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Hot electron cooling in graphite: Supercollision versus hot phonon decay
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Disorder-assisted electron-phonon scattering processes (supercollision processes) have been reported to
dominate the cooling of hot carriers in graphene. Here, we determine to what extent this type of relaxation
mechanism governs the hot carrier dynamics in the parent compound graphite. Electron temperature transients
derived from time- and angle-resolved extreme ultraviolet photoemission spectra are analyzed based on a
three-temperature model which considers electron gas, optical phonons, and acoustic phonons as coupled
subsystems. In the probed fluence regime of 0.035–1.4 mJ/cm2, we find no indications for supercollision
processes being involved in the cooling of the hot carriers. The data are, by contrast, compatible with a hot
phonon assisted mechanism involving anharmonic coupling between optical phonons and acoustic phonons, a
process which has previously been suggested for graphite. We attribute the striking difference to the reported
findings for (substrate-supported) graphene to the low defect density of highly ordered pyrolitic graphite.
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I. INTRODUCTION

Next to its unique band structure, the exceptional electronic
and optical properties of graphene stem in large part from
an intrinsically weak coupling of the charge carriers to
the phonons going along with long electron-hole relaxation
times and small electron-lattice cooling rates [1–4]. In recent
years, this peculiarity has stimulated numerous studies on the
fundamental aspects of electron-lattice interaction in graphene
and its parent compound graphite [5–13]. The common view
on this problem, as addressed in ultrafast pump-probe spec-
troscopy experiments, is illustrated in Fig. 1. After the heating
up of the electron gas by absorption of an intense optical pump
pulse, a rapid decrease in the electron temperature Te within
a few hundred femtoseconds is observed which is attributed
to the thermalization with a reservoir of strongly coupled
optical phonons (SCOPs) [6,12,14]. Subsequent heating of
the acoustic phonon (AP) bath is typically observed on a
time scale of several picoseconds; the assignment of this
process to a specific coupling channel is, however, less
obvious. From a theory standpoint, momentum mismatch
considerably suppresses in the first instance the efficiency
of the direct coupling channel between electrons and APs
yielding cooling times exceeding 300 ps [3,12], incompatible
with the experimental observations. Different heat-transfer
pathways have been proposed instead. In the case of graphite,
experimental results implied that the heat transfer occurs via
a hot phonon assisted (HP) process involving the SCOPs as
an intermediate reservoir which decay through anharmonic
coupling to lower-energy APs [14,15]. In addition, recent
studies on graphene emphasized the role of disorder which
can act as a momentum source substantially promoting a
direct coupling between electrons and APs via so-called su-
percollision (SC) processes [16–18]. This model succeeded in
describing experimental data up to peak electron temperatures
of several thousand Kelvin [19,20], although it was primarily
developed to account for the findings at low temperatures at
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which efficient coupling to the high-energy optical phonons
is considerably suppressed. An interpretation in favor of the
SC model was further substantiated by a comparative study
showing that the HP scenario quantitatively fails to describe
the dynamics of hot electron cooling in graphene [21].

In light of the intimate relation between graphene and
graphite, the reports on fundamentally different phononic
pathways for energy dissipation are astonishing. However, an
evaluation of graphite data on the basis of a SC scenario has
not been conducted so far, although it is necessary for the
conclusive examination of such a striking difference between
these two materials.

Based on the analysis of time- and angle-resolved pho-
toemission (trARPES) data, we show in this paper that for
highly ordered pyrolitic graphite (HOPG) and at excitation
fluences F � 35 μJ/cm2, SC processes are, if at all, only
of minor relevance for the heat exchange between the
laser-excited electron gas and the lattice. In contrast, the
experimental data are exceptionally well reproduced under

FIG. 1. (Color online) Schematic illustration of potential
electron-phonon coupling channels for hot carrier cooling in graphite
and graphene. Supercollision (SC) scattering processes (left) allow
overcoming the intrinsic momentum imbalance qd in the direct
coupling between electrons and acoustic phonons (AP) with qAP

being the AP momentum. In the hot phonon (HP) scenario (right),
the coupling to the lattice involves optical phonons (OP) which
decay into lower-energy APs through anharmonic coupling (green
arrows).
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the assumption of a HP scenario. We suggest that the
observation of the dominant electron-phonon coupling channel
in HOPG being different from the findings for graphene results
from the presence of extrinsic impurities typically reported
for substrate-supported graphene [22,23]. Our experimental
results on HOPG may therefore provide a benchmark for
the suppression of electron-phonon interaction achievable in
low-defect suspended graphene samples.

II. EXPERIMENT

In our study, we investigated bulk samples of HOPG
(Goodfellow Ltd.). Graphite samples were cleaved under
high vacuum conditions (1 × 10−7 mbar) right before the
photoemission measurements which were conducted at a
base pressure of 4 × 10−10 mbar. TrARPES experiments
were performed in a pump-probe configuration using 30-fs
near-infrared (NIR, 1.6 eV) pump pulses delivered by a 8-kHz
Ti:sapphire multipass amplifier as well as sub-10-fs extreme-
ultraviolet (XUV, 22.1 eV) probe pulses from a high-harmonic
generation (HHG) source driven by the second harmonic of the
laser output [25,26]. Photoelectron spectra were recorded with
a hemispherical analyzer at an energy resolution of 240 meV
limited by the spectral width of the harmonics (<170 meV)
and the used settings of the analyzer. Incident pump fluences F

ranged from 0.035 to 1.4 mJ/cm2. NIR and XUV pulses were
focused almost collinearly onto the sample surface and cross
correlation measurements at the sample position yielded 32
fs FWHM. All data were measured at an equilibrium sample
temperature of 100 K.

III. RESULTS AND DISCUSSION

Figure 2(a) shows trARPES data of graphite in the vicinity
of the H point and around EF with the pump-probe time
delay set to �t = −500 fs, i.e., prior to the excitation by
the NIR pulse. Location and extent of the sampled region
within the �k space of graphite are marked by the trapezoidally
shaped area in Fig. 2(b). The downward-dispersing π band of
HOPG is well resolved and no indications for an occupation
of the upward-dispersing π∗ band are observed, as expected
for an undoped sample at thermal equilibrium. Figures 2(c)–
2(e) show trARPES data recorded at a pump fluence of
0.56 mJ/cm2 for time delays �t > 0, i.e., after excitation
by the NIR pulse. Absorption of the pump pulse results in the
transient population of the π∗ band above EF which decays
on a time scale of several picoseconds. Difference intensity
maps unveil also the corresponding transient depopulation of
the occupied π band [Figs. 2(f)–2(h)]. Qualitatively similar
experimental data were reported recently in trARPES studies
on graphene [20,27].

A. Data analysis

A quantitative analysis of the nonequilibrium response
of the photoexcited graphite was performed by comparing
momentum-integrated energy distribution curves (EDCs) de-
rived from the trARPES snapshots with Fermi-Dirac (FD) dis-
tribution functions f (E) = {exp[(E − μ)/kBTe] + 1}−1, with
μ being the chemical potential. For such a comparison it is,

FIG. 2. (Color online) Time-resolved ARPES data of HOPG for
F = 0.56 mJ/cm2 near the H point. (a) ARPES band map recorded
with HHG light (hν = 22.1 eV) at 100 K in equilibrium, i.e., 500 fs
before excitation. (b) Brillouin zone of graphite with the energy-
momentum area mapped in the experiment indicated. (c)–(e) ARPES
snapshots recorded at different time delays �t after excitation. The
inset in (c) illustrates the photoexcitation from the π to the π∗ band
at hν = 1.6 eV. A movie generated from a complete set of trARPES
data is part of Ref. [24]. (f)–(h) Difference intensity maps derived
from (c)–(e) in reference to the equilibrium data.

however, indispensable to first correct the experimental EDCs
for density of states [28], interference [29], and photoemission
matrix-element effects. The latter are of particular relevance
in the case of graphite and graphene due to the different
symmetries of the π and π∗ bands [30–32]. Details on our
correction procedure are given in Ref. [24].

The corrected EDCs for different time delays
(F = 1.4 mJ/cm2) are compared in Fig. 3(a) with the
raw data shown for reference in the inset. The graph also
includes FD distribution functions convoluted with a Gaussian
representing the experimental energy resolution fitted to the
corrected EDCs with Te and μ used as fitting parameters.
Notably and contrary to the raw data, for most time delays,
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FIG. 3. (Color online) EDCs around EF derived from trARPES
data at F = 1.4 mJ/cm2. (a) EDCs for different �t in comparison to
fits which assume a thermalized Fermi-Dirac distribution (solid lines).
The EDCs were derived from trARPES data integrated along ky (cf.
Fig. 2) and corrected as described in Ref. [24]. The corresponding raw
data are shown in the inset. Photoemission intensity was integrated
over a momentum window of 0.8 Å−1. (b), (c) Corrected EDCs for
�t = 25 and 100 fs (logarithmic scale) in comparison to the fit to
illustrate the deviation from a thermalized electron distribution shortly
after photoexcitation. (d) Nonthermal component of the EDCs as a
function of �t : τ1 was estimated from the full width at 10% of the
maximum of a Gaussian fit to the transients.

the FD fits reproduce the corrected EDCs extremely well.
This particularly applies also to the EDC prior to excitation
recorded at �t = −1500 fs. Clear deviations can only be
observed for EDCs recorded shortly after photoexcitation
[�t � 100 fs, cf. Figs. 3(b) and 3(c)]. On these short time
scales we observe an increase in the electron and hole
population at energies E − EF � ±0.8 eV, respectively. We
associate these spectral signatures with the nonthermal and
short-lived nascent electron distribution that is expected for
the absorption of a pump pulse at hν = 1.6 eV.

B. Characteristic time scales and chemical potential

Figure 3(d) depicts the energy-integrated difference be-
tween corrected EDCs and fitted FD distributions as a function
of time for F = 1.4 mJ/cm2. The data indicate that a
thermalized carrier distribution is established within τ1 �
100 fs consistent with the presence of highly efficient scattering
processes driving the internal thermalization of the electron
gas. Clear indications for a fluence dependence of the internal
thermalization time τ1 are not observed [inset in Fig. 4(a)].
Similar time scales for τ1 were reported in other studies on
graphite and graphene before [33–35] and were interpreted
in terms of Coulomb-dominated scattering among the excited
carriers [36].

In a next step, we generate electron temperature transients
from the FD fits. Results for F = 1.4 mJ/cm2 are shown in
Fig. 4(a). In agreement with results of previous studies [33,37],
the cooling of the electron gas after the initial excitation

FIG. 4. (Color online) (a) Te transients for F = 1.4 mJ/cm2

derived from FD fits to the EDCs. The red solid line is a biexponential
fit to the data. The inset summarizes the characteristic time scales of
electron cooling as a function of excitation fluence F derived from
the experimental data. τ2 and τ3 are the results of the biexponential
fits to the Te transients. The black line indicates a F −1/2 scaling
as expected for τ3 within the SC model [21]. The blue line is
the corresponding result within the HP model. (b) Experimental Te

transients for different fluences in comparison to 3TM fits (dashed
line: SC model; solid line: HP model).

follows a biexponential behavior. The fast component τ2 is
caused by the efficient energy transfer from highly excited
electrons to SCOP modes at � and K [5,38]. The fits yield
values of τ2 ≈ 250 fs which agree very well with reference
data reported in Refs. [6,33,37]. The slow component τ3 is
generally associated with the heat up of the acoustic phonon
bath [6,39] and clearly decreases as the excitation fluence
increases [inset of Fig. 4(a)]. The observed time scales of
several ps for τ3 agree once again very well with the results
from other studies [6,14,15,39].

We briefly comment on the results for the second fit
parameter, the chemical potential μ. Figure 5 summarizes
chemical potential data from different fluence runs as a

FIG. 5. (Color online) Temperature dependence of the chemical
potential μ derived from the FD fits. The solid line shows the
calculated Te dependence under consideration of a purely metallic
response of the electronic system.
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function of Te. The observed correlation between μ and
Te is consistent with a metallic behavior of the electronic
system, as verified by a parameter-free calculation of μ under
consideration of realistic data for the electron density of states
[28] (solid line in Fig. 5).

Notably, other works on the transient response of μ in
graphite and graphene have reported different results. Based
on transient absorption data, Breusing et al. [33] reported
for graphite on a separation of electron and hole chemical
potential by several 100 meV for at least 1 ps, indicative
for semiconductor-type behavior. A transient separation of
the electron and hole chemical potential was also observed
for graphene in a trARPES study, restricted, however, to the
first 130 fs after photoexcitation [27], i.e., within the time
regime where the trARPES data of this study clearly imply a
nonthermalized carrier distribution.

C. Supercollision and hot phonon model

We now come back to the temporal evolution of Te which
reflects the peculiarities of the possible coupling pathways
between the electron and phonon systems, as schematically
illustrated in Fig. 1.

In order to elucidate the relevance of the different processes,
we performed fits to the measured electron temperature
transients on the basis of a three-temperature model (3TM)
[40] under consideration of SC and HP scenarios, respectively.

This model considers electron gas, optical phonons, and
acoustic phonons as three thermalized subsystems and de-
scribes the temporal evolution of the corresponding tempera-
tures Te, Tp, and Tl by a set of coupled differential equations.
In a general form, this set of equations can be written as

CeṪe = S(t) − �ep − �el,

CpṪp = �ep − �pl,

ClṪl = �el + �pl,

where S(t) accounts for the initial heat up of the electron
gas by absorption of the laser pulse, Ce, Cp, and Cl are
the heat capacities of the electron gas, optical phonons, and
acoustic phonons, respectively, and �ep, �el , and �pl are the
heat-transfer rates between the coupled reservoirs.

The heat transfer between electron gas and optical phonons
is driven by SCOP-mediated intraband and interband scatter-
ing processes and therefore depends on the thermal population
of optical phonons and the available phase space for the
electrons. In an integral form �ep can be approximated by
the following expression [9,41,42]:

�ep =β[1 + n(Tp)]

×
∫

D(E)D(E − �ω0)f (E)[1 − f (E − �ω0)]dE

− βn(Tp)
∫

D(E)D(E + �ω0)f (E)

× [1 − f (E + �ω0)]dE. (1)

Here, the optical phonon system is described in an Einstein
model with ω0 being the Einstein frequency yielding a phonon
distribution n(Tp) = [exp(�ω0/kBTp) − 1]−1. The parameter

β accounts for the coupling strength between electrons and
optical phonons.

For the description of the experimental data within a HP
coupling scenario, we disregarded �el , i.e., we completely
neglected direct coupling between electrons and acoustic
phonons. To account for the heat transfer between opti-
cal phonons and acoustic phonons, the following common
expression for �pl was used [9,40]:

�pl = γCp(Tp − Tl),

where γ denotes the energy decay rate of the hot SCOP system.
In the SC approximation, we neglected coupling between

optical and acoustic phonons, i.e., �pl = 0. Under considera-
tion of SC processes, one finds furthermore [16]

�el = A
(
T 3

e − T 3
l

)
,

with the rate coefficient A given by

A = 9.62
g2D2(μ)k3

B

�kF l
. (2)

Here, kF is the Fermi vector, g is the electron-phonon coupling
constant, D(μ) is the density of states at the chemical potential,
and l is the electron mean-free path due to disorder by short-
range scatterers. According to Graham et al. [19,21], one can
alternatively account for the temperature dependence of A by
the following expression:

A = k
Ce

Te

with k being a scaling constant independent of temperature.
In order for the fits to provide physical meaningful results,

a careful investigation on the relevant parameters must be
undertaken, particularly with respect to their potential tem-
perature dependence. Ce was approximated by an expansion
up to third order in Te given in [43] combining calculations
based on a three-dimensional band model and experimental
data for graphite measured at low temperatures. To account
for the temperature dependence of Cp, we referred to a study
by Lui et al. [42] who derived an analytic expression based on
experimental data of a time-resolved Raman study of graphite
[14]. Cl was calculated from the difference between the total
heat capacity of the lattice, Ct and Cp. A closed expression
for Ct of graphite based on different sets of experimental data
in a wide temperature range can be found in [43]. Finally, the
heat-transfer rate �ep was calculated according to Eq. (1) with
the Einstein frequency �ω0 = 200 meV and with D(E) taken
from [28].

In the SC scenario, we left k, β, and S0 as the temperature-
independent fitting parameters with S0 being the amplitude of
the excitation. In the HP scenario, γ , β, and S0 were kept free.
For consistency, we determined in a first step k, β, and γ by a
fit to the data recorded at F = 1.4 mJ/cm2. These values were
used as a fixed input for all other data sets which were then
fitted with S0 left as the only free parameter. Note that due to
saturation effects, a linear dependence of S0 on the incident
fluence can in general not be presumed [35,44].

Experimental temperature transients and the results of the
3TM fits are compared for different excitation fluences in
Fig. 4(b): For all fluences, the SC model clearly fails to
describe the experimental data. In fact, even the data set
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which was fitted with all three fitting parameters left free
(F = 1.4 mJ/cm2) cannot satisfactorily be reproduced by
the SC model. In contrast, independent of fluence the HP
model shows a very good agreement with the experimental
data. Notably, also the smallest fluence data are very well
reproduced by the fit, even though the maximum electron
temperature of 900 K, corresponding to a thermal energy of
78 meV, is well below the optical phonon energy of about
200 meV. We speculate that even at this temperature, the
FD-distributed electron gas provides enough hot electrons
and holes for a sufficiently efficient energy transfer into the
optical phonon system. Such an interpretation conforms to
recent results of a mid-infrared study of graphene [11]. For the
electron-phonon coupling parameter β, the fit within the HP
model yields a value of β = 2.1 eV2 cm2 s−1 in reasonable
agreement with a reference value of β = 5 eV2 cm2 s−1

reported for graphene [42]. For the energy decay rate of the
hot SCOP system, the fit yields a value of γ = 110 GHz, in
very good agreement with an experimental value of 100 GHz
reported in Ref. [15]. The 3TM fitting results are additionally
supported by a comparison of the experimental data on the
fluence dependence of τ3 with predictions from the SC model
and the HP model, respectively, shown in the inset of Fig. 4(a).
In a cooling scenario dominated by SC processes, theory
predicts a scaling of τ3 ∝ F−1/2 [19]. For the HP case, we
derived the expected fluence dependence τ3 from biexponential
fits to Te transients simulated within the 3TM model. Once
again, the comparison between experiment and model is
clearly in favor of the HP scenario.

The most apparent signature of the SC scenario conflicting
with the experimental data is the rapid transition from the
fast to the slow component in the electron cooling process. It
arises from the sudden closure of the optical phonon channel
as soon as a thermal equilibrium with the electron gas is
established. The HP model describes the smooth transition
observed in the experiment much better. Here, the acoustic
phonon bath acts as a permanent heat drain for the optical
phonons. As Te and Tp converge, the heat transfer between
the two systems slows down. The optical phonon channel is,
however, never closed completely.

D. Comparison with graphene

Recently, two independent studies reported on SC cooling
being the dominating process in graphene coupling electron
gas and acoustic phonon bath up to electron temperatures of
3000 K [17,19]. This interpretation was further supported by
a 3TM analysis of trARPES data of graphene [20]. The results
seemingly disagree with our findings for graphite even though

the characteristic energy and momentum scales offered by
optical and acoustic phonon bath are basically the same for
both materials. However, as can be seen from Eq. (2), the
SC mechanism critically depends on the chemical potential μ

and the electron mean-free path l (as limited by disorder),
two parameters which may vary significantly between the
different samples. Indeed, at least part of the studies on SC
cooling in graphene were reported on doped samples [19,20],
yielding different values of μ in comparison to the undoped
graphite sample used in this study. Explicit evidence for the
relevance of l in the SC process was recently given in a study
on laser-treated graphene [18]. Furthermore, low-temperature
conductivity measurements of pristine suspended graphene
implied the relevance of charged impurity scattering limiting l

to values of ≈150 nm (this value increases into the μm regime
after thermal treatment) [2]. Due to the presence of substrate
disorder, even smaller values of l are observed in the case
of substrate-supported graphene, the type of sample used in
the studies on SC cooling. Here, typical impurity densities
of ∼1012 cm−2 are to be expected [45], in good agreement
with the quantitative interpretations of graphene data in terms
of the supercollision model [17–20]. In contrast, conductivity
studies on HOPG yield l values in the μm range [46], a result
which is also supported by Raman studies [47]. This striking
difference particularly in comparison to substrate-supported
graphene samples may explain why SC cooling is considerably
suppressed in pristine HOPG.

IV. CONCLUSION

In conclusion, our trARPES study clearly confirms earlier
work on graphite which proposed hot phonon mediated
relaxation processes being a relevant channel which couples
electron gas and lattice [14,15]. More importantly, the data
show that supercollision processes are not of relevance for hot
electron cooling in HOPG at least in the addressed fluence
regime, in striking contrast to quite a number of recent reports
of graphene. Substantial differences in the extrinsic impurity
density in graphene due to interaction with a supporting
substrate is a likely origin of this remarkable difference. The
results emphasize again the relevance of disorder as a distinct
parameter determining physical properties of graphene.
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