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Abstract
The chiral character of Dirac electrons in graphene manifests itself in a peculiar momentum
anisotropy for photo-excited electron-hole pairs. These interband excitations are in fact forbidden
along the direction of the light polarization, and are maximum perpendicular to it. This phenomenon gives rise to unconventional hot carrier dynamics that are only partially understood.
Here, we use time- and angle-resolved photoemission spectroscopy to investigate the non-thermal
physics of such chiral excitations, sampling carrier distributions as a function of energy and in-plane
momentum. We first show that the rapidly-established quasi-thermal electron distribution initally
exhibits an azimuth-dependent temperature, consistent with relaxation through collinear electronelectron scattering. Azimuthal thermalization is found to occur only at longer time delays, at a
rate that is dependent on the type of static doping. In n-doped graphene, for which photo-excited
carriers are generated close to the Fermi level, the anisotropy of the carrier temperature survives
far longer than in p-doped graphene. We attribute this to the strong suppression of azimuthal
relaxation due to a reduced phase space for optical phonon emission in the n-doped case. These
experiments clarify new aspects of hot carrier dynamics that are unique to Dirac materials, with
relevance for photo-control experiments and optoelectronic device applications.
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The existence of anisotropic photo-carrier distributions in graphene was predicted [1, 2]
and observed in optical pump-probe experiments [3–6], which showed a pronounced difference in the time-dependent optical response for different probe polarizations. The decay of
the anisotropy extracted in this manner was attributed to optical phonon emission [2–5, 7, 8].
However, a complete picture for these non-equilibrium phenomena can only be obtained by
tracking both carrier energy and momentum in the time domain.
Here we use time- and angle-resolved photoemission spectroscopy (tr-ARPES) at extreme ultraviolet (XUV) wavelengths to track the temporal evolution of the photo-excited
carrier distribution as a function of energy and momentum. We establish a hierarchy of
events that redistribute carriers on the Dirac cone, including the formation of an anisotropic,
azimuth-dependent, electron temperature, which indicates that primary thermalization occurs through collinear electron-electron scattering. Azimuthal relaxation through optical
phonon emission plays a role only at later time delays, and is strongly dependent on the
type of static doping of the sample.
Two different kinds of graphene samples were used for the present investigation. Ndoped monolayer samples were obtained by thermal decomposition of the silicon face of SiC,
yielding an equilibrium chemical potential of µe = +0.4 eV [9, 10]. P-doped samples with the
chemical potential at µe = −0.2 eV were instead obtained by decoupling the first inactive
carbon monolayer formed by thermal decomposition of the same SiC face by hydrogen
intercalation [10, 11]. After growth, these samples were exposed to air, characterized by
Raman spectroscopy, reinserted into ultrahigh vacuum, and cleaned via annealing at 800◦ C.
The tr-XUV-ARPES experiments were performed at the MPISD in Hamburg. A Titanium:Sapphire amplifier operating at 1 kHz repetition rate was used to generate synchronized
800nm optical pump and XUV probe pulses. The latter were obtained by high harmonic
generation in an Argon gas jet. The 17th harmonic at ~ωprobe = 26.3 eV was selected with
a time-preserving grating monochromator [12] and used to measure photoelectron distributions from the sample. The probe polarization was fixed along the x axis (Fig. 1a). The
polarization of the pump pulses was switched between x and y by rotating a half-wave plate.
Both pump and probe impinged onto the sample at normal incidence. The experimental
data shown in this work was obtained with a pump fluence of 2.8 mJ/cm2 .
For the experiments reported here, we used a hemispherical analyzer with the entrance
slit parallel to the x axis, to measure the photocurrent as a function of energy and in-plane
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momentum kx (Fig. 1a). In order to record the complete Dirac cone (photocurrent as a
function of kx , ky , and energy) we rotated the sample around the x axis.
Pump pulses at ~ωpump = 1.5 eV generated electron-hole pairs at ED ± ~ωpump /2, where
ED is the energy of the Dirac point where conduction and valence band meet (Fig. 1b).
This process mapped valence band states onto conduction band states of opposite chirality
and pseudospin. Hence, optical excitation involved pseudospin flips which resulted in an
angle-dependent transition probability |Mpump |2 ∝ sin2 (φk − φpump
) [1, 2], where φk and
A
φpump
are the angles between the k-vector of the electron or the pump polarization and
A
the x axis, respectively. As immediately evident from the expression above, the transition
probability was then zero along the direction of the electric field (φk = φpump
) and maximum
A
perpendicular to it.
Note also that the photocurrent is subject to momentum-dependent matrix element effects. The photoemission cross section in graphene is proportional to |Mprobe |2 ∝ 1/2(1 +
cos(φk − 2φprobe
)) [13–15], with φprobe
= 0 in the present experiment, which turns part of the
A
A
Dirac cone invisible. The photoelectron distribution can then be obtained by multiplying
the actual carrier distribution with |Mprobe |2 .
Figures 1c-e illustrate the expected photoelectron distribution at ED + ~ωpump /2 as a
function of kx and ky for excitation with x- and y-polarized light (Figs. 1a and b), and, for
comparison, for a homogeneous carrier distribution (Fig. 1c). Figure 1f shows the expected
evolution in time of the photocurrent inside the red box in Figs. 1c-e [2–8]. For pump pulses
polarized along the x axis, the carriers are expected to fill these states only after scattering
around the cone. Hence, we expect to measure a delayed rise and a lower peak signal for
excitation with x-polarized light compared to excitation with y-polarized light. We also
expect the two curves to overlap after thermalization, before further cooling by optical and
acoustic phonon emission occurs at longer time delays [16–24].
In a first set of experiments we measured the photocurrent as a function of energy and kx ,
and compared the effect of x- and y-polarized excitation in p- and n-doped samples (upper
and lower panel of Fig. 2, respectively). Figures 2a and d show ARPES snapshots at a
negative pump-probe delay and pump-induced changes of the photocurrent at the pumpprobe delay at which the signal was maximum. In order to compare the number of excited
carriers for x- and y-polarized pump pulses we integrated the photocurrent over the area
indicated in Figs. 2a and d (white boxes). The time-dependent photocurrent is shown in
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Figs. 2b and e. These data were fitted with an error function and a double exponential
decay. We also show the temporal cross-correlation between pump and probe pulses (grayshaded area), as obtained from the temporal derivative of the error function, with a full
width at half maximum of 145 fs. For p-doped samples, the pump-probe signal for x- and
y-polarized pump pulses was found to be the same within the error bars. On the contrary, we
found a pronounced difference between the two pump polarizations for the n-doped sample,
indicating the presence of a long-lived anisotropic carrier distribution. In Figs. 2c and f we
plot the time-dependent anisotropy (difference between the dark and light blue curves in
Figs. 2b and e), which was found to relax at a rate limited by the time resolution of the
experiment.
Time-dependent carrier distributions for all kx and ky values were measured for n-doped
samples and x-polarized pump pulses. Constant-energy cuts integrated over an interval of
±50 meV around ED + ~ωpump /2 are reported for four different delays (Fig. 3), indicated
by red arrows in Fig. 2e. At negative delay (t = −250 fs) no excited carriers are detected.
For time delays t = −25 fs, that is half way through the rising edge, the anisotropic carrier
distribution is already observable, reaching its maximum at t = +60 fs. At t = +175 fs
the carrier distribution becomes isotropic, with an angular dependence caused by the photoemission matrix element alone. The measured spectra nicely agree with the expectations
shown in Figs. 1c-e.
By integrating the two-dimensional ARPES spectra in Fig. 2d along kx for x- and ypolarized pump pulses, we obtained transient electron distribution functions [25, 26] at the
minima and maxima of |Mpump |2 , respectively, in the direction where the photoemission
cross section is maximum. The gray data points in Fig. 4a show the distribution at negative
delay. Light and dark orange data points show the distributions for x- and y-polarized
pump pulses at t = +50 fs where the pump-probe signal reaches its maximum for excitation
with y-polarized light. The black lines are Fermi-Dirac fits convolved with a Gaussian with
a full width at half maximum of 350 meV to account for the finite energy resolution. The
temporal evolution of the resulting electron temperature is shown in Fig. 4b. At early times,
the electron temperature along kx is found to be smaller for x-polarized pump pulses than
for y-polarized pump pulses.
We first note that the electron distribution can be described with a Fermi-Dirac distribution at all pump-probe delays (Fig. 4a), indicating that electron-electron scattering
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thermalizes the photo-excited carriers on a time scale short compared to our temporal resolution. The observed pump-polarization dependence of the electron temperature (Fig. 4b)
is equivalent to an azimuth dependence for excitation with a single pump polarization. This
shows that electron-electron scattering is confined to lines pointing radially away from the
Dirac point, as predicted in [2, 7].
Relaxation around the cone, which re-establishes an isotropic carrier distribution with
azimuth-independent electron temperature (Fig. 3), is consistent with relaxation through
optical phonon emission at ~Ωph ≈ 200 meV [2–5, 7, 8]. However, phonon emission is only
efficient if the excess energy of the excited electrons E − EF is larger than the phonon
energy ~Ωph (Fig. 5). For the n-doped sample the initial excess energy ~ωpump /2 − EF is
far smaller than in the p-doped sample (0.35 and 0.95 eV, respectively). This results in a
strong suppression of optical phonon emission and, hence, a longer lifetime of the carrier
anisotropy. As the measured lifetime of the anisotropy in the present work is resolution
limited, the difference in lifetime shows up as a difference in amplitude of the measured
anisotropy (Fig. 2). A related suppression of optical phonon emission has been achieved by
photo-excitation at small photon energies and small fluences in undoped samples [6].
In summary, we have used time- and angle-resolved photoemission spectroscopy to visualize anisotropic photo-carrier distributions in p- and n-doped monolayer graphene. We
found that collinear electron-electron scattering rapidly thermalizes the carriers along lines
pointing radially away from the Dirac point, leading to an azimuth-dependent electron temperature. We also observed a pronounced doping dependence of the lifetime of the carrier
anisotropy. The close proximity between the energy of the photo-excited carriers and the
equilibrium chemical potential in the n-doped sample efficiently reduces the emission rate
of optical phonons and results in longer lifetimes of the anisotropic carrier distribution compared to the p-doped sample. These results visualize photo-carrier dynamics that are unique
to Dirac materials, in which chiral carriers are responsible for peculiar anisotropic photocarrier distributions. We also note that the ability to tune hot carrier dynamics via doping
or gating might potentially be exploited in graphene-based thermoelectric devices [27–31],
or other opto-electronic applications of this class of solids.
This work received financial support from the German Research Foundation through the
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FIG. 1: a) Sketch of the experimental setup. The sample is excited with x- or y-polarized pump
pulses (red). Photoelectrons are ejected with x-polarized XUV probe pulses (violet) and pass
through a hemispherical analyzer. b) Expected anisotropic charge carrier distribution after photoexcitation of monolayer graphene. Occupied and empty states are shown in blue and white, respectively. c)-e) Expected photoemission spectra at constant energy E = ED + ~ωpump /2 as a function
of kx and ky in the first instant after photo-excitation with x- (c) and y-polarized light (d) and the
expected spectrum of an isotropic distribution (e). f) Sketch of the expected temporal evolution
of the number of carriers inside the red box shown in (c), (d) and (e).
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FIG. 2: Photoemission data for p-doped (upper panel) and n-doped graphene (lower panel): a),
d) ARPES spectra for negative time delays and pump-induced changes of the photocurrent for
y-polarized pump pulses at the peak of the pump-probe signal. b), e) photocurrent integrated
over the area of the white boxes in (a) and (d) versus pump-probe delay for x- (light blue) and
y-polarized pump pulses (dark blue). The respective difference in intensity is shown in (c) and (f).
The light gray area represents the temporal cross-correlation of pump and probe pulses.

FIG. 3: Photoemission spectra at constant energy E = ED + ~ωpump /2 as a function of kx and ky
at four different time delays as indicated by red arrows in Fig. 2e. Note: The sickle-shaped image
at t = 175 fs is slightly rotated away from the kx axis due to a small azimuthal misalignment of
the sample.
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FIG. 4: a) electron distribution functions along the kx direction for n-doped graphene. Gray
curves show the distribution at negative pump-probe delay, light and dark orange curves show
the respective distributions at t = 50 fs for x- and y-polarized pump pulses. Black curves are
Fermi-Dirac fits. b) Temporal evolution of the electron temperature obtained from the fits in (a).

FIG. 5: Sketch of photo-excited carrier distributions for p- (a) and n-doped graphene (b). Electrons
with energies between EF and EF + ~Ωph cannot emit phonons due to Pauli blocking. The reduced
phase space results in a strong suppression of optical phonon emission in n-doped graphene.
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