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Ultrafast terahertz response of multilayer graphene in the nonperturbative regime
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The nonlinear dynamics of electrons in multilayer epitaxial graphene is investigated by time-resolved terahertz
(THz) spectroscopy in a regime where the interaction of electrons with the external field dominates over scattering
processes. The predominantly coherent electron response to the THz field involves both intra- and interband
currents, leading to coherently driven interband transitions of carriers and to the generation of higher harmonics
of the THz carrier frequency. The overall behavior of the graphene layers is always absorptive, even after
generation of an initial electron-hole distribution by femtosecond midinfrared excitation. The results are in
agreement with theoretical calculations of the nonperturbative THz response.
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Graphene, a layer of carbon atoms in a hexagonal arrange-
ment, has a peculiar band structure, which results in novel
transport properties such as electron velocities independent of
carrier energy [1]. Linear transport properties and nonequi-
librium carrier dynamics have been studied extensively, the
latter mainly by ultrafast nonlinear optical methods [2-9]. In
contrast, high-field transport in which the coupling of electrons
to the applied electric field represents the strongest interaction,
has been explored to a much lesser extent. In k space, the
relevant electrons for transport are those close to the K and K’
(Dirac) points, where the band gap disappears.

Figure 1 shows graphene’s band structure close to the
K and K’ points as a function of the x component of the
calrrier wave vector k. According to the acceleration theorem
dk/dt = —eE"(t)/h, the electric field E(¢t) of a THz pulse
polarized in the x direction moves an electron back and
forth along k., on a trajectory k,(t) = eA,(t)/h determined
by the vector potential A,(?) (e is the elementary charge).
For high-field transport the amplitude of this motion is large
compared to the initial |I_é ~K |. k, remains constant during
this motion and, thus, the valence and conduction bands along
ky — K, show a hyperbolic k¥ dependence. For an electron
with an initial k& with lky — K| > wrh,/2vF, the intraband
motion dominates the response to the applied THz field. In
contrast, electrons residing initially at k vectors with |k, —
K| < wrnz/2vF perform predominantly combined inter- and
intraband trajectories [Fig. 1(b)].

The conelike band structure (Fig. 1) results in a constant
optical interband absorption of mov = 0.023 per layer (« is the
fine structure constant) over a large frequency range [6,10,11].
This corresponds to an interband momentum matrix element p
independent of transition energy hw [12], while the interband
dipole matrix element d = —iep/(mw) [13] is proportional
to the inverse of the transition frequency (m is the electron
mass). At a frequency of 2 THz, the interband transition dipole
has a very high value of d = e x 80 nm. The interband Rabi
frequency 2 = d x E/his equal to the THz carrier frequency
for a THz electric-field amplitude of £ = 1 kV /cm. Therefore,
the light-matter interaction in graphene is nonperturbative with
even moderately strong THz pulses [14—17], while at optical
frequencies graphene behaves similar to other materials [18].

For a finite density of conduction band electrons and
valence band holes, both intra- and interband currents can
contribute to transport. In contrast to this picture, most
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experiments, in particular in the THz range, have been
interpreted only in terms of Drude-like intraband currents
[5-8,10,11,19-25]. Here, we study the interplay of intra- and
interband high-field transport in a multilayer graphene sample.
We drive the electrons with strong THz fields, so that the
light-matter interaction is nonperturbative and the coupling of
electrons to the external driving field is much stronger than
other scattering processes. We demonstrate predominantly
coherent transport with both intra- and interband components.
The highly nonlinear electron response results in the gener-
ation of higher harmonics of the THz carrier frequency and
coherently driven interband transitions of carriers.

In the experiments, we study an epitaxial 45-layer graphene
sample grown by C-face epitaxy on 4H-SiC (from Graphene
Works). This sample shows negligible electronic coupling
between the layers [26,27] and, thus, behaves essentially as
45 adjacent single layers. The layer stack has a total thickness
of 13.2 nm, much smaller than the THz wavelength, so that all
layers experience the same applied electric field.

Two-dimensional (2D) THz spectroscopy with two phase-
locked THz pulses [28-30] or a midinfrared (MIR) pump-—
THz-probe scheme are applied in the time-resolved exper-
iments. The THz pulses with a spectrum extending from
1 to 3 THz and MIR pulses at 14.5 THz (photon energy
60 meV) were derived from the output of an amplified
Ti:sapphire laser system by difference frequency generation
in GaSe [31]. They are detected in amplitude and phase by
electro-optic sampling [32-34] in ZnTe [data in Figs. 2(f), 3,
and 4] or—with a larger detection bandwidth—in GaP [data
in Figs. 2(a)-2(e)]. The maximum electric-field amplitude of
the THz pulses was between 0.2 and 50 kV /cm in the different
measurements.

The THz transmission of the graphene stack, which is
given by [ Esg(t)*dt/ [ Es(t)*dt, was measured at sam-
ple temperatures of 7 =50 and 300 K in a single-beam
experiment using pulses with amplitudes between 0.2 and
30 kV/cm [Eg(¢) is the THz transient through the substrate
alone, and Egsg(¢) the transient through both the substrate
and the graphene; see Fig. 2(a)]. In the linear regime, the
transmitted intensity at 7 = 50 K is 56% [Fig. 2(f)]. This
value is below the transmission from quantum absorption (for
our sample, 65%). The linear transmission decreases with
temperature, and at 7 = 300 K it is 36%. The values given
here are averaged over the incident THz spectrum between 1
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FIG. 1. (Color online) (a) Schematic band structure of graphene
close to the K point where the band gap disappears. For a finite
Fermi energy Er, interband transitions with transition frequencies
hw < 2Er are forbidden, but intraband transitions and currents of
electrons and holes occur. (b) For strong driving fields, there are
combined inter- and intraband currents. The region of k space covered
by carrier motions is determined by the vector potential A(z).

and 3 THz. A more detailed analysis of the linear spectra to be
presented elsewhere shows that the experimental spectra are
well reproduced by the Drude transmission [6,7,10,11,19-21]
with an average Fermi energy E ; = 24 meV and a scattering
time 7y = 40 fs, both being temperature independent [35]. The
transmission of the graphene sample decreases with increasing
incident THz field strength [Fig. 2(f)]. This behavior agrees
very well with the theoretical results (solid line) [36].

The THz transients Egsg(¢#) and Eg(f) in Fig. 2(a) are
in the strongly nonperturbative regime. In Fig. 2(b) we
show the graphene response, i.e., the difference E.n(f) =
Esg(t) — Eg(t), after high-pass filtering. This transient ex-
hibits oscillations at frequencies higher than the fundamental
THz carrier frequency. Such components are clearly beyond
the noise level, which is evident from the data before the
pulse, e.g., at 0.6 ps. To demonstrate that these high-frequency
oscillations are not an artifact from the high-pass filtering, we
also show the difference assuming Drude transmission using
the same filtering (dashed line). The power spectrum | E¢y, (w)|?
[Fig. 2(c)] clearly shows the first, third, and fifth harmonics
with a ratio of 1:3 x 1073 :5 x 107*. The strength of
the higher harmonics is well below the dynamic range of
the experiments of Ref. [37] and substantially smaller than
the ratio of 1 : 1/9 : 1/25 theoretically predicted in Ref. [14].
In Fig. 2(d) the spectral amplitudes |E.n(w)| are shown for
three different experimental conditions. Both decreasing the
incident field amplitude and increasing the temperature leads
to a decrease of the third and fifth harmonics of the THz
fundamental. In Fig. 2(e) we show the dependence of the
fundamental and the third and fifth harmonics of the graphene
response on the incident field amplitude. The values are
obtained from the experimental spectra by Gaussian fits with
both the center frequencies and the widths fixed [the center
frequency of thethird (fifth) harmonic is three (five) times the
center frequency of the fundamental and has +/3 (+/5) times
the fundamental width].
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FIG. 2. (Color online) (a) Electric-field transients through

the substrate (Eg, dashed line) and through the substrate and the
graphene (Egg, solid line) at 7 = 50 K. (b) Graphene response:
The difference E.,, = Esc — Efs, after high-pass filtering (HP) (solid
line). The dashed line shows the result from a Drude transmission
with the same filtering. (c) Solid line: Spectral power | Eqp(w)|* from
the data in (a) and (b). The dashed lines show Gaussian fits of the
fundamental, the third, and the fifth harmonic. The symbols give
the theoretical values taken from Fig. 6 of Ref. [16]. (d) Spectral
amplitudes |E.n(w)| of the graphene response for the data in (a)
and (b) (solid line), for a measurement with half the incident field
amplitude (dashed line), and for a measurement at 7' = 300 K
(dashed-dotted line). (e) Spectral amplitudes of the graphene response
at the fundamental, the third, and the fifth harmonics as a function of
the incident field amplitude. The symbols are experimental results,
and the solid lines are calculations. (f) Transmission as a function
of the incident field amplitude at 7 = 50 K (triangles, experimental
results; dashed line, theory using plane waves; solid line, theory
including the electric-field variation across the THz beam).

In the 2D experiments, two phase-locked pulses A and B
interact with the graphene sample in a collinear geometry.
Their electric fields transmitted through the sample are
measured as a function of the real time ¢ and of the delay
T between pulses A and B. The nonlinear signal is the
difference between the electric field when both pulses are
present minus the electric fields of the two pulses alone:
Eni(t,7) = Eap(t,t) — EA(t,T) — Eg(2). After a 2D Fourier
transform of Eyy (¢, 1), different contributions to the nonlinear

041408-2



ULTRAFAST TERAHERTZ RESPONSE OF MULTILAYER ...

Enc(t7) (KV/cm) [EnL (viov,)| (norm.)
35 0.0 35 00 05 10

|-

2 4
(a) (b)
1 probe A 1
1 2] photon
— echo
— 1 s E 1
2 o N9y = pump A
g s probe B
. 5 > =
14 24/ > | pump B
probe B AN )/ | probe A
'2 T T T T T T T -4 T T
-2 -1 0 1 2 0 2 4
t (ps) vi (TH2)

FIG. 3. (Color online) Nonlinear signal from graphene at room
temperature from the 2D THz measurements. (a) shows the signal in
the time domain as a function of real time ¢ and delay 7, and (b) in the
frequency domain after a 2D Fourier transform. The nonlinear signal
shows only pump-probe signals; photon-echo signals are absent.

signal, such as pump-probe and photon-echo components, can
be separated in 2D frequency space. For further details, see
Refs. [28-30]. In the MIR-THz pump-probe experiments,
the MIR pump pulse generates electron-hole pairs, which
contribute to charge transport driven by the THz probe pulse.
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FIG. 4. (Color online) Nonlinear THz response of graphene at
room temperature after excitation with (a) 2 THz (8 meV) and
(b) midinfrared (60 meV) pump pulses. The dashed lines are the
electric-field transients of the transmitted THz probe pulse, and the
solid lines are the transients of the nonlinear signal. (c) Symbols:
Spectrally resolved change in transmission after THz excitation
divided by the transmission without excitation. The solid line shows
the calculated spectrum for a 9% increase of the number of carriers
and a decrease of 7; from 40 to 37 fs.
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Again, the transmitted THz field is measured in amplitude and
phase to map the nonlinear response of the graphene sample.

Results of the 2D experiment with the graphene sample at
T =300 K are summarized in Fig. 3. Figure 3(a) shows the
nonlinear signal in the time domain as a function of the real
time ¢ and the delay t between the THz pulses A and B, while
the 2D frequency domain spectrum derived by a 2D Fourier
transform is plotted in Fig. 3(b). The 2D spectrum displays
two pump-probe signals, in which either pulse A or B serves
as the pump pulse. It is important to note that a photon-echo
signal is completely absent, although the data of Fig. 2 clearly
point to the coherent character of the graphene response.

In Fig. 4, we present the phase-resolved pump-probe
response measured under different experimental conditions.
Transients observed in a 2D THz experiment at 7 = 300 K
are shown in Fig. 4(a), whereas the data in Fig. 4(b) were
measured with MIR excitation at 14.5 THz (MIR electric-field
amplitude 40 kV/cm, pulse length 0.3 ps) and THz probe
pulses. In both cases, the incident THz probe field (dashed
line) and the nonlinear THz field Ey are shifted in phase by 7,
indicating induced absorption. Figure 4(c) shows a differential
transmission spectrum after THz excitation (symbols) and the
calculated response (solid line).

Our results demonstrate the coherent nature of the nonlinear
response, which is most clearly manifested in the generation of
higher harmonics of the THz carrier frequency. This behavior
originates from the strong nonperturbative interaction between
the THz driving field and the electrons, which dominates
over electron-electron and electron-lattice interactions that
underlie incoherent scattering processes. Under the present
conditions, carrier transport is in the quantum-kinetic regime.
Two other striking features of the nonlinear response are (i) the
observation of an overall absorptive response of the graphene
sample in a very wide range of electric-field strengths from 0.2
up to 50 kV/cm, and (ii) the absence of photon-echo signals
in the 2D spectra.

In our graphene sample, the nonzero density of electrons in
the conduction band and holes in the valence band allows
for inducing both intra- and interband currents with the
strong external THz field. Intraband currents are connected
with motions of conduction band electrons and valence band
holes over a wide range in k space. Due to graphene’s band
structure, the effective electron mass increases at large k
values, and, thus, the real part of the conductivity decreases.
Concomitantly, the intraband THz absorption decreases, a
behavior in contrast to the experimentally observed absorption
increase. The latter points to a significant contribution of
interband currents (cf. Fig. 1), by which electrons move
coherently between valence and conduction bands. This
mechanism enhances the concentration of free carriers and,
thus, both the conductivity and the THz absorption. In the
interplay of intra- and interband transport, a particular electron
contributes to both currents, depending on the region in k
space its motion covers momentarily. It is important to note
that the overall absorptive THz response is independent of
the particular excitation process by which the initial carrier
populations in the conduction and valence bands are generated.
Femtosecond interband excitation by midinfrared pulses [cf.
Fig. 4(b)] increases the carrier density contributing to the
overall current and, thus, results in enhanced absorption.
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Also the absence of a photon-echo signal is due to the
nonperturbative character of the nonlinear interaction, for
which the interband Rabi frequency is significantly larger than
the THz carrier frequency. The interband Rabi frequency is
different at each point in k space, due to both the k-dependent
interband dipole moment and to the different electric-field
amplitudes at different interband transition frequencies. Thus,
a coherent rephasing of the different components of the
interband polarization by interactions with the THz driv-
ing field is impossible and the total photon-echo signal is
negligible.

Both intra- and interband transitions are important for
the generation of higher harmonics. Due to graphene’s band
structure, the oscillating intraband polarization generated by an
essentially sinusoidal driving field contains a wide frequency
spectrum including higher harmonics. While the direct contri-
bution of the interband current to the generation of higher
harmonics is weak, interband transitions are nevertheless
important since they determine the density of electrons and
holes available for intraband transitions. The exact shape of
the carrier distribution, a topic of many ultrafast optical studies
of graphene [2-9], plays a minor role as the width of the
distribution is small compared to the energy range covered by
its trajectory.

To account for the experimental results, we performed
model calculations based on the theory developed by
Ishikawa [16,17]. The theory contains graphene’s electronic
band structure and the interaction with the external THz
field. Scattering processes such as electron-phonon, electron-
impurity, and electron-electron scattering are neglected. Con-
sidering the fact that these scattering processes are responsible,
e.g., for the Drude width in linear absorption [5-8,10,11,19—
25], for ultrafast thermalization [9] and cooling [38], this
approach needs to be justified. Under our experimental
conditions, the optical inter- and intraband transition rates
induced by coupling to the strong THz driving field (amplitude
20-30 kV/cm) are of the order of several 10'* s~!, much
higher than the electron scattering rates due to the interactions
mentioned [39]. As a measure for the latter, we consider
the Drude scattering rate 1/7;, encompassing all relevant
scattering processes of electrons. An analysis of our data
gives a value of 1/7; >~ 2.5 x 10'3 s~!, which is an order
of magnitude smaller than the optical transition rates and
remains essentially unchanged in the presence of the strong
THz field [see the solid line in Fig. 4(c)], in agreement with
Ref. [40].

The equations of Ishikawa’s theory [16,17] describe the
response of a single graphene layer (i.e., intraband plus
interband current) to a given THz driving field. However,
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in Refs. [16,17] the energy transfer from the sample to the
electromagnetic field is neglected. To include this energy
transfer and to account correctly for energy conservation
requires the introduction of the radiation reaction field [41,42].
For the THz response of a multilayer graphene sample this
is particularly simple, since the thickness of the entire stack
d ~ 10 nm is orders of magnitude smaller than the involved
wavelengths. As a result, each graphene layer experiences the
same driving field, which is the transmitted field through the
sample Ey = Ej, + Een (without the radiation reaction field
the driving field is equal to the incident field). E consists
of both the incident field E;, and the field E., emitted
by the stack of graphene layers, which is determined by
the sum of intra- and interband currents in all layers. For
graphene on a substrate one has to introduce an additional
field Egp(t) = Ey()(1 — ngy)/2 emitted due to the refractive
index jump at the interface [27].

Using Ishikawa’s theory [16,17] with the modification
described above, we calculated transients for multilayer
epitaxial graphene (Figs. 2—4). The theory fully confirms
the physical picture of electron-hole generation via interband
trajectories as the main mechanism for the observed induced
absorption. Without the interband polarization, the nonlinear
induced absorption vanishes. In contrast to Ref. [14], this
treatment predicts a ratio of harmonic powers in agreement
with experiment [Fig. 2(e)]. Furthermore, the theory accounts
for the quantum absorption in the linear regime and for the
generation of higher harmonics [16,17]. The absence of the
photon echo is also predicted by the theory.

In conclusion, we studied the nonlinear dynamics of
electrons in multilayer epitaxial graphene by time-resolved
THz spectroscopy in a regime where the interaction of
electrons with the external field dominates over scattering
processes. A physical picture solely based on graphene’s band
structure and light-matter interaction including the radiation
reaction field fully explains the predominantly coherent
electron response to the THz field. Even at low frequencies,
both intra- and interband currents are involved to allow for
coherently driven interband trajectories of carriers and for
generating higher harmonics of the THz carrier frequency. The
interband transitions explain the overall absorptive behavior
of the graphene layers, even after generation of an initial
electron-hole distribution by femtosecond optical excitation.
The results are in agreement with theoretical calculations of the
nonperturbative THz response including the radiation reaction
field.
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