage (80, 160, 320 fs) have nearly linear power dependence
[Fig. 3(b)]. This means that the carrier distribution at the
relevant energy does not increase in proportion to the input
fluence. If the cooling is delayed due to hot phonon effect,
the carrier population at 0.3 eV (1/2 of 0.6 eV), will be more
suppressed at higher fluence. Even at this photon energy, the
slope increases at larger delay time and approaches to square
dependence at 1280 fs.

The hot phonon effect in graphene was discussed by
Butscher et al.,21 based on density matrix theory considering
electron-phonon energy transfer and subsequent decay of the
phonons. The results show that the cooling of the electrons
drastically slows down after 20 fs and considerable population
is accumulated above 0.3 eV mainly due to the hot phonon
effect, that is, the temperature of �-phonon mode becomes
higher due to energy supply from the electron system. After
40 fs the electron distribution begins to approach the ordinary
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FIG. 4. (Color online) (a)–(d) show time evolution curves for
luminescence (black), photoemission (red) and ratio of these two
curves (blue), which denotes the hole dynamics. Vertical positions are
adjusted for a convenient comparison. TrPES data (1.48 eV pumping
pulses and 5.9 eV probe pulses at a repetition frequency of 250 kHz;
overall resolution was 400 fs) were compiled from the supporting
information of Ref. 12.

Fermi-Dirac distribution. However, the hot phonon population
persists still at 500 fs and hinders the electron population at
lower energies under high fluence.

In order to separate the dynamics of electron and hole
systems, we use the information from TrPES measurements.
The angle-integrated PES signal has been taken with an
averaged pumping power of 78 mW at 1.48 eV.12 The red
curves in Figs. 4(a)–4(d) are the recompiled data shown in
supporting information of Ref. 12. and show the decay profiles
of the photoelectron signal at E/2 (measured from EF ).

As the hole distribution is proportional to the ratio of
Eqs. (2) and (4), we obtain

fh(E/2,Th)Dh(E/2) ∝ L(E)/P (E/2)/E3. (5)

The comparison is made for time evolution curves at various
energies in Figs. 4(a)–4(d).

The black curves show the luminescence intensity at E,
which reflect the product of the electron distribution at E/2 and
hole distribution at −E/2. Here, the curves are convoluted with
a Gaussian function to mimic the comparable time resolution
as TrPES curves. As Eq. (5) indicates, the decay profiles of
the hole concentration can be obtained by taking the ratio of
these two curves, which are shown by blue curves. As can be
seen from the plots, the curves for electrons and holes are in
very good agreement between E = 0.6 and 1.1 eV. From this

comparison, the symmetric behavior of electrons and holes is
experimentally shown rather than an assumption.

Then we can now set

fh(E/2,Th) = fe(E/2,Te) (6)

and

Th = Te. (7)

As the distribution of electrons and holes are symmetric, we
set

μh = −μe, (8)

as has been done in Ref. 13. In this literature, it was shown
that the chemical potential of electron and hole was different
at very early stage (typically <200 fs), and single chemical
potential is established at a later time. In TrPES experiments
also it is shown that the Fermi-Dirac distribution with a single
chemical potential is appropriate after 200 fs.12 As we treat
the phenomena only after 200 fs, we can safely assume μh =
μe = 0.

The time-resolved spectra in Fig. 2(c) are well fitted by
Eq. (2) with appropriate electron (hole) temperature Te(t)
[=Th(t)] and μ = 0 for each instance as shown by dashed
curves. The experimental data points at 1.3 eV before 200 fs are
considerably higher than the curve derived from Eq. (2) at early
stage. This shows the existence of nonthermalized carriers.
This is very similar to the case of a narrow gap semiconductor,
InAs, where the nonthermalized component was found as a
hump in the time-resolved luminescence spectrum.22 It should
be noted that the Fermi-Dirac analysis is applicable in the
energy region sufficiently lower than the excitation photon
energy. The time evolution of the electron temperature Te(t)
determined in this way is plotted in Fig. 5. Here, the fitting
analysis was performed for the data after 200 fs.

We tried to fit this curve with a double exponential function,

Te = T1 exp(−t/τ1) + T2 exp(−t/τ2) + TRT (9)

FIG. 5. (Color online) Shown is the carrier temperature deduced
from the fitting of the spectral shape defined by Eqs. (2), (6) and (7) to
the time-resolved luminescence spectra (open circles). The black line
shows the calculated result of the cooling model defined by Eq. (3).
The dotted horizontal lines show one half of the LO(�) and LO(K)
phonon energies converted to temperature scale.
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Here, TRT = 297 K is the room temperature, while T1 and
T2 are phenomenological fitting parameters. The electron
temperature shown in Fig. 5 is well reproduced with T1 =
641 K, T2 = 683 K, τ1 = 0.35 ps, and τ2 = 5.16 ps. The
fast component τ1 is very short compared to those in ordinary
semiconductors. This seems to correspond to the reported fast
decay component of transient absorption.13

This indicates existence of a very efficient energy dissi-
pating mechanism. The optical phonons (LO at � and K)
in graphite at � point have exceptionally high energies,
200 meV (five times of that in GaAs) and 160 meV,
respectively,23 which mediate efficient cooling of carriers.
Another important factor is the absence of energy gap. This
enables cooling with phonon emission across the Fermi energy,
in other words, electron-hole recombination accompanying
phonon emission [see Fig. 1(a)]. This situation is contrasted
with ordinary semiconductors. For example, in InSb, which
is known as a narrow gap semiconductor,24 the gap energy
(0.18 eV) is still eight times larger than the highest-energy opti-
cal phonon (23 meV), resulting in a long-lived luminescence.25

However, when Te becomes lower than one half of the
phonon energy (ELO(�)/2 and ELO(K)/2), this process will be
suppressed, resulting in a slower cooling rate.

Dynamics in the very low energy region below 0.12 eV
(optical transition energy) have been studied by using a
transient terahertz wave absorption spectroscopy14 and an
efficient transfer of the electronic energy to coupled optical
phonon (COP) modes and a slow energy transfer from the
COP modes to entire phonon system have been revealed. This
corresponds to the last stage of the relaxation, which proceeds

in the picosecond region. The slower component (τ2 = 5.16 ps)
observed in luminescence is in reasonable agreement with
the reported value 7 ps for the decay constant of electron
temperature.14

We speculate the slower (τ2) cooling process corresponds
to the energy dissipation of electrons mediated by acoustic
phonons, because the crossover of the slope occurs around the
electron temperature close to one half of the optical phonon
energy.

IV. CONCLUSION

In conclusion, we observed the infrared recombination
luminescence in graphite and successfully extracted the hole
dynamics by using the time-evolution data of luminescence
and photoemission. Thus we have shown experimentally that
the behaviors of electrons and holes in graphite are nearly
symmetric. We propose this luminescence-photoelectron com-
bined experiment as a methodology for investigating hole
dynamics, being applicable to doped/undoped graphenes and
other luminescent materials.
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