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Abstract. The transient optical conductivity of freely suspended graphene was
examined by femtosecond time-resolved spectroscopy using pump excitation at
400 nm and probe radiation at 800 nm. The optical conductivity (or, equivalently,
absorption) changes abruptly upon excitation and subsequently relaxes to its
initial value on the time scale of 1 ps. The form of the induced change in
the optical conductivity varies strongly with excitation conditions, exhibiting a
crossover from enhanced to decreased optical conductivity with increasing pump
fluence. We describe the graphene response in terms of transient heating of the
electrons, with the characteristic relaxation time of the transient conductivity
reflecting the cooling of the electron system and the strongly coupled optical
phonons through emission of lower energy phonons. The change in the optical
conductivity is attributed to a combination of induced absorption from intraband transitions of the photo-generated carriers and bleaching of the interband transitions by Pauli blocking. The former effect, which corresponds to the
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high-frequency wing of the Drude response, dominates at low pump fluence.
In this regime of a limited rise in the electron temperature, an increase in
the optical conductivity is observed. At high pump fluence, elevated electron
temperatures are achieved. The decrease in the inter-band bleaching then
dominates the transient response, the intra-band contribution being overwhelmed
despite an increase in the Drude scattering rate with temperature. The temporal
evolution of the optical conductivity in all the regimes can be described within
a model including the intra- and inter-band contributions with a time-varying
electronic temperature. An increased Drude scattering rate is inferred for high
electron temperature and mechanisms for this enhancement are considered. The
calculated scattering rate for interactions of the carriers with zone-center and
zone-edge optical phonons agrees well with the rates obtained from experiment.
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1. Introduction

The optical properties of graphene have been the subject of much recent attention [1–3].
Interest in this topic is generated both by the insight that the optical response of graphene
provides into the nature of its excited states and their interactions, and by the importance
of understanding graphene’s optical response for emerging photonic and optoelectronic
applications [2, 4–10]. The response of graphene to excitation by femtosecond laser pulses
has attracted particular interest [11–17]. Dynamics on the femtosecond time scale provides
information about electron–electron, electron–phonon and phonon–phonon interactions. It also
has implications for the behavior of recently developed ultrafast photonic and optoelectronic
devices [2, 4–10].
The optical response of graphene can be divided into two fundamental processes:
inter-band and intra-band optical transitions [3, 18–20]. Inter-band transitions dominate the
absorption channel in the mid-/near-infrared and visible spectral range. The corresponding
graphene sheet conductivity for photons that leads to excitations of the graphene band structure
in the region of linear dispersion is given by the frequency-independent universal constant of
πe2 /2h [20, 21]. Whereas the inter-band transitions have been extensively characterized, the
influence of intra-band transitions, i.e. of the free carrier absorption, on the transient optical
response of graphene in the visible is yet to be established. At longer probe wavelengths, the
influence of intra-band transitions becomes stronger, and the role of these transitions in the
transient response of photoexcited graphene in the mid-infrared and THz spectral range has
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recently been reported [22, 23]. A full understanding of this dynamical response is important for
applications of graphene in ultrafast photonic devices, as in saturable absorbers. The free-carrier
optical response, we note, is the high-frequency analogue of the much-studied dc transport
properties of the material and gives rise to a Drude peak in the far infrared [24]. Although peaked
at zero frequency, this response is expected to have a tail that extends into the visible spectral
range. Here we report the observation of a dominant intra-band contribution to the transient
optical response, with a corresponding enhanced absorption. We identify this effect through
probing freely suspended graphene samples at relatively low pump fluence, complementary
to a previous study of the effect of doped epitaxial graphene in the infrared range [14]. With
increasing pump fluence, the transient optical response exhibits a crossover from enhanced
absorption to bleaching, as Pauli blocking of inter-band transitions becomes more prominent.
We explain the observed temporal evolution of the optical absorption for all pump fluences
within the framework of thermalized charge carriers that are in equilibrium with a set of strongly
coupled optical phonons (SCOPs), but are out of equilibrium with other graphene phonons.
Cooling of this subsystem is understood to be controlled by energy loss of these SCOPs
to lower energy phonons through anharmonic decay. A fluence-independent time constant of
1.4 ps for the cooling process is deduced, which is consistent with recent time-resolved Raman
scattering measurements of the cooling of zone-center optical phonons [25]. In addition to the
importance of these measurements for understanding ultrafast carrier dynamics and applications
in ultrafast photonics, the intra-band response observed in these experiments at elevated electron
temperature provides insight into carrier dynamics in a regime relevant to high-field charge
transport in graphene [26–29]. In particular, our experiments reveal a sharp increase in the
Drude scattering rate with increasing temperature of the electrons and optical phonons, as also
suggested by high-field electrical transport measurements in carbon nanotubes [30, 31] and
graphene [26–29]. Through an explicit calculation, we show that our results are compatible with
the behavior expected if electron–optical phonon scattering plays a dominant role in determining
the carrier scattering rate in this high-temperature regime.
2. Experiment

In our experimental study, we made use of freely suspended graphene samples. Such samples
allow us to eliminate both accidental doping effects and energy transfer associated with
the substrate and we can probe the relaxation dynamics without these complications. These
effects can alter the intrinsic electron dynamics by introducing extra decay channels, which
may account for the variation in relaxation times reported in the literature [13–15]. We
prepared exfoliated graphene samples that were freely suspended over trenches patterned in
transparent SiO2 substrates [32]. The substrates, with trenches of widths of 4–5 µm and depths
of ∼3 µm (as characterized by atomic-force microscopy), were carefully cleaned by chemical
etching (nanostrip) before we deposited graphene by mechanical exfoliation from kish graphite.
Areas of graphene of single-layer thickness were identified by optical microscopy and further
characterized by Raman spectroscopy [32]. The low doping level of the samples was reflected
in the large (∼15 cm−1 ) width of the G-mode, whereas the low level of defects was implied by
the absence of the disorder-induced D-mode. We have also characterized the optical absorption
spectra of the graphene samples, which were the same as those given in [20, 33].
The optical pump–probe measurements were made using a mode-locked Ti-sapphire laser
producing pulses of ∼100 fs duration at an 80 MHz repetition rate. The 800 nm wavelength
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output of the laser provided the probe pulses, whereas radiation at 400 nm, obtained by
frequency doubling in a β-barium borate crystal, served as the pump excitation. Both the
pump and probe beams were focused onto the samples with a single 40× objective to yield
Gaussian spots of comparable widths of ∼1.5 µm (full-width at half-maximum). The pump
fluence was varied by using a continuously tunable neutral density filter to guarantee that the
alignment of the laser beam remained unchanged. We explicitly checked that the pump–probe
time delay, laser pulse duration and spot size were not modified by changing the attenuation.
The absorbed pump fluence was determined using the absorbance of graphene at 400 nm
(1.8πα = 4.14% [33]). To account for the spatial variation of the pump and probe beams, the
effective fluence was determined by weighting the absorbed pump fluence using the spatial
profile of the probe beam. Effective absorbed fluences F between 0.5 and 4.0 µJ cm−2 were
investigated experimentally. We note that over this range of pump fluences, saturation of
absorbance in graphene at the pump wavelength is negligible [5].
We made the pump–probe measurements by modulating the pump laser at 20 kHz and
detecting the synchronous change in probe transmission. The induced modulation of the probe
beam for the lowest pump fluence was ∼10−6 . For a suspended thin film of material such as
our graphene sample, the fractional decrease in the transmittance, −1T /T , is given by the
change in the sample absorbance, 1A. The latter can be directly related to the change in the real
part of the optical sheet conductivity of graphene, σ (1) , according to 1A = (4π/c)1σ (1) [20].
We can therefore directly convert our experimentally observed change in transmission into a
fundamental material property of graphene, namely 1σ (1) .
3. Results and discussion

3.1. Experimental results and origin of the transient response
Figure 1(a) shows the measured transient response of graphene for a comparatively low
absorbed pump fluence of F = 0.5 µJ cm−2 . An increase in the optical conductivity (enhanced
absorption) is seen. The rise time of this response is comparable with our experimental time
resolution, whereas the relaxation can be fit to a single exponential decay with a time constant
of τexp = 3.1 ps.
To analyze our data, we consider models for the optical conductivity of graphene with
the electronic system described by a Fermi–Dirac distribution at (electronic) temperature T.
The assumption of a thermalized energy distribution for the electronic excitations is justified by
the time resolution of >100 fs in our measurements. On this time scale, the excited electrons
and holes are expected to be equilibrated with one another, as well with the SCOPs near the
0- and K-points [11, 34]. These SCOPs are the set of in-plane optical phonons for which
intra- and inter-valley carrier scattering can simultaneously conserve energy and momentum [35]. We note that the electron–electron interactions are expected to be strong and lead
to the existence of a thermalized electron energy distribution on the time scale relevant for these
measurements [16, 36].
The predicted change in the optical conductivity of graphene under excitation arises from
(1)
(1)
both intra- and inter-band contributions, 1σ (1) = 1σintra
+ 1σinter
. For the case of thermalized
electronic energy distributions relevant to our case, the optical response of graphene has been
examined in several theoretical investigations [3, 18, 19]. Within a picture of non-interacting
electrons, the induced change in the real part of the optical sheet conductivity follows directly
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Figure 1. Measured transient optical conductivity of graphene (dots) for

the excitation of different absorbed pump fluences F: (a) 0.50 µJ cm−2 ,
(b) 2.03 µJ cm−2 , (c) 3.04 µJ cm−2 and (d) 4.06 µJ cm−2 . The red curves are fits
based on the model described in the text, which include both intra- and inter-band
contributions to the optical response.
from the corresponding changes in the intra- and inter-band terms:
8 ln 2 π e2 0kB T
,
π 2h (h̄ω)2 + 0 2


h̄ω
π e2
(1)
tanh
.
σinter =
2h
4kB T
(1)
σintra
=

(1)

Here h̄ω denotes the photon energy of the probe beam, and 0 is the scattering rate (in units
of energy). For our suspended graphene samples, we have negligible doping and have taken
the chemical potential to lie at the Dirac point. We also neglect any transient separation of the
chemical potentials for the electrons and holes. While a dynamical separation of the chemical
potentials is common in semiconductors under ultrafast excitation, on the relevant time scale
the effect is expected to be insignificant in graphene because of the presence of rapid Auger
processes for this zero-gap material [5, 17]. We note that this treatment neglects many-body
effects. We do not expect these corrections to alter the key features of the dynamics discussed
here. Also neglected in this formulation is the influence of dephasing and the associated spectral
broadening for the inter-band transitions.
The photo-induced change in the optical conductivity in equation (1) from intra-band
(1)
transitions, 1σintra
, is expected to be positive in sign. The enhanced conductivity arises from
New Journal of Physics 15 (2013) 015009 (http://www.njp.org/)
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Figure 2. Predicted change in the optical conductivity of graphene as a function

of electronic temperature as calculated from equation (1) for h̄ω = 1.55 eV and
a fixed Drude scattering rate of 0 = 30 m eV. The dashed blue and red curves
show the expected contributions from intra- and inter-band terms, respectively.
The black curve is the total response.
the presence of additional free carriers after optical excitation and scales linearly with the
(1)
electronic temperature T. The inter-band contribution yields a negative transient 1σinter
, i.e.
bleaching of the absorption, from Pauli blocking of the optical transitions at the photon energy
h̄ω. In our regime of h̄ω = 1.55 eV  kB T , the fractional change in the inter-band conductivity
is slight and varies approximately exponentially in T. Accordingly, the intra-band contribution
dominates at comparatively low electronic temperatures (low fluence), but, as shown in figure 2,
is overwhelmed by the inter-band terms as the temperature increases. Thus the transient increase
in absorption seen in figure 1(a) for low pump fluence reflects the change in intra-band optical
response. Increasing the temperature of the system, we expect that the transient absorption will
change from increase to decreased absorption as the effect of Pauli blocking of the inter-band
transitions begins to dominate. Indeed, as shown in figures 1(b)–(d), the sign of the transient
absorption reverses as we increase the pump fluence.
3.2. Model of the transient optical response for graphene
In order to apply the analysis of the graphene optical response presented in equation (1) to
our transient absorption experiment, we introduce a simple model to determine the temporal
evolution of the electron temperature T(t) induced by the pump laser. As we shall see, this
treatment predicts transient optical conductivities compatible both with the low-fluence data
already presented and the high-fluence response discussed below. To describe T(t), we first note
that on the time scale of our measurement, the deposited energy from the pump pulses rapidly
equilibrates among the electronic excitations and the SCOPs [11, 34]. Energy then leaves this
coupled subsystem through the anharmonic decay of the SCOPs on a picosecond time scale [37].
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Figure 3. Calculated temporal evolution of the energy density (black) and

temperature (red) calculated for the case of an absorbed fluence of 0.5 µJ cm−2 .
The decay times for the energy density and the temperature are, respectively,
1.4 and 3.1 ps.
To find the resulting electronic temperature T(t), we first consider the heat capacity of the
subsystem consisting of the electrons and the SCOPs. Knowledge of this heat capacity allows
us to convert the experimental value of the absorbed pump fluence to the temperature of this
subsystem. The SCOP excitations are assumed to be in thermal equilibrium with the electronic
excitations, as justified by the time scale of the pump pulse. Because of the relatively low heat
capacity of the electronic excitations in graphene, the heat capacity is dominated by the SCOPs.
Since the SCOPs are the zone-center phonons with energy ∼200 meV (0-point phonon) and the
zone-edge phonons with energy ∼150 meV (K-point phonon) [35, 37, 38], we used the Einstein
model for heat capacity including these two phonon modes. Therefore, we obtain for the energy
density (per unit area) as a function of temperature [39]:
"
#
h̄ω K
A
h̄ω0
+ h̄ω K
u(T ) =
.
(2)
f
h̄ω0
(2π )2
kB T
kB T
e −1 e −1
Here A is the area of the Brillouin zone, f is the fraction of Brillouin zone filled by the hot
zone-center and zone-edge optical phonons and h̄ω0,K denote, respectively, the 0- and K-point
phonon energies. We determined f (assumed to be temperature independent for simplicity) in
equation (2) at a given fluence by comparison with a previous experiment in which transient
phonon temperatures for femtosecond laser excitation of graphite were determined by timeresolved Raman scattering [16, 34]6 .
To model the temporal evolution of T(t), we assume that the energy stored in the SCOP
subsystem (as expressed by equation (2)) relaxes at a rate of 1/τph through anharmonic coupling
to lower energy phonons [37], with the initial energy density given by the experimental absorbed
fluence. The result is shown in figure 3 for a representative absorbed fluence. It is important to
For a temperature range of 500 < T < 2500 K, the earlier measurements [32] were fit to a polynomial
function F(T ) = 1.76 × 10−7 + 1.605 × 10−19 (−4.79 × 10−9 T + 4.55 × 106 T 2 + 1484 T 3 + 0.3225 T 4 ), where
F is the absorbed fluence (or energy density) per graphene layer.
6
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note that because of the nonlinear relationship between the energy density and temperature, the
decay time for these two quantities is not the same (figure 3).
Using the calculated temporal evolution of the electronic temperature T(t), we can then
predict the transient absorption through equation (1). To match our experimental conditions,
we convolute the simulation with a 300 fs Gaussian form with the results shown in figure 1. In
fitting our results, we treat the phonon lifetime τph and the Drude scattering rate 0 as adjustable
parameters. We note that to match the amplitude of equation (1) with the experimental results,
we need to include an overall scale factor (kept constant for all pump fluences results). Also,
as we discuss below, we use an effective Drude rate 0 that depends on the pump fluence,
but is independent of time, to account for the variation of 0 with the temperature of the
electrons and SCOPs. This is obviously an approximation, but one that has the merit of allowing
analysis of the data without introducing any further assumptions. In fact, the simplified analysis
yielded scattering rates quite similar to the maximum value inferred from a model incorporating
the theoretically predicted temperature dependence of the scattering rate. This behavior
reflects the fact that the optical conductivity transients at early delay times determine in large
measure the value of the effective scattering rate.
The measured time evolution of the optical conductivity in figure 1(a) is reproduced
well with this model. We use an effective Drude rate of 0 = 27 meV and a phonon lifetime
of τph = 1.4 ps. This lifetime differs significantly from the time constant (τexp = 3.1 ps) of
the conductivity transient and reflects the significant temperature dependence of the phonon
heat capacity (figure 3). The electronic temperature, which tracks that of the SCOPs and is
described by τexp , falls more slowly than the energy content of the optical phonons, which is
characterized by τph . The inferred phonon lifetime of τph = 1.4 ps lies between that obtained
by time-resolved Raman scattering measurements for graphite (2.2 ps) [34] and for graphene
(1.2 ps) [25]. We attribute the slightly longer phonon lifetime compared to that measured
previously for graphene [25] to the fact that our graphene samples are suspended, thus
eliminating possible decay channels involving the generation of surface polar phonons in the
substrate [26, 27, 29]. We note that since the electron and the optical phonon subsystems are
largely in thermal equilibrium, the deduced phonon lifetime is an intrinsic property of the sample
and is independent of probe wavelength. The decay rate of the observed transient in the optical
conductivity will, however, depend on the probe wavelength, as is clear from the inter-band term
of equation (1).
At higher pump fluences (and, correspondingly, higher electronic temperatures), the optical
conductivity is expected to decrease as state filling of the inter-band transitions begins to
dominate the transient response (figure 2). The measured conductivity transients at higher
pump fluence are shown in figures 1(b)–(d). With increasing pump fluence, the initial response
is indeed negative. At later times when the electronic temperature drops, the intra-band
contribution becomes dominant and a positive conductivity change is observed.
The experimental data of figures 1(b)–(d) can be fit (red curves) with the same model of
the electronic temperature described above, but now with the inclusion of the inter-band optical
response of graphene. Our model can then accurately describe the dynamics of the conductivity
transients at all fluences (figures 1(a)–(d)). In this fitting process, we use a single, fluenceindependent parameter of τph = 1.4 ps for the optical phonon lifetime. This parameter reflects
the anharmonic decay rate of these optical phonons. It should not change with pump fluence
unless the excitation of the resulting phonon decay modes also increases significantly [40],
which is not expected in this regime. On the other hand, the fitting procedure implies that the
New Journal of Physics 15 (2013) 015009 (http://www.njp.org/)
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Figure 4. Drude scattering rate 0 (closed circles) as a function of absorbed pump

fluence (bottom scale) and of the calculated peak electronic temperature (top
scale). The points are inferred from a modeling of the experimental transient
optical response of the graphene sample. The black line corresponds to the
predicted temperature dependence of 0 arising from electron–optical phonon
interactions, as described in the text.
effective Drude rate 0 increases with pump fluence. The inferred variation of 0 is shown in
figure 4 as a function of absorbed fluence (bottom scale) and of the peak electronic temperature
(top scale) in our model. At high fluence, corresponding to a peak temperature of 1700 K, we
find that 0 = 52 meV. Both this rate and that inferred for lower fluences are higher than the
scattering rates implied by conventional transport studies at lower temperatures. Around room
temperature, values of 0 in the range of a few meV have been measured [41].
3.3. Calculation of the carrier scattering rate at high temperatures
To understand the origin of the enhanced Drude rate at high temperatures, recall that the SCOPs
are high-energy optical phonon modes located at the center and the edge of the Brillouin
zone [11, 35, 37]. These phonons are not important for conventional low-bias charge transport
measurements at and around room temperature. In this conventional regime, scattering by the
emission of such phonons is prohibited because of the low energy of the electrons, while
scattering involving phonon absorption is precluded by the very low population of these highenergy phonons. The situation changes when the temperatures of the electrons and the SCOPs
become comparable with that of the optical phonons, h̄ωph /kB [30, 31]. Electron scattering
with such high-energy optical phonons then becomes efficient, leading to a strong temperature
dependence of the Drude rate [42]. We expect this scattering process to become the dominant
one under conditions of elevated temperature. In keeping with this picture, we present a
calculation of the expected temperature dependence of the Drude rate 0 from carrier scattering
New Journal of Physics 15 (2013) 015009 (http://www.njp.org/)
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with the SCOPs. Without the use of any adjustable parameters, we found, as discussed below,
reasonably good agreement with our experimentally inferred scattering rates.
In our calculation, we assume that the two SCOPs are dispersionless with energies of 200
and 150 meV. The self-energy of the electrons in graphene arising from coupling with optical
phonons can then be calculated [43] using
 
h̄
1 X 1 X 0
9 ∂t 2
E iωn − iνm ).
E
D (iνm )G 0bb (kE − Q,
6(k, iωn )/h̄ = −
(3)
2 ∂a
Mc h̄ωph Nc E β h̄ m
Q

Here (∂t/∂a) is the electron–phonon coupling constant as defined in [44], a is the carbon–
carbon distance, t is the nearest-neighbor hopping integral in the tight-binding model for
graphene, Mc is the mass of a carbon atom and ωph is the phonon frequency. All other parameters
are as defined in [45].
After performing the Matsubara summation, we obtain for the imaginary part of the selfenergy
 2

9π
∂t
h̄
1 X 
E iωn )/h̄ = −
=6(k,
+ n B (h̄ωph ) + n F (εk−
E QE ) δ(εkE − εk−
E QE + h̄ωph )
4 ∂a
Mc h̄ωph Nc E
Q



+ n B (h̄ωph ) + 1 − n F (εk−
E QE ) δ(εkE − εk−
E QE − h̄ωph )


+ n B (h̄ωph ) + n F (−εk−
E QE ) δ(εkE + εk−
E QE + h̄ωph )


+ n B (h̄ωph ) + 1 − n F (−εk−
E QE ) δ(εkE + εk−
E QE − h̄ωph ),

(4)

where εkE = h̄vF k, vF = 3ta/2h̄, and n B and n F denote, respectively, the Bose–Einstein and
Fermi–Dirac distribution functions. The first (last) two terms correspond to intra (inter)-band
scattering processes. The scattering rate is obtained from
E εkE)/h̄.
τkE−1 = −=6(k,

(5)

To compute τkE−1 , we need to evaluate the integrals appearing in equation (4). The third
integral, however, does not contribute to the scattering rate, since the argument of the δ-function
is always positive. We are left with the following integrals:
1 X
I± =
δ(εkE − εk−
E QE ± h̄ωph )
Nc E
Q

ac
=
(2π )2

Z

2π

Q

Z
dθ

0

0



q
Q dQδ εkE − εk2E + ε 2QE − 2ε QE εkE cos θ ± h̄ωph ,

(6)

Z 2π Z Q


q
ac
2
2
Q
dQδ
ε
+
J− =
dθ
ε
+
ε
−
2ε
ε
cos
θ
−
h̄ω
ph ,
kE
QE kE
kE
QE
(2π )2 0
0
√
where ac = 3 3a 2 /2. Energy conservation, as represented by the δ-functions in equation (5),
allows us to replace εk−
E QE in the Fermi–Dirac functions with εkE ± h̄ωph for the first and second
integrals, and with h̄ωph − εkE in the fourth one. From the expressions in equation (6), we find
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the scattering rate of an electron with momentum kE within different energy ranges to be for
ε < h̄ωph :


τε−1 = C 2n B (h̄ωph )h̄ωph + (h̄ωph − ε) + C h̄ωph [n F (ε + h̄ωph ) − n F (ε − h̄ωph )]
+Cε[n F (ε + h̄ωph ) + n F (ε − h̄ωph )],

(7)

for ε > h̄ωph :


τε−1 = C 2n B (h̄ωph )h̄ωph + (ε − h̄ωph ) + C h̄ωph [n F (ε + h̄ωph ) + n F (ε − h̄ωph )]
+Cε[n F (ε + h̄ωph ) − n F (ε − h̄ωph )].

(8)

Here C is defined as

√ 

3 3 ∂ ln t 2
h̄
,
C=
2
∂a
Mc h̄ωph

(9)

where (∂t/∂a)0 ≈ 6.4 eV Å−1 [44] and (∂t/∂a) K ≈ 14 eV Å−1 [45] for zone-center and zoneedge phonons, respectively.
The average electron scattering rate is then determined by [46]
R
dε D(ε)n F (ε, T )τε−1
−1
(10)
τε = R
,
dε D(ε)n F (ε, T )
where D(ε) denotes the density of electronic states of graphene. The resulting Drude scattering
rate 0, shown in figure 4, is obtained by summing up contributions from the two SCOP
modes as
0 ≡ h̄ τε−1 0 + h̄ τε−1

K

.

(11)

As shown in figure 4, the calculated scattering rate 0 increases approximately linearly with
temperature T over the relevant range. Comparing this prediction with our experimental results
in figure 4, we obtain semi-quantitative agreement of 0 as a function of pump fluence. Better
agreement is not anticipated, since the treatment involves several significant simplifications. We
first note that the deduced effective Drude scattering rate 0 actually corresponds to fitting the
response over a range of electronic temperatures. In our comparison, we have assumed that
the result is dominated by the behavior near the peak electronic temperature. More elaborate
modeling could take this effect into account. In terms of the underlying description of the optical
conductivity at high temperature, our treatment could be improved by a more detailed analysis
of the different phonon modes, considered here as two dispersionless branches, involved in
the scattering process. More fundamentally, one should also examine possible contributions to
0 from electron–electron scattering processes, which are known to influence the quasi-particles
scattering rates [47] and the dc conductivity [48], as well as weaker contributions from acoustic
phonons. The absence of these scattering mechanisms in the calculation may account for the
predictions of scattering rate lying somewhat below those deduced from the experiment. The
analysis is also based on a simple Drude model for the frequency dependence of the intra-band
contribution to the optical conductivity. This approximation has not yet been rigorously tested
in this limit. Finally, at high electronic temperatures (T > 1600 K), the experimental values
for 0 appear to level off with increasing T. This effect is absent in the model and suggests
that screening of the electron–electron and electron–phonon interactions [49, 50] may play a
significant role in this regime of high carrier densities.
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It is interesting to compare our results with those obtained in high-field dc transport
studies. We found that the values for 0 deduced here for high electronic temperatures are also
broadly consistent with those obtained in high-field transport measurements in metallic carbon
nanotubes at current saturation [30, 31]. In this regime, electron–optical phonon scattering is
also considered to be the dominant contribution to 0. For high-bias transport measurements in
graphene [26, 27, 29], the Drude scattering rate is also significantly enhanced compared to the
low-field behavior. This effect has, however, been attributed to interaction of the carriers with
polar phonons in the substrate on which the graphene is deposited. Our results imply that even
for suspended graphene, which lacks these substrate-mediated interactions, the scattering rate
will be strongly enhanced at elevated electronic temperatures.
4. Conclusion

We have examined ultrafast carrier dynamics in freely suspended graphene samples by optical
pump–probe measurements. A crossover of the transient optical response of graphene from
enhanced to decreased optical conductivity is observed with increasing pump fluence. This
behavior can be understood as a result of the coexistence of both intra- and inter-band
contributions to the optical response of graphene. Analysis of the time evolution of the data
implies an optical phonon lifetime of 1.4 ps and significantly enhanced Drude scattering rates at
high electronic temperatures. Our experiment also demonstrates the importance of free-carrier
absorption in the visible spectral range for graphene under non-equilibrium conditions and
opens up new opportunities for probing fundamental charge transport properties of this twodimensional material purely by means of optical measurements.
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