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Using time-, spin-, and angle-resolved photoemission, we investigate the ultrafast spin dynamics of hot
electrons on the surface of the topological insulator Bi2 Te3 following optical excitation by femtosecond-infrared
pulses. We observe two surface-resonance states above the Fermi level coexisting with a transient population
of Dirac fermions that relax in ∼2 ps. One state disperses up to ∼0.4 eV just above the bulk continuum,
and the other one at ∼0.8 eV inside a projected bulk band gap. At the onset of the excitation, both states
exhibit a reversed spin texture with respect to that of the transient Dirac bands, in agreement with our one-step
photoemission calculations. Our data reveal that the high-energy state undergoes spin relaxation within ∼0.5 ps,
a process that triggers the subsequent spin dynamics of both the Dirac cone and the low-energy state, which
behave as two dynamically locked electron populations. We discuss the origin of this behavior by comparing the
relaxation times observed for electrons with opposite spins to the ones obtained from a microscopic Boltzmann
model of ultrafast band cooling introduced into the photoemission calculations. Our results demonstrate that the
nonequilibrium surface dynamics is governed by electron-electron rather than electron-phonon scattering, with a
characteristic time scale unambiguously determined by the complex spin texture of excited states above the Fermi
level. Our findings reveal the critical importance of detecting momentum and energy-resolved spin textures with
femtosecond resolution to fully understand the subpicosecond dynamics of transient electrons on the surface of
topological insulators.
DOI: 10.1103/PhysRevB.95.125405
I. INTRODUCTION

Topological insulators (TIs) are promising materials for
future spintronic applications because they behave as bulk
insulators and surface conductors simultaneously [1–3]. Their
metallic surface hosts Dirac-cone spin-polarized topological
surface states (TSSs) that can be used as channels in which to
drive pure spin currents or spin-polarized electrical currents on
ultrafast time scales [4–7]. While under equilibrium conditions
the helical spin texture of TSSs has been widely studied using
spin and angle-resolved photoemission (SARPES) [8–12],
very little is known about the nonequilibrium spin properties
of TSSs following optical excitation by intense femtosecondlaser fields.
In parallel with material efforts to obtain more bulkinsulating samples so that the bulk contribution to the
conductivity can be completely suppressed [13–15], recent
time-resolved (tr) experiments without spin resolution so far
revealed the critical role of bulk-mediated electron-phonon
scattering in the decay process of hot electrons across the
linear energy-momentum dispersion of TSSs [16–24]. These
findings indicate promising routes to overcome the problem
of the bulk conductivity on ultrafast time scales, for example,
by generating low-energy excitations using femtosecond-laser
pulses, so that only electrons transiently occupying the TSS
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are excited within the bulk band gap [25]. Experiments
along this line have brought encouraging results, such as the
emergence of photon-dressed Dirac bands establishing the
observation of an insulating Floquet phase in TIs [25,26],
although the spin properties of such exotic excitations have
remained unexplored. These experiments also established that
a dynamical gap can be opened at the Dirac node of the TSS
due to strong coupling to a femtosecond-laser field generated
with circularly polarized photons [25], in contrast to the case
of low-energy excitations induced by ultrashort midinfrared
pulses of linearly polarized light [27]. Although all these
observations taken collectively might pave the way for the
realization of a transient-anomalous quantum Hall effect on
ultrafast time scales without the need of magnetic dopants
or applied magnetic fields [28], spin-resolved measurements
might prove crucial to further clarify it.
Equally important, the impact of bulk-to-surface coupling
on the ultrafast spin dynamics of TSSs following a high-energy
excitation outside the bulk band gap is not yet understood. First
experiments on prototypical TIs combining time, spin, energy,
and momentum resolutions (tr-SARPES) indicate that, for
sufficiently n-doped samples, bulk and surface bands behave
as independent relaxation channels for the electron spin [29],
while for p-doped samples, as two-coupled channels where the
spin-dependent scattering rates for bulk electrons are about one
order of magnitude higher than for surface electrons [30].
As a consequence of the weak surface scattering these
findings enabled, on the one hand, the observation of spinpolarized electrical currents originating from TSSs using
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circularly polarized light in the time domain [6,30,31]. On the
other hand, the use of linearly polarized femtosecond-infrared
pulses enabled the suppression of the charge current on the
surface [5,16], presumably giving rise to pure ultrafast spin
currents evolving on a different time scale [16], so that the
transient Dirac cone can be dynamically populated by the same
number of excited electrons moving in opposite directions
with opposite spins [17,27]. However, mainly due to the lack
of spin resolution in previous tr-ARPES experiments, it has
not been investigated so far whether or not the scattering
mechanisms underlying the ultrafast electron relaxation of
TSSs strongly depend on the spin of the excited states, or
how spin-selection rules affect the subpicosecond dynamics
of TIs. The answer to these questions might prove crucial to
further understand the role of the electron spin in the relaxation
pathways of the generated spin currents, and whether or not
such currents directly follow the time scale of the Dirac-cone
electron-momentum relaxation. These aspects are especially
important as, in the presence of strong spin-orbit coupling, the
ultrafast processes of electron-momentum relaxation might be
strongly constrained by spin selection at the surface [32,33] or
other scattering events that involve the electron spin such as
the ones arising from the effective coupling between bulk and
surface-state electrons [34,35].
To investigate these issues, in the present work we perform
tr-SARPES measurements on the prototypical TI Bi2 Te3
following optical excitation by femtosecond-infrared pulses
of linearly polarized light. We observe spin-polarized electron
excitations up to ∼1 eV above the Fermi level which decay
through an avalanche of hot electrons within less than ∼2 ps.
We explore the nonequilibrium ultrafast spin dynamics of the
photoexcited states and disentangle the surface contributions
to the transient spin polarization. To understand the underlying
mechanisms that trigger the observed behavior of the nonequilibrium spin populations, we perform one-step photoemission
calculations in the framework of a microscopic model that

includes all types of electron scatterings on subpicosecond
time scales. Our results demonstrate that the characteristic time
scale for electron relaxation is governed by electron-electron
scattering processes that are ultimately determined by the
complex spin texture of excited states above the Fermi level.
Our findings are of critical importance for understanding the
role of the electron spin in the ultrafast dynamics of Dirac
fermions in TIs.
II. METHODS

Experiments were performed at room temperature under
ultrahigh vacuum conditions with a base pressure below
1 × 10−10 mbar. Photoelectrons and the three projections of
their spin polarization were detected with a Scienta R4000
hemispherical analyzer coupled to a Mott-type spin detector
operated at 26 kV. Bi2 Te3 single crystals were grown by the
Bridgman method and cleaved in situ. The first (1.5 eV)
and fourth (6 eV) harmonics of a homemade femtosecondlaser system coupled to an ultrafast amplifier operating at
100 kHz repetition rate were used as pump and probe
pulses, respectively. The time resolution was ∼200 fs, and
the pump fluence ∼100 μJ/cm2 . The angular and energy
resolutions of tr-ARPES measurements were 0.3◦ and 30 meV,
respectively. Resolutions of tr-SARPES measurements were
0.75◦ (angular) and 80 meV (energy). We used linearly sand p-polarized pump and probe pulses unless otherwise
specified, respectively, incident on the sample under an angle
of φ = 45◦ following the experimental geometry shown in
Fig. 1(a). Photoemission calculations are based on multiple
scattering theory within the one-step model of photoemission
in its spin-density matrix formulation, including wave-vector-,
spin-, and energy-dependent transition matrix elements
[36,37]. We use a fully relativistic version that is part of
the spin-polarized relativistic Korringa-Kohn-Rostoker (SPRKKR) program package, with spin-orbit coupling included

FIG. 1. (a) Experimental geometry. The light incidence plane is oriented along the -K direction of the SBZ, and the pump and probe pulses
are linearly s- and p-polarized, respectively. Sx , Sy and Sz denote the corresponding projections of the spin polarization. (b)–(i) tr-ARPES
spectra of Bi2 Te3 obtained along -K at various pump-probe delays, as indicated on the top of each panel. In (b), the equilibrium band structure
is probed before optical excitation. In (c)–(i), the dynamics of excited electrons above the Fermi level is probed following optical excitation.
Besides the transiently populated Dirac bands, high-energy states exhibiting faster dynamics are observed up to ∼0.9 eV above the Fermi level,
while low-energy states appearing as a continuation of the bulk continuum are observed up to ∼0.5 eV. The states are highlighted with arrows
in (c) and (d), respectively. The spectra were obtained at 300 K with pump and probe pulses of 1.5 and 6 eV photon energy, respectively.
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self-consistently [38,39]. The time-dependent photoemission
calculations are performed within the Boltzmann approach
[40–42], using the SPR-KKR bands as well as the results of
the one-step model calculations as an input. The dynamical
calculations take into account all possible spin-dependent
electron transitions in energy-momentum space as well as
electron-phonon scatterings in a quantitative way (for more
details, please see the discussion below and the Supplemental
Material [43]).

To further understand the nature of the higher- and
lower-energy states, in Fig. 2(c) we show the results of
one-step model photoemission calculations performed under
equilibrium conditions using linearly p-polarized 6 eV photons. Differently from previous studies on prototypical TIs
[18,22,29], our calculations reveal that both states are surfacestate-like features containing a rather low bulk contribution,
allowing us to unambiguously identify them as topologically
trivial surface resonances [44,45] (labeled as SR1 and SR2)
dispersing near the border of two different bulk-projected band
gaps (see Supplemental Material for details [43]). In particular,
the higher-energy state (SR2), is located inside and at the
border of a bulk-projected band gap appearing at twice higher
energy than the main gap of the volume, while the low-energy
state (SR1), is located outside and at the border of the main
bulk-band gap. In the experiment, the relative contribution
of the different states can also be resolved simultaneously
by exploiting the time and momentum resolutions through
energy-distribution curves (EDCs) extracted at off-normal
wave vectors [Fig. 2(d)]. Overall, our theoretical results lead
to good qualitative agreement with the experiment concerning
both the relative energy positions of the observed states as well
as their energy-momentum dispersions.

III. RESULTS AND DISCUSSION
A. Subpicosecond electron dynamics and one-step model
photoemission calculations

To understand the nonequilibrium dynamics of the excited
states above the Fermi level, in Figs. 1(b)–1(i) we show
tr-ARPES measurements recorded at various pump-probe
delays near the  point of the Bi2 Te3 surface Brillouin
zone (SBZ). Before optical excitation and at negative time
delays [Fig. 1(b)], we probe the electronic band structure
in equilibrium, as evidenced by the lack of photoemission
intensity above the Fermi level. Due to the n-doping, the
minimum of the bulk-conduction band (BCB) and part of
the TSS are observed below the Fermi level, with the Dirac
node located at an energy of ED ∼ −0.29 eV. At the onset
of the optical excitation [Fig. 1(c)], an initial population of
higher-energy states located at ∼0.7 eV above the Fermi level
is clearly observed [marked with arrows in Fig. 1(c)]. During
the subsequent dynamics [Figs. 1(d)–1(f)], these higher-energy
states rapidly decay within less than ∼1 ps. Besides the
transiently populated Dirac bands, other states exhibiting
a similar energy-momentum dispersion are observed up to
∼0.4 eV. These lower-energy states [marked with arrows in
Fig. 1(d)] appear as a continuation of the bulk continuum
and above the BCB top, which is located in the immediate
vicinity of the Fermi level. Remarkably, in Figs. 1(g)–1(i) we
observe that the transient Dirac bands and the lower-energy
states decay synchronously, a process which only occurs once
the higher-energy states have completely relaxed. The latter
behavior strongly indicates that there is an effective electron
transfer from the higher-energy states into both the transient
Dirac bands and the lower-energy states.
Such an electron transfer process as well as the synchronous
electron decay can be further visualized in Figs. 2(a) and 2(b),
where we analyze the integrated tr-ARPES intensity [Fig. 2(b)]
within small energy-momentum windows [labeled from 1 to
4 among the different states in Fig. 2(a)]. Very clearly, while
the tr-ARPES intensity of the higher-energy states in Fig. 2(b)
decays rapidly (window 1), the intensities of the lower-energy
states (window 2) and TSS bands (windows 3 and 4) exhibit
very similar dynamics, so that electrons with the same energy
but different momenta (windows 2 and 3) display similar
relaxation times. This process is preceded by a delayed electron
filling of the TSS bands and the lower-energy states, initially
causing rise times in their intensities (windows 2–4) that correlate well with the overall decay of the tr-ARPES intensity from
the higher-energy states. We also point out that the relaxation
time scales are weakly dependent on the pump fluence (for
more details, please see the Supplemental Material [43]).

B. Transient spin polarization of excited
states above the Fermi level

Most interestingly, if we examine the tangential component
of the spin polarization Sy in our calculations [Fig. 2(e)],
which is perpendicular to the electron momentum, we find
that besides the expected helical spin texture from TSSs [9],
the surface-resonance states exhibit a reversed spin texture
with respect to that of the Dirac bands. This prediction is
fundamentally different from what is expected for pure bulk
states, as even in the presence of strong spin-orbit coupling,
bulk bands in Bi2 Te3 are essentially unpolarized. Therefore, to
investigate the spin orientation of the states above the Fermi
level experimentally, we perform tr-SARPES measurements
at k ∼ 0.22 Å−1 and a fixed time delay of 150 fs following
optical excitation [see Fig. 2(f)]. Here, we focus on the
previously unmeasured transient spin polarization of Bi2 Te3
above the Fermi level. In accordance with the EDCs shown
in Fig. 2(d), the results of Fig. 2(f) contain a contribution
from all different states. In addition to the intensities of
the tangential spin-up and spin-down populations, which are
resolved independently [top panel in Fig. 2(f)], we show
the corresponding Sy component of the spin polarization,
which reverses at opposite wave vectors [bottom panel in
Fig. 2(f)]. We note that while the measured Sx component
of the spin polarization is zero, we find a small out-of-plane
spin component Sz in both experiment and calculations (see
Supplemental Material [43]). Moreover, using s-polarized
probe pulses instead causes a reversal of the observed spin
polarization [43]. This result is consistent with the expected
spin-orbital texture of the excited states as derived from our
calculations, implying that with p-polarized probe pulses we
are sensitive to the spin projections of py and pz orbitals
[46]. On the other hand, changing the pump polarization does
not influence the observed spin texture [43], indicating that
the measured spin polarization originates from ground-state
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FIG. 2. (a) tr-ARPES spectrum of Bi2 Te3 obtained 150 fs after optical excitation. (b) Corresponding tr-ARPES intensity integrated within
small energy-momentum windows [labeled from 1 to 4 among different states in (a)]. (c) One-step model photoemission calculations under
equilibrium conditions, revealing contributions from the TSS and trivial surface resonances (denoted as SR1 and SR2). (d) Experimental
EDCs extracted at ∼0.22 Å−1 and different time delays, containing contributions from the TSS, SR1, and SR2 states at different energies.
(e) Calculations of the spin-polarized electronic structure corresponding to (c). The red-blue color intensity is proportional to the magnitude
of the tangential component of the spin polarization Sy , and its orientation perpendicular to momentum is indicated by the symbols  and ⊗,
which are vectors pointing out and into the paper plane, respectively. (f) Top panel: Spin-resolved EDCs measured 150 fs after optical excitation
at the same wave vector as the EDCs shown in (d). The blue (red) curves are tangential spin-up (down) EDCs, and the direction of the spin
polarization component Sy of the TSS, SR1, and SR2 states is denoted in accordance to (e). Bottom panel: Corresponding net spin polarization
Sy , which reverses for SR1 and SR2 states with respect to the TSS as well as at opposite wave vectors (red and green colors, respectively).

properties rather than from pump-induced spin-dependent
matrix elements [43,47].
Overall, the observed spin polarization is qualitatively
similar to the results of our theoretical calculations. If we
compare the experimental and theoretical values of the spin
polarization for different states, we find that for SR2 states
the calculation overestimates their absolute spin polarization
by about ∼20%, while for the TSS and SR1 states, the spin
polarization is underestimated by about ∼10%. We attribute
this disagreement to the fact that we use the atomic sphere
approximation within the DFT-LDA approach [37], which
differently from GW self-energy corrections [48], introduces
variations in the calculated spin polarization. Despite these
small deviations, we find excellent agreement between theory
and experiment concerning the spin structure of the states,

implying that what we have indeed observed in our tr-ARPES
experiments is a dynamical transfer of electrons between states
with opposite spin textures. At the same time, this observation
indicates that the overall dynamics is a consequence of
rather complex scattering processes, possibly requiring large
momentum transfers. The reason is that decay of electrons
between states with opposite spins is quantum-mechanically
forbidden unless it involves a spin flip, which as long as
time-reversal symmetry is preserved [49], is the less probable
process.
Another important observation is the symmetric tr-ARPES
intensity distribution of the different bands at opposite wave
vectors, as it implies that there is a suppression of the transient
charge current on the surface [27,30,50]. Thus, our tr-SARPES
measurements additionally demonstrate, on the one hand,
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that linearly polarized infrared pulses induce pure ultrafast
spin currents originating from Dirac fermions and, on the
other hand, that on femtosecond time scales such currents
coexist with trivial spin currents of reversed direction of
the spin polarization. This finding implies that combining
time, spin, energy, and momentum resolutions in a single
experiment is crucial to unambiguously identify the nature
of the generated currents. Our results also provide further
insight on which electronic states could be responsible for
the reflectivity dynamics and complex Kerr signal observed in
recent state-of-the-art experiments on the same material [31].

Material [43]. The change in time of the total population n(k,t)
at a given k such as |k| = k due to electron-electron scatterings
is given by



∂n(k,t)
= dk1 dq1 dq2 {P(k1 ,q1 ,k,q2 )n(k1 ,t)n(q1 ,t)
∂t
e-e

C. Time-resolved photoemission calculations and
spin-dependent scattering mechanisms

Questions arise on how the alternating spin polarization of
the bands affects the dynamics, and which are the scattering
mechanisms underlying the ultrafast electron relaxation. To
address this we performed calculations of the dynamics
within the Boltzmann approach [40–42], and analyzed the
contribution from electron-electron and electron-phonon scatterings in a quantitative way. The probability density of an
electron with momentum k1 to scatter with an electron at
momentum q1 and make a transition to final states k2 and q2
is given by the transition matrix elements |k1 q1 |Ĥe-e |k2 q2 |2
with the constraint that the total energy and momentum are
preserved upon the scattering, giving rise to the two terms
δ[E(k1 ) + E(q1 ) − E(k2 ) − E(q2 )] and δ(k1 + q1 − k2 − q2 ),
where δ(·) is the Dirac delta function, E(k) is the band
dispersion, and, for brevity, the band indexes have been
dropped. In our calculations we assume the transition matrix
element to be weakly dependent on the spatial part of the wave
function, while keeping the spin dependence in an approximate
way as the overlap of the initial and the final spin states

1 + s k1 · s k2 1 + s q1 · s q2
|k1 q1 |Ĥe-e |k2 q2 |2 ≈ A
2
2

1 + s k1 · s k2 1 + s q1 · s q2
, (1)
+
2
2
where A is a constant, s k1 = k1 |ŝ|k1 /|k1 |ŝ|k1 | is the unit
vector oriented along the spin expectation value on the state
k1 , and ŝ is the vector spin operator.
To study the ultrafast relaxation of the transient spin
populations only depending on the distance from  in a
simplified way, we approximate the SBZ as circular and
assume the excitation to have circular symmetry within the
SBZ [43]. We will see that the mentioned approximation
captures extremely well the relaxation times of spin-up and
spin-down electrons within different bands. The reason is that
the overall dynamics of the excited states tends to quickly
converge towards SBZ center, while the thermalization of the
bands as well as the exchange of electrons between bands is a
strongly spin-dependent process. Hence, we need to construct
the probability P(k1 ,q1 ,k2 ,q2 ) of an electron with momentum
k1 , such as |k1 | = k1 , to scatter with an electron at any q1
such as |q1 | = q1 and make a transition to any final states k2
and q2 , such as |k2 | = k2 and |q2 | = q2 . The expression for
P(k1 ,q1 ,k2 ,q2 ) can be obtained from geometrical arguments
but it is lengthy and reported only in the Supplemental

× [1 − n(k,t)][1 − n(q2 ,t)] − P(k,q1 ,k1 ,q2 )
× n(k,t)n(q1 ,t)[1 − n(k1 ,t)][1 − n(q2 ,t)]}.
(2)
We treat the electron-phonon scatterings in a similar, but
more simplified way. The high number of phonon states within
a small energy window (compared to the electronic excitations
and the distances between the electronic bands), allows us to
neglect here the geometrical constraints due to momentum
conservation and yields



∂n(k,t)
= B dk1 {n(k1 ,t)[1 − n(k,t)][fBE (δE)ρ(δE)
∂t
ph
+ [1 + fBE (−δE)]ρ(−δE)]
− n(k,t)[1 − n(k1 ,t)][fBE (−δE)ρ(−δE)
+ [1 + fBE (δE)]ρ(δE)]},

(3)

where δE = E(k) − E(k1 ), B is a constant that represents the
electron-phonon coupling, ρ is the phonon density of states,
and fBE is the Bose-Einstein distribution at the corresponding
phononic temperature.
We turn now to the actual calculations, the results of which
are shown in Figs. 3(a)–3(c). The phononic temperature is
room temperature, and the density of states of the phonons is
constant up the Debye frequency (h̄ωD = 15 meV) [51]. The
model for the dynamics has therefore only two parameters:
A the electron-electron and B the electron-phonon coupling.
Our calculations below reveal that both types of scatterings
lead to completely different dynamical behaviors associated
to the specific relaxation of the different bands. This allows
the unambiguous estimation of the two parameters A =
0.006 nm3 /fs and Bρ(E) = 0.333 (h̄ωD − E)(E) nm/fs,
where  is the Heaviside step function.
At early times after optical excitation the higher-energy
surface resonance (SR2) is heavily populated by the pump
pulse [see Fig. 3(c)]. Electron-phonon scatterings contribute
in removing energy from the electronic system; however, this
type of scatterings turn out to be inefficient in transferring
SR2 electrons to any lower-energy bands. This can be seen in
Fig. 3(a), where we show the comparison of electron-electron
and electron-phonon scattering lifetimes computed at 300 K
for different bands. In fact, we can see that the phononmediated energy transfer mechanism from SR2 states has
extremely low efficiency, and every scattering event removes a
very small amount of energy. Conversely, a single electronelectron scattering considerably lowers the energy of the
scattered electron. A transient SR2 electron can directly scatter
with an electron below the Fermi energy. The most probable
outcome of such a process will be both electrons occupying
states of the transient Dirac bands or the lower-energy surface
resonance (SR1). To illustrate this in more detail, in Fig. 3(b)
we show the probability that an electron in a state k1 makes
a transition to a state q1 assuming that all the other electrons
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FIG. 3. (a) Electron-electron and electron-phonon lifetimes deduced from the scattering probabilities assuming an electron and phonon
population at 300 K. The x axis represents the momentum k and is split among the bands considered in the dynamics calculation. The k value
for all the bands goes from 0 to 0.3 Å−1 from left to right. (b) Probability of an electron in a given band with a given momentum k to scatter
and end up in another band with different momentum. Both axes represent the momentum k and are split among the bands. The k value for all
the bands goes from 0 to 0.3 Å−1 from left to right and from top to bottom. (c) Calculated snapshots of the momentum and energy-resolved
total electronic population (top row) and tangential component of the spin polarization Sy (bottom row) at different time delays. Note that the
calculated spin polarization is constant in time. Only at delays in which the total intensity of a given state is very small, the spin polarization
falls due to an unpolarized constant background that was introduced in the calculation to avoid zero by zero divisions.

are distributed at 330 K. Two main scatterings mechanisms
are responsible for the decay of the photoemission intensity
of the high-energy states: low-k-transfer scatterings to the
lower-energy surface resonance (SR1) and high-k-transfer
ones directly to the Dirac cone. Moreover, their probabilities
are further increased by the presence of numerous surfacelike
valence band (VB) states below the Dirac node [43], which act
as scatterers.
The transient populations of the lower-energy surface resonance (SR1) and the TSS bands, instead, display much longer
electron-electron scattering lifetimes, as seen in Fig. 3(a).
Electrons in the TSS and SR1 states can reduce their energy
in two ways: by changing bands or by moving down within
the same band. A reduction of energy within the same
band requires, due to the spin selection, a transfer of linear
momentum which has to be small and directed towards
the center of the SBZ. This reduces the calculated possible
transitions for the second electron, compatible with energy,
momentum, and spin selection rules. In particular, due to
this restriction, our calculation shows that the most probable
transition for the second electron can only be from a state in
the VB to either the TSS or the SR1 bands on the opposite
side of the SBZ. However, these transitions are only possible
if the energy transfer is higher than the binding energy of
the original VB state. Conversely, scatterings that cause a
transition from SR1 to TSS or vice versa require a large k
transfer. Due to the almost conical nature of the bands, it can
be shown that the most probable transition only occurs when
the final (initial) energy of the second electron is the same as
the initial (final) energy of the first. It is evident that these type
of transitions are not effective in redistributing energy. Thus,
as shown by our calculations in Fig. 3(a), the equilibration

of the TSS and SR1 states can only be accounted for if
additionally driven by electron-phonon scatterings. The latter
have less strict selection rules. Nevertheless, the limitations
due to the complex spin texture of excited states are still
that high-k-transfer (low-k-transfer) electron transitions are
forbidden if the initial and final band is the same (different),
and that the total change in energy achievable is small due to the
small energy of the phonons. However, the energy is efficiently
taken out of the electronic system, and this process becomes
relevant in the immediate vicinity of the Fermi level once
electron relaxation due to electron-electron scattering at higher
energies has evolved in time scale slower than expected due
to the alternating spin texture of excited states. Nevertheless,
note that at low energy the presence of several phonon bands
up to 15 meV ensures that there will be always available
phonon transitions for any k-transfer necessary to accomplish
the specific transition.
D. Momentum- and energy-resolved spin dynamics:
Comparison theory-experiment

If we compare in detail the results of our dynamical
calculations to the experiment (see Fig. 4), we find good
quantitative agreement concerning both the dynamics of tangential spin-up and spin-down electrons within different bands
[Figs. 4(a)–4(c)] as well as the decay of the spin-integrated
intensities [Fig. 4(d)] within various energy-momentum windows distributed over different states [Fig. 4(e)]. Specifically,
the measurements shown in Figs. 4(a)–4(c) were taken by
integrating the spin-resolved intensities as a function of
time delay at a fixed wave vector k ∼ 0.22 Å−1 and at the
corresponding energies of the SR2 [Fig. 4(a)], SR1 [Fig. 4(b)],
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FIG. 4. Detailed comparison between tr-SARPES experiments
and dynamical calculations. (a)–(c) Dynamics of spin-up and spindown electrons within different bands, obtained at k ∼ 0.22 Å−1
and at the energies of the (a) SR2, (b) SR1, and (c) TSS bands.
Blue and red triangles (solid lines) denote experimental (calculated)
spectra for opposite spin. The corresponding spin polarization Sy
measured as a function of pump-probe delay is shown in the insets
of (a)–(c). Green dashed
lines are guides to the eye. The error bars

are given by S = 1/N S 2 , where S = 0.2 is the Sherman function
and N the corresponding spin-integrated counts. (d) Normalized spinintegrated intensities obtained within the small energy-momentum
windows shown in (e) as a function of pump-probe delay. Symbols
denote the experimental spectra; solid lines are the corresponding
calculations.

and TSS bands [Fig. 4(c)], in accordance with the results of
Fig. 2(f). Similarly, the theoretical curves were extracted from
small energy-momentum boxes superimposed on top of the
calculated band dispersions of Fig. 3(c) at the corresponding
energies and wave vectors. Accordingly, in each inset of
Figs. 4(a)–4(c) we show the measured tangential components
of the spin polarization Sy as a function of pump-probe delay.
It is seen that the measured spin polarizations stay constant
in time within the experimental error bars, a result that is
consistent with our calculations of Fig. 3(c) and allows us
to exclude that the spin texture of the transient electronic
states is dynamically modulated by the pump excitation itself,
despite the nonequilibrium condition. We have also probed
the dynamics of other components of the spin polarization,
and obtained similar behavior [43]. Thus, the decay times
of spin-up (τ ↑ ) and spin-down (τ ↓ ) electrons in Fig. 4 are
representative for the three-dimensional spin dynamics.
In particular, by fitting a single-exponential decay function to the data, for SR2 states we obtain experimental (theoretical) relaxation times of τ ↑ = 192.5(134.6) ±
41.3(6.4) fs and τ ↓ = 210.1(135.3) ± 43.9(5.9) fs, while
for SR1 states τ ↑ = 291.7(311.5) ± 20.1(3.5) fs and τ ↓ =
309.5(311.6) ± 24.9(3.6) fs. Likewise, for the TSS we obtain
τ ↑ = 594.6(583.1) ± 58.4(15.4) fs and τ ↓ = 577.2(582.8) ±
61.8(15.4) fs. The similarity between the relaxation times
of electrons with opposite spins for each individual state,
as well as the quantitative agreement between experiment
and theory, implies that the overall relaxation process of
excited electrons is driven by surface-dominated dynamics.
We emphasize that completely different relaxation times for
electrons with opposite spins would instead be expected in the
case of a simultaneous contribution from two independently
thermalizing bulk and surface populations relaxing on different
time scales, especially if the transient electronic temperatures
of bulk and surface states differ substantially [17,29]. This
scenario would be the consequence of a complex interplay
between bulk and surface dynamics [29], so that one spin
component is dominated by the time scale of the surface
contribution, while the other one by the larger relaxation
times of bulk states. In fact, previous works without spin
resolution have put forward bulk-assisted dynamics as one
of the relevant mechanisms underlying the relaxation times
of hot electrons in TIs [16–19]. However, our theoretical and
experimental findings show that the nonequilibrium dynamics
of a prototypical TI such as Bi2 Te3 is fully explained by the
surface contribution, a conclusion that can only be realized
by directly probing the spin texture of excited states above
the Fermi level with time, energy, and momentum resolution.
In addition, our results demonstrate that the alternating spin
texture of the excited states completely determines the relevant
scattering channels for electron relaxation.
In this respect, we emphasize that the relaxation times of
the spin populations provide valuable information on the rates
at which electrons in a given band release their energy and
momentum, a process which is the result of a complex interplay
between scattering probabilities associated with electronelectron and electron-phonon scatterings. Therefore, the observation that spin-up and spin-down electrons relax on similar
time scales is fully compatible with the notion that electrons
with opposite spins follow the same energy-, momentum-, and
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spin-selection rules described by our theoretical calculations.
This conclusion has unprecedented implications regarding the
mechanisms underlying the electron dynamics. Hitherto, all
time-resolved studies on TIs interpreted the ultrafast dynamics
of their excited states solely on the basis of bulk-assisted
electron-phonon scattering. However, our study reveals that
electron-electron scattering processes on the surface—that
proceed on a time scale dictated by the spin texture of
nonequlibrium states—are the main driving force for electron
relaxation. Thus, our work represents a paradigm shift with
respect to previous interpretations of the ultrafast electron
dynamics in TIs.
E. Dynamical pathways of ultrafast charge and energy transfer

In Fig. 5 we show a simplified schematic representation
that provides an overview of our present findings. The higherenergy surface resonances (SR2) relax through electronelectron scattering processes, and the overall transfer of charge
and energy occurs through spin-dependent scattering into
the lower-energy states (SR1 and TSS). The alternating spin
textures of the different bands influences the possible electron
transitions, since it establishes whether small (large) momentum transfers are allowed or forbidden, meaning that large
momentum transfers are ultimately required for the relaxation
of SR2 states. The time scale of these processes strongly
influences the characteristic relaxation times of spin-up and
spin-down electrons, triggering the subsequent dynamics,
which proceeds on a slower time scale once electrons from
the SR2 states have decayed into the lower-energy bands.
Similarly, electron-electron scatterings lead to a continuous
exchange of charge and energy between the TSS and SR1
bands, which in consequence behave as two dynamically
locked electron populations. The dynamics of such process
is again altered by the existence of spin-forbidden transitions.
Subsequently, the energy of the electronic system is released

SR2

Energy transfer
Charge transfer

small k
e-e

large k
e-e

SR1
e-ph

large k
e-e

TSS
e-ph

LATTICE
FIG. 5. Schematic representation summarizing the relevant pathways for ultrafast charge and energy transfer among different bands
in Bi2 Te3 , as well as the energy release into the lattice after optical
excitation (see text). Blue and red colors emphasize the opposite
spin textures of the surface-resonance states (SR1 and SR2) and the
transient Dirac cone (TSS).

into the lattice through electron-phonon scatterings, which
govern the relaxation of the TSS and SR1 populations in the
immediate vicinity of the Fermi level.
Our findings reveal the crucial impact of spin-dependent
transitions on the recombination processes of excited electrons
on the surface of Bi2 Te3 , so that the complex physical picture
underlying the ultrafast electron dynamics in this system
cannot be understood without involving the electron spin.
Therefore, we expect similar effects at play in the spin dynamics of other TI surfaces or systems where spin-orbit interactions
are important, offering the possibility of manipulating spin
degrees of freedom to optimize carrier lifetimes in future
devices. Moreover, such manipulation would be accompanied
by a full control of the device surface conductivity, as it
would allow one to modulate the relative importance of high-k
transfer transitions strongly contributing to the resistivity.

IV. SUMMARY AND OUTLOOK

In conclusion, by the simultaneous energy, momentum,
spin, and subpicosecond time resolution of our experiments
in combination with unprecedentedly detailed calculations of
the dynamics, we have unambiguously identified the scattering
mechanisms underlying the ultrafast relaxation of individual
bands in the prototypical topological insulator Bi2 Te3 . We
have observed a transient population of spin-polarized Dirac
fermions coexisting with two surface-resonance states above
the Fermi level that relax through an avalanche of hot electrons
within ∼2 ps. One surface resonance has been found at
high energies inside a bulk-projected band gap, and the
other one at low energies just above the border of the main
bulk-band gap. We have observed that both surface resonances
exhibit a nonequilibrium spin polarization that is reversed with
respect to that of the transient Dirac bands, in agreement
with our one-step model photoemission calculations. Their
alternating spin polarization as a function of electron wave
vector reveals that trivial and topological pure spin currents
coexist on femtosecond time scales. Finally, we have examined
the momentum and energy dependence of the tr-ARPES
intensities as well as the characteristic relaxation times of
spin-up and spin-down electrons within different bands, and
found excellent agreement with our dynamical calculations.
Following this approach, we have been able to disentangle
the contributions from electron-electron and electron-phonon
scatterings quantitatively, and revealed the strong influence of
spin-forbidden transitions and high-k scattering in the decay
pathways and relaxation time scales of excited electrons.
The fundamental processes involving the electron spin
revealed by our theoretical and experimental results are
expected to a have broad impact in spintronic applications,
as they offer a rich playground for engineering spin textures
to control not only the conductivity but also the relevant time
scales of laser-induced pure spin currents and spin-polarized
electrical currents in a variety of different materials. It would
be interesting to perform similar experiments as the one
reported here in systems where the tunability of spin-forbidden
transitions could be achieved, for example, via the Rashba
effect, allowing one to systematically control the lifetime of
spin-polarized carriers.
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Note added. Recently, we became aware of a related timeresolved study on Bi2 Se3 [52].
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J. Reimann, J. Güdde, K. Kuroda, E. V. Chulkov, and U. Höfer,
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