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Subcycle observation of lightwave-driven Dirac
currents in a topological surface band

J. Reimann!, S. Schlauderer?, C. P. Schmid?, F. Langer?, S. Baier]?, K. A. Kokh*#, O. E. Tereshchenko*”, A. Kimura®, C. Lange?,

J. Giidde!, U. Hofer'* & R. Huber?*

Harnessing the carrier wave of light as an alternating-current bias
may enable electronics at optical clock rates'. Lightwave-driven
currents have been assumed to be essential for high-harmonic
generation in solids>™5, charge transport in nanostructures”?,
attosecond-streaking experiments®'® and atomic-resolution
ultrafast microscopy'”!8. However, in conventional semiconductors
and dielectrics, the finite effective mass and ultrafast scattering of
electrons limit their ballistic excursion and velocity. The Dirac-like,
quasi-relativistic band structure of topological insulators'®-?* may
allow these constraints to be lifted and may thus open a new era
of lightwave electronics. To understand the associated, complex
motion of electrons, comprehensive experimental access to carrier-
wave-driven currents is crucial. Here we report angle-resolved
photoemission spectroscopy with subcycle time resolution that
enables us to observe directly how the carrier wave of a terahertz
light pulse accelerates Dirac fermions in the band structure of
the topological surface state of Bi,Te;. While terahertz streaking
of photoemitted electrons traces the electromagnetic field at
the surface, the acceleration of Dirac states leads to a strong
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Fig. 1 | Concept of subcycle time-resolved ARPES. a, Electrons (blue
spheres) in the topological surface state of Bi,Tes (crystal lattice; brown
spheres, Bi atoms; grey spheres, Te atoms) are accelerated by an intense
linearly polarized THz field Ery, (red waveform, s-polarization; blue
waveform, p-polarization) and are photoemitted by an ultrashort
time-delayed p-polarized UV pulse (violet). The kinetic energy exin

and emission angle 6 of the liberated electrons are measured by a
hemispherical electron analyser to determine the binding energy and the

Bi,Te,

redistribution of electrons in momentum space. The inertia-free
surface currents are protected by spin-momentum locking and
reach peak densities as large as two amps per centimetre, with
ballistic mean free paths of several hundreds of nanometres, opening
up a realistic parameter space for all-coherent lightwave-driven
electronic devices. Furthermore, our subcycle-resolution analysis
of the band structure may greatly improve our understanding of
electron dynamics and strong-field interaction in solids.

The band structure of a crystalline solid describes the nontrivial
energy-momentum relation of electrons that results from the overlap
of orbitals of adjacent atoms. Because the band structure governs key
physical and chemical properties of the solid, a complete understanding
of it is important both for fundamental materials science and for appli-
cations. For instance, energy gaps distinguish insulators from metals,
whereas the band slope sets the electron velocity. Angle-resolved photo-
emission spectroscopy (ARPES) can be used to map out the occupied
part of band structures by measuring the kinetic energy of photoemitted
electrons as a function of their momenta. One of the successes of ARPES
is the experimental observation of three-dimensional topological
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parallel momentum k;, of the electrons in the topological surface band
along the I'=K direction. The plane of incidence (x-z plane) is indicated
by a transparent rectangle. b, Acceleration of Dirac fermions in the
topological surface state can shift the Fermi surface. ¢, The interaction of
the photoemitted electrons with the THz field in vacuum can manifest as a
streaking of the photoemission spectra with an energy shift Aegyeax and/or
a momentum shift Akgyeqx of the apparent band structure.
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Fig. 2 | Energy streaking of the photoelectrons by p-polarized THz
radiation. a, Photoemission map taken before the arrival of the THz
field (= —2.0 ps). The dashed red rectangle depicts the region that is
traced to evaluate the time-dependent energy shift. b, Corresponding
photoemission map taken 1.2 ps after the arrival of the maximum

THz electric field, exhibiting THz streaking. ¢, Energy shift of the
photoemission spectra as a function of the pump-probe delay time
(red circles, experiment; solid curve, simulation; see text). The arrows
indicate the delay times at which the photoemission maps in a and b are
taken. d, Reconstructed electric field amplitude of the standing wave in
front of the surface (blue circles). The blue solid curve shows the scaled
and time-shifted electric field as measured externally by electro-optic
sampling.

insulators'®-*! with unusual transport properties: owing to strong spin—

orbit interaction, these solids are insulating in the bulk, but the surface
exhibits gapless states that are protected by time-reversal symmetry®.
The quasi-relativistic dispersion and a reduction in scattering, caused
by spin-momentum locking, makes these surface states promising for
use in ultrafast low-loss electronics. Yet, the motion of Dirac fermions
driven by an electric field is not accessible by conventional photoemis-
sion spectroscopy.

By exploiting ultrashort laser pulses, time-resolved ARPES has been
used to trace the dynamics of photo-injected currents at surfaces as a
small imbalance of carriers moving in opposite directions®. ARPES has
also revealed light-induced Floquet states* and interband transitions®,
specifically in topological insulators. Furthermore, attosecond metrology
has been used to access subcycle time delays in the momentum-
integrated photoemission from surfaces with known band struc-
tures’~!>16. A systematic understanding of electromagnetically driven
intraband currents in materials with unknown electronic states and
dynamics, such as topological insulators, requires an analysis of the
band structure with subcycle resolution.
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Here, we present a time-resolved ARPES study with subcycle
resolution. We observe directly how an intense terahertz (THz) wave
accelerates Dirac fermions in the quasi-relativistic band structure
of the topological surface state of Bi,Tes. The inertia-free transient
Dirac currents peak at a density of 2 A cm ™! with a maximum ballistic
excursion of electrons in real space of several hundred nanometres.
Our results open up a new chapter in lightwave electronics, whereby
currents induced by optical carrier waves can be traced directly within
the band structure.

The concept of our experiment is illustrated in Fig. 1a. A single
crystal of Bi, Tej; is kept in an ultrahigh-vacuum (UHV) chamber. This
material belongs to a class of three-dimensional topological insulators
that exhibit a topological surface state with a single non-degenerate
Dirac cone at the T point in the Brillouin zone!*%. A strong THz elec-
tric field (Ety,) is focused onto the surface to accelerate the Dirac
fermions. This process is expected to shift the electron occupation in
momentum space along the field direction (Fig. 1b). These dynamics
should be strongly influenced by many-body interactions, such as scat-
tering. In our experiment, we probe the transient electron distribution
directly in momentum space via time- and angle-resolved photoemis-
sion. We use a time-delayed ultraviolet (UV) laser pulse (duration,
100 fs; centre wavelength, 201 nm) to release electrons out of the
surface. An electrostatic hemispherical electron analyser, equipped with
a charge-coupled device (CCD) detector, then images the relationship
between the energy ¢ and the momentum k, of the photoelectrons
parallel to the surface (Fig. 1b). On their way to the detector, the
electrons also interact with the THz field in the vacuum, so the apparent
band structure is effectively offset in energy and momentum (Fig. 1¢c).
Because the duration of the UV pulse is much shorter than the oscilla-
tion period of the THz driving field, this ‘streaking’ effect can be used
to sample the electric field close to the surface, in a similar way to the
sampling of near-infrared lightwaves by attosecond pulses®1>!6, The
relative strength of intraband acceleration and streaking in vacuum can
be controlled by the THz polarization.

In the first step, we show that THz fields polarized in the plane of
incidence (p-polarization) predominantly lead to energy streaking
of photoemitted electrons. In Fig. 2a, b we display angle-resolved
photoemission spectra for two different delay times t between the
p-polarized THz field and the UV probe. The characteristic V-shaped
dispersion of Dirac fermions demonstrates the presence of a top-
ological surface state, whereas the bulk valence band manifests as
the broad dispersion at lower energies. The Fermi velocity that we
deduce from the linear dispersion of the topological surface state,
e(ky) =hvgk,, is ve=4.1 A fs"' =410 nm ps~'. The THz field appears
to offset the entire band structure in energy, while leaving its shape
and momentum position largely unchanged. This behaviour is
well explained considering that, for our Bi,Te; sample, the Fresnel
reflection at the surface (see Methods) leads to strong suppression
of the THz field component in the sample plane and strong enhance-
ment of the perpendicular component. The resulting, dominantly
out-of-plane field causes pronounced energy streaking of photoemitted
electrons, but cannot effectively accelerate Dirac fermions within the
surface bands.

For a quantitative analysis, we extract the THz field from the exper-
imental energy streaking Aegyeax(t) (Fig. 2¢, red circles), which we
determine by tracing the energy position of a fixed cut-out of the
photoemission intensity distribution (Fig. 2a, red dashed rectangle)
as a function of time. For a given THz transient, Acgyeqx(f) can be
calculated by integrating the classical equation of motion of an electron
accelerated by the Lorentz force (see Methods). By inverting this rela-
tion, we retrieve the THz waveform Ery,(t) above the sample surface
(Fig. 2d, blue circles). An integration of the equation of motion in
the full three-dimensional THz field including the strongly screened
in-plane component (Fig. 2¢, red line) is in excellent agreement with
the experimental shift Aegyeak(t), confirming that the dynamics is
dominated by the out-of-plane electric field. We also verify that the
reconstructed THz transient coincides with the waveform determined
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Fig. 3 | Acceleration of the electrons within the surface band by
s-polarized THz radiation. a—c, Photoemission maps before the arrival
of the THz field (= —1.86 ps) (a), just after the first positive maximum
of the electric field (t=0.14 ps) (b) and immediately after the negative
crest of the electric field (t=0.64 ps) (c). The white dashed lines indicate
the Fermi level for the unperturbed system; the Fermi wave vector kg is
indicated in a. d-f, Intensity distributions I_ and I of the photoemission
maps shown in a—c along the left (blue circles) and right (red circles)

by electro-optic sampling outside the UHV chamber (Fig. 2d, blue
line), which demonstrates the reliability of the field retrieval by
streaking.

The electric field of s-polarized THz pulses is oriented along the y
direction, in which our electron analyser detects the electron momentum
k,. Although streaking is strongly suppressed in this geometry because
of screening of the THz field parallel to the surface, the remaining
momentum streaking Ak still allows us to probe the instantaneous
field directly (see Methods). Moreover, the s-polarized, in-plane
component may accelerate electrons within the topologically protected
surface band. In Fig. 3a-c we display snapshots of photoemission
spectra for three characteristic delay times t: before the THz transient
(Fig. 3a), 0.14 ps after the positive field maximum (Fig. 3b) and 0.18 ps
after the negative crest (Fig. 3c). For vanishing fields (Fig. 3a), the left
and right branches of the Dirac cone are occupied up to the same Fermi
energy (g~ 200 meV above the Dirac point) and Fermi momentum
(kg=0.075 A~1). When the electric field is applied, the occupation
becomes asymmetric.

More quantitatively, we extract the intensity distributions of
photoelectrons along the left (I_; blue circles) and right (I; red circles)
branches of the Dirac cone (Fig. 3d—f). For each energy, I is obtained
by integrating the photoemission intensity over a narrow momentum
interval (such as depicted by the white box in Fig. 3a) centred about
the Dirac band. The normalized distributions I..(t) directly represent
femtosecond snapshots of the population in each branch of the topolog-
ical surface state, that is, the energy and momentum distributions f(¢, t)
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branches of the Dirac cone, respectively. I and I are obtained by
integrating the measured intensity over horizontal slices (see, for example,
white box in a) moved along trapezoidal regions as depicted in a. The solid
curves show the results of simulations based on the Boltzmann equation.
The black curves depict the equilibrium situation and correspond to a
Fermi-Dirac distribution at 80 K convoluted with the experimental energy
resolution. The insets in d—f show the reconstructed electric field, with the
black arrows indicating the delay times of the corresponding snapshots.

and f(k,, t), respectively. Whereas the red and blue curves coincide with
each other in the absence of an electric field (Fig. 3d), they are shifted
horizontally in energy and momentum with respect to each other when
the electric field is present (Fig. 3e, f). This shift is reversed when the
electric field changes sign. The opposite shift of the population of the
surface band for opposite electron momenta signifies an ultrafast
displacement of the Fermi circle in momentum space. To the best of our
knowledge, this marks the first direct observation of electron currents
driven by the carrier wave of an ultrashort electromagnetic pulse in the
band structure of a solid, in general, and of Dirac currents, in particular.
As shown in Supplementary Video 1, we can even retrieve a complete
quasi-continuous subcycle video of THz-driven Dirac fermions within
their band structure. The transient shift of the electrons in momen-
tum space results in a net current flowing in the positive or negative y
direction on the surface of the sample.

The measured momentum distribution f(k,, t) allows us to identify
the key mechanisms that govern the subcycle transport of the Dirac
fermions directly in the time domain. Before the interaction with the
THz field (Fig. 3d), the measured L. (k,) is well described by a Fermi-
Dirac distribution for our sample temperature of 80 K (solid line).
Shortly after the field maxima (Fig. 3e, f), the curves are broadened and
strongly displaced from their equilibrium distribution. Here, the tran-
sient electric field Ery,(t) coherently accelerates the electrons out of
equilibrium, while scattering limits their ballistic motion. This scenario
can be described approximately by the semi-classical Boltzmann equa-
tion (see Methods), as shown by the blue and red solid lines in Fig. 3e, f.
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Fig. 4 | Dynamics of electric current within the surface band. a, Electric
field parallel to the surface as reconstructed from the transient momentum
shift of the photoelectrons (black circles). The black solid line is a spline
through the data. b, Temporal evolution of the current density extracted
from the photoemission intensity distributions (red circles). The red solid
curve shows the simulated current dynamics calculated for scattering
times of 7, = 73z =1 ps and the electric field transient of a, which is
depicted in b by the dashed curve, for comparison.

Our model accounts for electron scattering in a simple
relaxation-time approximation including Pauli exclusion. The scatter-
ing time for processes that relax the excess energy of an electron is 7g;
the time for elastic scattering between +k, and —k, is quantified by 7.
In the presence of a driving field, both effects tend to push the carriers
towards a Fermi-Dirac distribution that is shifted in energy and
momentum by the driving field (see Methods); the influence of scat-
tering is remarkably weak in our experiment. This becomes obvious
when we fit our model calculation to reproduce the experiment by
adapting T and 7z and by scaling the electric field strength within the
estimated experimental uncertainty. We achieve quantitative agreement
(see, for example, Fig. 3e) only if both 7 and 7% are kept above 1 ps.
Assuming scattering times as long as 2 ps (ref. 22) deteriorates the agree-
ment with the experiment only slightly, whereas shorter scattering
times result in substantially different carrier distributions and/or
weaker deflection than observed experimentally (see Methods).

The low scattering rate allows for a large displacement of the Fermi
circle even for moderate peak fields of 2.4 kV cm ™! (Fig. 3b). In combi-
nation with the quasi-relativistic band structure, this situation results in
extremely large current densities. With a maximum observed momen-
tum shift of 0.005 A=, we retrieve a peak surface current density of
up to 2 A cm™! (see Methods). This current flows within an atomically
thin surface sheet that hosts the wavefunction of the topological surface
state. Assuming a thickness of 1 nm, the corresponding bulk current
density reaches values of up to 2 x 107 A cm 2, or 4 nA per atom of the
surface layer.

By repeating this analysis for various delay times ¢, we map out the
subcycle dynamics of the current density j(t) (Fig. 4b, red circles)
together with the instantaneous THz field (Fig. 4b, dashed curve;
Fig. 4a, black circles). The current density clearly shows the fingerprints
of ballistic acceleration: j(t) increases monotonically during the onset
of the first intense THz half cycle. Although Ery,(t) decreases for
t> 0 ps, j(t) keeps rising and reaches its maximum at t =0.15 ps, shortly
before the reversal of the driving field. This behaviour, which also
occurs for all other THz half cycles, is expected only when the influence
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of scattering on the Dirac current is weak. Solving the Boltzmann equa-
tion for the experimentally measured THz driving field reproduces the
current dynamics very well, including the delayed response and the
details of the subsequent current oscillations (Fig. 4b, solid curve).
Again, we find the optimum agreement for scattering times 7 and 73
above 1 ps. The actual scattering times may well be even longer, but the
limited time window of a THz half cycle makes determining an upper
bound challenging. These values readily exceed coherence times
observed previously for lightwave-driven electron dynamics in semi-
conductors and dielectrics?® by two orders of magnitude and attest to
a reduced scattering phase space due to spin-momentum locking.
It would be particularly interesting to contrast these results with
future subcycle ARPES of Dirac fermions in graphene, which lacks
spin-momentum locking.

These unique transport dynamics of topological Dirac fermions elevate
carrier-wave electronics to the all-coherent level. In contrast to the massive
quasiparticles that populate the parabolic bands of conventional
dielectrics, the acceleration of quasi-relativistic topological surface
states is inertia-free because the group velocity of Dirac fermions is
very high from the outset. Hence, THz-accelerated Dirac fermions may
propagate coherently over several hundred nanometres before under-
going scattering (see Extended Data Fig. 5). This scale exceeds electron
excursions in dielectrics?® and the gate width of state-of-the-art elec-
tronic transistors by orders of magnitude. Therefore, we anticipate that
devices based on three-dimensional topological insulators will soon
exploit all-coherent electron transfer at THz or even petahertz clock
rates, and that the underlying subcycle currents may become accessible
to complementary real-space measurements?’.

In conclusion, we resolve the momentum distribution of Dirac
fermions directly as they are accelerated by the carrier wave of a THz
pulse within the band structure of the topological surface state. The com-
bination of quasi-relativistic dispersion and spin-momentum locking
makes topological insulators ideal for ultrafast electronics: inertia-free
charge currents and unprecedented coherence lengths move micro-
electronic devices driven by lightwaves in a broad spectral range into
practical reach. The extremely low dissipation rate of the currents
that we observed practically eliminates limitations imposed by Joule
heating (see Methods), so the speed of future devices is limited only
by the optical clock rate of the light pulse, which could be scaled to
ever higher frequencies, facilitating ultimately fast electronics.
The linear dispersion relation of Dirac fermions may even enable
dispersion-free wave-packet motion. Owing to spin-momentum
locking, the ballistic Dirac currents should carry a spin current, which
should enable spintronics up to optical clock rates. Finally, our concept
of subcycle ARPES provides a way of observing carrier transport
directly in non-trivial band structures. This idea may herald a new
era of time-domain investigations of surface and bulk band structures
of new materials and phenomena, ranging from topology to high-
temperature superconductivity.
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METHODS

Experimental set-up. We start with near-infrared pulses (centre wavelength,
807 nm; pulse energy, 5.5 mJ; pulse duration, 33 fs) from a titanium:sapphire
amplifier (repetition rate, 3 kHz). Part of the laser output is used to generate
intense THz pulses (pulse energy, 1 pJ) by tilted-pulse front optical rectification’!
in a cryogenically cooled lithium niobate (LiNbO3) crystal (Extended Data
Fig. 1a). A pair of wire-grid polarizers controls the polarization direction of the
THz field. A typical transient after transmission through the fused silica window
of the vacuum chamber is shown in Extended Data Fig. 1b. A second branch of
the laser output is frequency-converted into the UV to release photoelectrons
from the sample surface. To this end, we generate the fourth harmonic by
cascaded sum-frequency generation with the fundamental amplifier pulses in
3-barium borate (3-BBO) crystals (Extended Data Fig. 1c). Extended Data Fig. 1d
depicts a typical resulting spectrum. A prism sequence separates the fourth
harmonic from the fundamental pulses and pre-compensates for the material
dispersion of the window of the vacuum chamber. The THz and UV pulses are
spatially overlapped with a custom-built gold mirror featuring an aperture for the
transmission of the UV pulses. A mechanical delay stage in the excitation beam
path allows us to temporally delay THz and UV pulses with respect to each other.
The fluence of the UV light is set by detuning the wave plate in front of the
third-harmonic generation crystal (see Extended Data Fig. 1¢). The collinear
THz-pump and p-polarized UV-probe pulses are transmitted through a UV-grade
fused silica window into a p—metal shielded UHV chamber at a base pressure of
7 x 1071 mbar. A spherical UV-grade aluminium mirror (focal length, 75 mm)
mounted within the UHV chamber is used to focus both beams under an angle
of incidence of 53° onto the sample. Photoelectrons are collected along the
high-symmetry line '~ K perpendicular to the plane of light incidence by a hem-
ispherical electron analyser with a display-type detector (Specs Phoibos 150). The
energy resolution of the set-up is 45 meV (full-width at half-maximum), mainly
limited by the bandwidth of the UV pulses. Energy and momentum shifts of
photoelectrons can be determined with an accuracy of 3 meV and 0.004 A,
respectively.

Sample preparation and characterization. The Bi,Te; samples are fabri-
cated by using the modified Bridgman method*. By choosing an appropriate
solidification condition, a gradation in the carrier concentration was real-
ized in an ingot naturally forming a p-n junction. Transport measurements
within the temperature range of 10-300 K reveal a carrier mobility of about
10* cm? V~!s~!at 4 K, indicating the high crystal quality. The longitudinal
resistance at 80 K is about 0.4 mQ cm™!. It increases with temperature, con-
firming bulk conductive characteristics. A clean and well-ordered surface is
obtained by cleaving the sample in situ using the Scotch tape method at a pres-
sure of 3 x 107!® mbar followed by a rapid recovery back to the base pressure
within 1 min. During the measurements the sample temperature is maintained
at 80 K. The Dirac point of the sample is located 200 meV below the Fermi
energy.

Reconstruction of p-polarized THz radiation. The electric field component of
the p-polarized THz transient is reconstructed from the measured photoelectron
energy streaking by considering the classical motion of the photoelectrons in the
electric and magnetic fields of the THz transient in vacuum. The transient Lorentz
force on a photoemitted electron due to the electric and magnetic field components
of the THz transient is

F(t) = —eE(t)—ev(t) x B(t)

Here, e is the elementary charge, v(¢) the velocity of the electron, and E(f) and B(t)
are the electric and magnetic field components of the THz transient. Because the
amplitude of the magnetic field component in vacuum is By = Eo/c and v < ¢, we
can neglect the magnetic contribution to the Lorentz force; the velocity of the
electron is then

e [ Ry
V() = me(t)dt +,
t

where m is the electron mass, v, is the initial velocity of the photoemitted elec-
trons and ¢ is the time of photoemission. We note that v = v, not only when
the photoemission UV pulse arrives after the THz transient has already left
the surface, but also when the UV pulse precedes the complete THz transient
as the time-averaged acceleration of the complete electric field transient on the
electron in the vacuum vanishes.

With kinetic energy eyin(f) = (1/2)m[v(£)]?, the temporal change in the kinetic
energy caused by the electric field is

degn(t)

” —ev(t) - E(t)
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In the case of normal emission and screening of the electric field component
parallel to the surface, this can be rewritten as

% = —e.[2meg () E.(1)

where E | (t) is the magnitude of the standing wave perpendicular to the surface.
Thus, we can quantitatively determine the strength of the electric field along the
surface normal directly from the observed transient change in the kinetic energy
of the electron using

—-1/2

E(H= [2me’e, ()]

_dega(®

t
Reconstruction of s-polarized THz radiation. The s-polarized electric field is
oriented parallel to the surface, along the direction in which our electron analyser
detects the component of the electron momentum parallel to the surface (fik,).
Streaking is strongly supressed in this geometry because of the screening of the
THz field parallel to the surface. Nevertheless, the photoemitted electrons acquire
a small additional parallel momentum

Ap(t) = —e f E(t)dt!
t

leading to an overall momentum shift of the photoelectron spectrum. In addition,
they experience a small energy shift Ae = Apv, | proportional to their initial paral-
lel velocity v, As a result, the photoelectron spectra of the Dirac cone appear not
only shifted in k, direction but also slightly tilted. This tilt can in principle be used
to distinguish the acceleration of electrons by the electric field in the solid (which
affects only electrons in the vicinity of the Fermi level) from the acceleration after
photoemission (which affects all electrons). In our experiment, the parallel veloc-
ity of electrons photoemitted from the Fermi level (hkg/m=0.87 A fs1) is much
smaller than their velocity in the solid (vg=4.1 A fs71). The observed transient
energy gains and losses of electrons near kg due to the s-polarized THz field are
thus dominated by the acceleration inside the solid and we refrain from applying
the corresponding correction to the data.

The small momentum streaking, however, allows us to track the instantaneous
THz field in the case of s-polarized THz radiation using

_ E dkstreak

B =-_—4

where dkgrear/dt is the transient momentum shift of the whole photoemis-
sion spectrum. At the maximum field amplitude, the observed transient
momentum shift was 0.043 +-0.009 A~! ps~1, corresponding to a THz field of
Ejmax=2.8 £0.5kV cm™". Because the parallel component of the electric field
in the surface region of the sample is the same as in the vacuum, momentum
streaking provides an accurate and direct way of determining the actual strength
of the acceleration field that acts on the electrons in the topological surface state.

This field strength can be verified independently by using the Fresnel coeffi-
cients of the Bi, Te; sample and the field extracted for p-polarized pulses. To this
end, we first compare p-polarized THz waveforms reflected from Bi,Te; and a gold
reference by using electro-optic sampling (see Extended Data Fig. 2a). The ratio
of the amplitude spectra of the two transients (Extended Data Fig. 2b) yields the
reflection coefficient r, (see Extended Data Fig. 2c, black spheres). r;, is rather high
over the measured frequency range—similar to metals—and has three minima,
which we attribute to phonon resonances®*. Consequently, we model the underly-
ing dielectric function e(w) with the response of a free-electron plasma and three
Lorentzian oscillators:

2

“p A Ay
(W) = €——5— t .t
Wtiw/T  wi-wi-iwy,  wi—wi—iwy, "
A
+

2 2 .
w3 —w —iwy,

where ¢ is the high-frequency limit of the dielectric function, wj, denotes the
plasma frequency and 7 is the damping of the Drude term. Moreover, the three
Lorentz oscillators are characterized by the resonance frequencies wy, w, and ws,
the oscillator strengths A;, A, and A3, and the damping rates 1, 7, and 3. The
values for the phonon frequencies and damping rates are taken from elsewhere,
and the value for the plasma frequency is taken from the independent transport
measurement discussed above. Varying A;, A, and Aj; allows us to fit (Extended
Data Fig. 2¢, orange curve) the experimentally measured reflection coefficient.
Because the p-polarized THz waveform of Fig. 2d recorded by energy streaking is

© 2018 Springer Nature Limited. All rights reserved.
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the superposition of incident and reflected fields*, r, allows us to deduce the
incident field transient. When we assume the same incident waveform in
s-polarization (corrected by a scaling factor of 2 set by the wire-grid polarizers)
and compute® the transmission coefficient t, (Extended Data Fig. 2d) from the
dielectric function of equation (1), we obtain the internal field in s-polarization. The
peak amplitude parallel to the surface is found to be Ej s =4.0 £ 1.5kV ecm ™},
which indeed lies within the error margins of the value obtained directly by photo-
electron streaking (Fig. 4a).

Calculation of the current density. The current density of two-dimensional Dirac
electrons is given by the k-space integral

2
= e [ Sk @

where f(k) is the momentum distribution function, f is a unit vector and v denotes
the number of electrons per surface unit cell (v=1 for a topological surface state). In
this expression we have exploited the fact that all electrons travel with the same group
velocity, v(k) = vp = VF’;, owing to the linear dispersion of the Dirac cone. Moreover,
neglecting the weak spin-Hall effect, f{(k) stays symmetric in the k, direction with an
applied field in the y direction. Therefore, accurate values for j(f) can be deduced
directly from the experimental data by numerical integration using the measured
snapshots of f(k,, ) and the measured value of the Fermi velocity, vp=4.1 A fs ™,

An approximate value of the magnitude of j is obtained by considering that the
observed shifts of f{k,, £) in the y direction (Ak), although large on an absolute scale,
are small relative to the Fermi momentum kg Because the widening of f due to scatter-
ing is also small compared to kg, evaluation of equation (2) yields j~ —evgkpAk/(4T).
With the two-dimensional electron densityn = —k/ (47), the approximate current
density becomes j~ —evenAk/kg. With the experimental value of kz=0.075 A1,
the electron density in the upper part of the Dirac cone of the topological surface
state of our sample amounts to n=4.5 x 10~ A~2=4.5 x 10'2 cm ™2, For the max-
imum observed momentum shift of Ak=0.005 A~!, a substantial fraction of
2Ak/kp=13% of these electrons carry the current. The current density thus reaches
values as high as j=0.12¢ ps' A™'=2.0 A cm ™. We anticipate that these femto-
second currents may also become accessible to complementary real-space
measurements®” once subcycle resolution has been reached by these techniques.
Modelling electron scattering using the Boltzmann equation. The Boltzmann
equation for electrons in a two-dimensional surface state accelerated by a time-
dependent electric field E(t) parallel to the surface has the form

ofk,t) e . Af (k, t)
5 = ﬁE(t) Vif (k. t) + —1 (3)

scattering

The first term on the right describes the redistribution of electrons in k space in the
presence of E(t). The second term includes all changes in f(k, t) due to electron scat-
tering within the surface state. Scattering into and out of bulk electronic states as
well as electron diffusion from the topological surface state into the bulk are absent
under the conditions of our experiment because the acceleration field does not lift
the electrons above the bulk bandgap of Bi,Tes (energy gain less than 25 meV).
For the simulation, we compose the scattering term from two phenomenological
contributions:
of (k, t)] S )=f (k) fk,)—f(—k,1) @
ot

TR Tik

scattering

Microscopically, the first term describes elastic and inelastic electron scattering
within the relaxation-time approximation and equilibrates the accelerated
electrons, where

_ 1
 explBhvy [kl—p)] + 1

is the equilibrium momentum distribution before the arrival of the THz pulse,
1t is the chemical potential (Fermi level), 3=1/(kgT) is the inverse temperature
and 7y is a phenomenological relaxation time. In general, 7 should depend on k
because, for example, the phase space for inelastic scattering is a function of the
momentum along the Dirac cone. However, the momentum interval around kg in
which f(k, t) changes is still sufficiently small for scattering to be approximated by
a single parameter 7. The second, purely elastic scattering term drives the accel-
erated Dirac fermions into a hot quasi-equilibrium distribution. Here, multiple
scattering processes are involved microscopically because direct backscattering
from k to —k is strongly supressed in a topological surface state as it would require
a spin flip'®. The time constant 73 represents an effective phenomenological
backscattering time due to multiple individual scattering events.

We first discuss the effect of the relaxation term, neglecting the second term in
equation (4). The time-dependent Boltzmann equation (equation (3)) can then be

£,

transformed into an ordinary differential equation and solved by direct integration.
For small relaxation times 7y, the solution is

1
exp{flhvy [k|—p—eve- E() 7]} + 1

In this limit, f{k, £) is just the initial distribution fy(k) = f(k, 0) shifted in energy by an
amount proportional to the Fermi velocity vg of the Dirac electrons, the scattering
time 7and the momentary strength of the electric field E(t). In k space, this energy
shift corresponds to Ak = eErg/h. This is the same result as usually derived by con-
sidering the stationary case 9f(k, t)/0t =0 for a slowly varying electric field and with
the assumption that under the presence of the electric field f{k) does not deviate
much from the unperturbed distribution fy(k) (ref. ). Likewise, the shape of f(k, )
does not deviate from fy(k) for large scattering times 7 and is merely shifted by an
amount proportional to vp and the time-integrated force acting on the electrons.

In our case, the temporal variation of the electric field E(t) occurs on a timescale
similar to the relaxation time 7g. Then the distribution f(k, t) not only is shifted
in k space but also attains a shape that deviates from the initial Fermi-Dirac dis-
tribution fy(k). However, for not too large electric fields, these deviations remain
small (Extended Data Fig. 3a-f). By contrast, we observe experimentally that f(k,, )
widens substantially for longer delays. The broadening is clearly visible in Fig. 3f,
and in our experiment (Extended Data Fig. 4) is most obvious at delay times where
Ak goes through zero (Extended Data Fig. 4b). To account for this additional
broadening, we add the second scattering term in equation (4). The Boltzmann
equation (equation (3)) with this backscattering term alone would be able to repro-
duce the experimentally observed time-dependent shift in f(k, t). In this model,
however, the width of the distribution can only increase but not decrease as a
function of time (Extended Data Fig. 3g-1). Experimentally, we observe that for
delays exceeding 2.5 ps the width has relaxed to its initial value (Extended Data
Fig. 4¢). For these reasons both terms in equation (4) are necessary in the most
basic model description.

Although the assumptions of our phenomenological model are strong simpli-
fications for excitation far from equilibrium, the approach is able to describe the
experimental data well (compare Fig. 3e, f and Fig. 4b). Moreover, the experimen-
tal determination of the amplitude and of the exact phase of the accelerating field
E(t) by means of momentum streaking puts firm lower bounds on the scattering
times. Assuming higher field strengths would require faster scattering for the
model to reproduce the measured momentum shift of f(ky, t) and the respective
current density j(). However, the simulated curves then precede the measured
ones in time. We achieve best overall agreement between experiment and
simulation when a time constant for effective backscattering 7z is chosen that is
of similar magnitude (about 1 ps) to the relaxation time 7.

Joule heating. The Joule heating of the sample by the generated electron current
is extremely small, as can be seen from the following. With a current density of
j=2 A cm™, as has been generated in an accelerating field of E=2.4 kV cm™},
the energy dissipated by one THz pulse within its duration of At=2.5 ps amounts
only to W=jEAt=0.01 pJ cm 2 This value is several orders of magnitude lower
than the absorbed fluence in a usual optical pump-probe experiment. Even if we
neglect heat diffusion and assume that the dissipated heat stays within the topmost
quintuple layer of Bi,Te; (d =1 nm), the temperature rise associated with this
energy is only AT=W/(dc,) =0.1 K, where we assume ¢, =1.001 ] cm > K™ as
the volumetric heat capacity of Bi,Tes at 80 K, calculated from the specific heat of
103.58 T mol ! K~! (ref. *), a molar mass of M =800.761 g mol ! and the density
of p=7.74gcm=3.

Calculation of the current excursion within the topologically protected surface
band. From the two-dimensional current density j and the scattering times 7 and
T of the Dirac fermions, we can retrieve the microscopic evolution of the current
density within the surface layer of Bi,Tes. In a first step, we calculate the total

scattering time as
-1
1 2
J— + JE—
R Tkk

Dirac fermions propagating at a velocity of vp=4.1 A fs~! will then have a mean
free path of /= vp7y= 137 nm. According to the scattering-time approximation
(equation (4)), a current created at location y =0, would then decay exponen-
tially with a decay constant of 137 nm. To visualize this situation, we consider
the accelerating action of the THz electric field only at y =0 and let the current
propagate freely elsewhere. With the current density j(t) =j(y =0, ) (Fig. 4b, red
curve) extracted from the Boltzmann equation (see equation (3)), we can calculate
the full spatial and temporal dynamics of the current density j(y, t) as

flk )~

i 0=j, [t—l]e*Y/’
VE
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Extended Data Fig. 5a displays j(, t) (colour scale) in the surface layer of Bi, Tes.
A sizable fraction of the initial current density survives even after a propagation
length as large as 0.5 pum.

Data availability
The data that support the findings of this study are available from the corresponding
authors on request.
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Extended Data Fig. 1 | Optical set-up. a, THz generation via tilted
pulse fronts in lithium niobate (LiNbO3). After the laser beam from the
titanium:sapphire amplifier system has been reduced in diameter by a
reflective telescope, a grating (G) induces a pulse front tilt. Cylindrical
lenses (CL) image and focus the beam into a cryogenically cooled
LiNbOj crystal, where optical rectification generates intense THz
radiation. A pair of wire-grid polarizers (P) controls the polarization
state. b, Electro-optically detected THz waveform after transmission
through the fused silica window of the vacuum chamber. Inset, amplitude
spectrum of the transient shown in a. ¢, Set-up for generating UV pulses
for photoemission. A lens (L; focal length, 1 m) gently focuses the
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fundamental titanium:sapphire pulses. A beam splitter (BS) separates
90% of the intensity for second-harmonic generation in a BBO crystal
(SHG-BBO). Subsequent dispersion and polarization control is employed
using a birefringent calcite plate and a dual-half-wave plate (Dual-/2).
The third harmonic is generated in another BBO crystal (THG-BBO),
separated from the fundamental pulses with a beam splitter (BS),

and spatially and temporally (Delay) overlapped with the remaining
fundamental pulses to generate the sum-frequency at the fourth harmonic
(FHG-BBO). d, The resulting spectrum of the fourth harmonic is centred
at A\ =201 nm with a full-width at half-maximum (FWHM) of 2.8 nm,
corresponding to a Fourier limit of 22 fs.
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Extended Data Fig. 2 | Determination of the reflectivity of Bi, Tes.

a, Electro-optically detected THz transients after reflection off a Bi,Te;
(red) and a gold reference (blue) surface kept at a temperature of 77 K.

b, Amplitude spectra of the field traces in a normalized to the amplitude of
the gold spectrum. ¢, Reflection coefficient r, (black spheres) for parallel
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Frequency (THz)

incidence obtained by dividing the amplitude spectra from Bi,Te; and
gold. The orange curve describes the reflection coefficient r, calculated
using the corresponding Fresnel formula with a Drude-Lorentz model
for the dielectric function of Bi,Te; (see equation (1)). d, Transmission
coefficient t, calculated using the modelled dielectric function.
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Extended Data Fig. 3 | Comparison of scattering mechanisms.
a-1, Calculated distribution functions at different delay times ¢ for
the experimental THz waveform with an amplitude of 2.4 kV cm™".
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used to compute these results includes only the relaxation term (a-f) or
only the effective backscattering term (g-1).
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Extended Data Fig. 4 | Broadening of the electron distribution. a-c, Experimental distribution functions (red and blue circles) for different delay times
t compared to the equilibrium Fermi-Dirac distribution (solid black line).
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Extended Data Fig. 5 | Local current density in Bi,Tes. a, Calculated
current density j (colour scale) as a function of the delay time  and the
electron excursion in the surface layer of Bi,Tes. The excursion was
evaluated using the extracted scattering times of the charge carriers within
the topologically protected surface state. The intense THz fields coherently
drive Dirac fermions over several hundred nanometres before they
undergo scattering. b, The red solid curve shows the simulated current
dynamics calculated for scattering times of 7, = 7z =1 ps; the THz electric
field is depicted as a dashed black curve.
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