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We modulate the atomic structure of bilayer graphene by driving its lattice at resonance with the in-plane
E,, lattice vibration at 6.3 ym. Using time- and angle-resolved photoemission spectroscopy (tr-ARPES)
with extreme-ultraviolet (XUV) pulses, we measure the response of the Dirac electrons near the K point.
We observe that lattice modulation causes anomalous carrier dynamics, with the Dirac electrons reaching
lower peak temperatures and relaxing at faster rate compared to when the excitation is applied away from
the phonon resonance or in monolayer samples. Frozen phonon calculations predict dramatic band
structure changes when the E;, vibration is driven, which we use to explain the anomalous dynamics

observed in the experiment.
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Optical excitation of Dirac carriers in graphene has to
date been known to occur through two mechanisms. For
photon energies higher than twice the chemical potential
(h@yymp > 2|1, |), direct interband excitation takes place
[1,2], resulting in population inversion for sufficiently high
fluences [3-5]. For doped samples and lower photon
energies (Rwpymp < 2|, |), the Dirac carriers are heated by
metallic free carrier absorption [4,6], where the peak elec-
tronic temperature is determined by the pump fluence [4].

Here, we introduce a new mechanism, active when an
infrared optical field is made resonant with a vibrational
mode that modulates the band structure. We show that
anomalous heating of the Dirac carrier distribution occurs
when the E;, phonon mode of bilayer graphene [7-13] is
driven to large amplitudes with a coherent midinfrared
(MIR) field. This mode is particularly interesting as it
exhibits a pronounced Fano profile and large oscillator
strength in the conductivity spectrum, originating from an
anomalously strong coupling to electronic interband tran-
sitions [14-16]. Further, the E;, motion of the two
triangular lattice units [Fig. 1(a)] is expected to periodically
open and close a band gap at the K point [17], a prospect of
general interest for the physics of graphene. Finally, the
frequency of the mode is fast compared to the electron-
phonon scattering time, resulting in a breakdown of the
adiabatic Born-Oppenheimer approximation as proposed
in the context of Raman scattering experiments for
monolayer graphene [18].
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Quasifreestanding epitaxial graphene mono- and
bilayers, grown on the silicon-terminated face of silicon
carbide (SiC), are used in this work [19] (see Supplemental
Material [20]). The equilibrium ARPES spectra for these
samples, measured at room temperature with Hella radi-
ation at hw = 40.8 eV, are shown in Fig. 1(b). These
measurements were performed along a momentum cut that
crosses the K point perpendicular to the ['K direction [inset
Fig. 1(b)], and show the characteristic z-band dispersion of
graphene. Both samples are lightly hole doped due to
charge transfer from the substrate with hole concentrations
of n=6x 10" cm™ and n =4 x 10> cm™ in mono-
layer and bilayer graphene, respectively.

MIR pulses were used to excite these samples, either
resonantly with the E;, mode in bilayer graphene
(Apump = 6.3 pm) or at other wavelengths between 4
and 9 ym. The resulting nonequilibrium Dirac carrier
distributions were tracked with tr-ARPES as a function of
pump-probe time delay using XUV femtosecond pulses at
31 eV photon energy. The experiments were performed at
30 K base temperature.

In Fig. 2, we present snapshots of the carrier distributions
(upper panel) of bilayer graphene, along with the pump-
induced changes of the photocurrent (lower panel) for
different pump-probe delays after excitation of the Ej,
lattice vibration at Ay, = 6.3 um. These measurements
were taken along the I'K direction, where only two of
the four 7z bands are visible due to photoemission matrix
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FIG. 1 (color online). (a) Sketch of the tr-ARPES experiment.
The MIR-pump pulse (red, light grey) at normal incidence
resonantly excites the in-plane E;, lattice vibration in bilayer
graphene. A collinear XUV-probe pulse (blue, dark grey) ejects
photoelectrons that pass through a hemispherical analyzer and
impinge on a two-dimensional detector. (b) Equilibrium band
structure for hydrogen-intercalated monolayer (ML) and bilayer
(BL) graphene measured with Hella radiation for a cut through
the K point perpendicular to the 'K direction (see inset).
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element effects [26]. Zero time delay was set to the peak of
the pump-probe signal.

Consistent with previous measurements performed in the
free carrier absorption regime [4], we observe a broadening
of the Fermi edge due to an increase in electronic temper-
ature, without signature of population inversion. The
transient distributions of Fig. 2 were integrated over
momentum, and plotted as a function of pump-probe delay
[Fig. 3(a)]. At each time delay, the momentum-integrated
photocurrent was fitted by a Fermi-Dirac distribution,
to obtain the width of the Fermi cutoff, related to the
electronic temperature, 7',. The time evolution of the Fermi
width [Fig. 3(b)] is found to follow a double exponential
decay, generally ascribed to the emission of optical (z;) and
acoustic phonons (z,) [27-39].

Experiments for different excitation wavelengths were
performed at a constant pump fluence of F = 0.26 mJ/cm?
(see Supplemental Material [20]). The wavelength depend-
ence of the peak electronic temperature, max 7, obtained
by deconvolving the peak Fermi width with the experimen-
tal energy resolution (see Supplemental Material [20]), and
the fast relaxation time, 7, are plotted in Figs. 3(c) and 3(d),
respectively. Both quantities exhibit a strong anomaly at
the phonon resonance, with a reduced peak temperature
and faster relaxation time (7). The second relaxation time
(tp = 2.8 £ 0.6 ps) is instead found to be independent of
pump wavelength.

Comparison ~ with ~ monolayer  graphene  (see
Supplemental Material [20]), where the in-plane lattice
vibration is not infrared active and hence cannot be excited
with light [7], clearly indicates that the anomalies observed
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FIG. 2 (color online).
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Snapshots of the electronic structure along the I'K direction (see inset) of bilayer graphene for different pump-

probe delays (upper panel) together with the corresponding pump-probe signal (lower panel). The excitation wavelength was 6.3 ym in
resonance with the in-plane E,, lattice vibration. The fluence was F = 0.26 mJ/cm?.
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FIG. 3 (color online). (a) Momentum-integrated photocurrent
from Fig. 2 as a function of energy and pump-probe delay in
the vicinity of the Fermi level. (b) Width of the Fermi-Dirac
distribution as a function of pump-probe delay (data points). The
continuous line is a fit including an error function for the rising
edge and the sum of two exponentials to describe the decay.
(c) Dependence of the peak electronic temperature, obtained by
deconvolving the peak Fermi width with the experimental energy
resolution (see Supplemental Material [20]), on excitation
wavelength for constant excitation fluence of 0.26 mJ/cm?.
(d) Dependence of the fast relaxation time z; on excitation
wavelength for constant excitation fluence of 0.26 mJ/cm?. The
corresponding data for monolayer graphene for fluences between
0.26 and 0.8 mJ/cm? is shown in black for direct comparison.
Continuous lines in (c) and (d) are guides to the eye. Dashed lines
in (c) and (d) show the Fano line shape of the phonon in the real
part of the optical conductivity Ao, from [14].

in the bilayer system are not present. This is most obvious
in Fig. 3(d), where we added the 7, values for monolayer
graphene (black data points) which are found to be
independent of pump wavelength. We would like to point
out that the SiC substrate exhibits two-phonon absorption
in the wavelength range between 5.5 and 10 ym [40].
Because of the weak van-der-Waals bond between ML or
BL graphene and the SiC substrate, however, coherent
phonon oscillations in the substrate resonantly excited by
the pump pulse are unlikely to influence the carrier
dynamics in the graphene layer.

The data presented above points then to important
differences between excitation on and off resonance with
the in-plane lattice vibration, which is interpreted in the
following.

In the case of free carrier absorption [4], the excitation is
a result of periodic acceleration and deceleration of the
carriers along the direction of light polarization, k, [I'M
direction, green arrows in Fig. 4(a)]. Carrier heating occurs

in this case because the Dirac carriers scatter during this
oscillatory motion.

When excitation is resonant with the E;, phonon, in
addition to this time dependent polarization, one expects a
modulation of the band structure, as the motion of the
atoms makes the hopping between sites time dependent.
Qualitatively, one can think of the motion of the atoms in
real space directly translating into an oscillatory displace-
ment of the Dirac cone itself [18]. Note that this motion of
the Dirac cone occurs along k, [['K direction, blue arrows
Fig. 4(a)], that is, perpendicular to the free carrier absorp-
tion occurring along k,. Crucially, since the atomic motion
is fast compared to the electron-phonon scattering time, the
electrons do not follow the motion of the atoms promptly
and experience a complex motion that breaks the adiabatic
Born-Oppenheimer approximation [18].

To understand the physics at hand more quantitatively,
we calculate the changes in the band structure for a static
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FIG. 4 (color online). (a) Sketch of the excitation due to electric
field acceleration (green, light grey) and band structure shift
(blue, dark grey). The field polarization lies along k, (I'M). The
displacement of the atoms in real space leads to a corresponding
displacement of the Dirac cone in momentum space along k, (I'K).
The combined effect results in a complicated sloshing motion of
the electrons that depends on the relative phase and amplitudes
of the electric field acceleration and the band structure displace-
ment, respectively. (b) Density functional theory calculations of
the electronic structure around the K point in the vicinity of the
Fermi level for different lattice distortions of 0%, 2%, and 3% of
the equilibrium lattice constant along the £, mode coordinate.
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lattice distortion along the E;, normal mode coordinate.
For a pump field of approximately 1 MV /cm, as employed
in our experiments, we estimate atomic displacements
of ~5pm, ~2% of the equilibrium lattice constant
(see Supplemental Material [20]). In Fig. 4(b), we report
calculated band structures for different lattice distortions
along the E;, normal mode coordinate. Dramatic changes
are induced by the vibration, with a momentum splitting of
the z bands at the K point and a huge shift of the ¢ bands at
the I" point towards the Fermi level (see Supplemental
Material [20]). The oscillatory motion of the Dirac cone
known from the monolayer [Fig. 4(a)] affects the upper and
lower layer of the bilayer in opposite directions. Together
with the interlayer coupling this leads to a splitting of the 7
bands along I'KM that increases with increasing distortion
[Fig. 4(b)]. The nonequilibrium occupancy of the transient
electronic states is determined by the complex nonadiabatic
motion sketched in Fig. 4(a).

To describe the experimental results we consider how
the dynamical changes in the density of states (see Fig. 4 in
the Supplemental Material [20]) are expected to affect the
electronic temperature. In order to approximately estimate
the change in peak electronic temperature due to the Ey,
lattice distortion, we assume that during the lattice dis-
tortion both the electron number N (DOS, u,, T,) and the
entropy of the system S (DOS, y,, T,) are conserved (see
Supplemental Material [20]). The chemical potential and
the peak electronic temperature in the absence of a lattice
distortion are known from off-resonance tr-ARPES data
(ug ~ —200 meV, T ~ 2800 K). Based on the DOS (see
Fig. 4 in the Supplemental Material [20]), we obtain y; ~
—350 meV and T'; ~ 1600 K for an atomic displacement of
3% of the lattice constant, an estimate that can be
reconciled with the data. One may speculate further that
the changes in electronic DOS affect the electron-phonon
coupling constant and result in faster carrier relaxation.

In summary, we have excited monolayer and bilayer
graphene at MIR wavelengths between 4 and 9 ym, both on
and off resonance with the in-plane E;, mode in bilayer
graphene, and probed the response of the electronic
structure with tr-ARPES. We find that both the peak
electronic temperature as well as the relaxation rate are
significantly perturbed when the excitation is made reso-
nant with the E;, mode, an effect that is absent in
monolayer graphene, in which light cannot couple to the
in-plane lattice vibration. We explain the data by discussing
the dynamical band structure changes combined with a
nonadiabatic temporal response, a genuinely new type of
carrier excitation for the solid state. Similar concepts may
be extended beyond graphene, for example, to the transition
metal dichalcogenides, opening up new avenues for elec-
tronic structure control with light. The complex circular
motion of the electrons throughout momentum space,
which involves ultrafast manipulation of the electronic
structure of the system over very few femtoseconds, may be

interesting for applications in optoelectronics at very high
bit rates.
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