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Momentum-Resolved Spin Dynamics of Bulk and Surface Excited States
in the Topological Insulator Bi,Se;
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The prospect of optically inducing and controlling a spin-polarized current in spintronic devices has
generated wide interest in the out-of-equilibrium electronic and spin structure of topological insulators.
In this Letter we show that only measuring the spin intensity signal over several orders of magnitude by
spin-, time-, and angle-resolved photoemission spectroscopy can provide a comprehensive description of
the optically excited electronic states in Bi,Se;. Our experiments reveal the existence of a surface resonance
state in the second bulk band gap that is benchmarked by fully relativistic ab initio spin-resolved
photoemission calculations. We propose that the newly reported state plays a major role in the ultrafast
dynamics of the system, acting as a bottleneck for the interaction between the topologically protected
surface state and the bulk conduction band. In fact, the spin-polarization dynamics in momentum space
show that these states display macroscopically different temperatures and, more importantly, different
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cooling rates over several picoseconds.
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The possibility of optically inducing a spin-polarized
electrical current in topological insulators (TIs) [1-7] has
recently raised interest in the out-of-equilibrium properties
of these materials [8—17]. The direct measurement of the
spin-dependent scattering times and the modification of the
spin polarization near the Fermi level (Ef) are of funda-
mental importance for gaining full control over the opti-
cally induced spin current in TIs. However, the study of
the spin dynamics of the surface and bulk bands has been
hampered by the lack of spin resolution in the time- and
angle-resolved photoelectron spectroscopy (TR ARPES)
experiments reported in the literature so far [8-17].
Moreover, recent TR ARPES experiments have shown a
very complex interplay between the electrons photoexcited
in the surface spin-polarized states and in the bulk spin
degenerate states [10,18,19]. Understanding in detail the
scattering between the bulk and surface states is of
fundamental importance for future optospintronic devices,
since the bulk states might also be responsible for a net
photogalvanic current [5]. Bulk and surface derived states
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might partially couple within the conduction band pro-
jected band gap, thus strongly affecting the electron
relaxation times [20]. Our combined experimental and
theoretical work aims to unveil the microscopic mecha-
nisms responsible for the interplay between the bulk and
surface derived states and the spin-resolved dynamics of
Bi,Se; both below and above Er. in the subpicosecond time
domain.

In this Letter we report a spin- and time-resolved ARPES
(STAR PES) study of the archetypal TI, Bi,Se;, optically
excited by infrared ultrafast laser pulses. The photoinduced
hot carriers exhibit significantly different energy-dependent
dynamics for opposite spin channels. Both the equilibrium
and out-of-equilibrium spin-resolved band structure and
the dynamics of the polarized spin channels are fully
benchmarked at 300 and 850 K by relativistic ab initio
photoemission calculations. The presence of a highly spin-
polarized surface resonance state (SRS), with spin polari-
zation opposite to the topologically protected surface state
(TSS) and with topologically trivial character, is unveiled.
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The complex spin-dynamics texture in reciprocal space is
well accounted for by considering two distinct electronic
populations in the surface and bulk states that thermalize
with two significantly different electronic temperatures and
cooling times. The presence of the SRS causes a reduction
in the bulk conduction band (BCB) spectral weight at the
surface and is proposed as the key mechanism responsible
for the very weak interaction between the BCB and the TSS.

Experiments were performed at room temperature, with
a combined energy and momentum resolution of ~90 meV
and 0.01 A~'. The temporal resolution was ~250 fs. High
quality single crystals were cleaved in ultrahigh vacuum
(5 x 10719 mbar). Figure 1(a) shows on a logarithmic scale
the measured (left) and calculated (right) spin-resolved
energy distribution curves (EDCs). The experimental data
were acquired near the TSS Fermi wave vector k, at —7°
along the 'K high symmetry direction using a 6.2 eV
photon energy and s polarization. For more details about
the spin-resolved ARPES and the experimental setup, see
the Supplemental Material [21]. Red and blue correspond
to spin-up and -down, dotted (continuous) line indicates the
measured EDCs before (after) the arrival of the 1.55 eV
pump pulse at the delays of —1 ps and +500 fs, respec-
tively. We associate the spin-polarized peak located at Ep
to the TSS. Before optical excitation, both spin EDCs
decrease exponentially above Ej, showing a characteristic
Fermi Dirac (FD) cutoff. When the system is optically
excited, at ~250 meV above Ej the spin polarization is
inverted with respect to the TSS, while between 500 and
800 meV, a spin-unpolarized region is observed. In agree-
ment with the helical spin texture of the TSS [1,3,22,23],
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similar behavior, but with opposite spin, is observed at
the opposite kr. (For more details, see the Supplemental
Material [21].)

To reveal the origin of the photoexcited spin texture in
momentum space we performed ab initio spin-resolved
photoemission calculations for 6.2 eV photon energy and
s-polarized light, matching the experimental conditions.
These calculations are based on the relativistic one-step
model. The model, in its spin-density matrix formulation,
describes properly the complete spin polarization, i.e., all
three components of the spin-polarization vector for each
(ky, ky) point [21]. The final state is modeled as a so-called
time-reversed spin-polarized low-energy electron diffrac-
tion (SPLEED) state [24]. The photoemission calculations
also account for matrix-element and multiple scattering
effects in the initial and final states. Many-body effects are
included phenomenologically in the SPLEED calculations,
by using a parametrized and weakly energy-dependent
complex inner potential, Vy(E) = V,,.(E) + iV (E) [25].
(For more details, see the Supplemental Material [21],
which includes Refs. [26-32].)

The spin EDCs extracted from k-dependent photo-
emission calculations multiplied by a Fermi-Dirac distri-
bution function are shown in the right-hand side of
Fig. 1(a). Dotted (continuous) blue and red lines correspond
to an electronic temperature equal to 7_;p) =300 K
(T 5005y = 850 K), where 850 K is the optimal temperature
to reproduce the measured spin integrated intensity
(black line) at +500 fs delay. This procedure benchmarks
our experimental data, showing whether or not a single
electronic distribution is sufficient to reproduce our data.
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FIG. 1 (color online). (a) Measured (left) and calculated (right) spin-resolved EDCs along the I'K high symmetry direction close to the
TSS kp of Bi,Se;. The TSS and SRS peaks are indicated by arrows. Dotted (continuous) blue and red lines indicate the two opposite
spin intensities before (after) optical excitation, while black lines indicate the spin integrated signal. The calculated spin EDC for a
sample temperature of 7 = 850 K can account for the change in the relative spin intensity after optical excitation at E — Ex ~ 250 meV,
attributed to the presence of SRS. (b) Spin integrated (left) and spin-resolved (right) ab initio photoemission calculations for Bi,Ses
along the I'K high symmetry direction for 6.2 eV photon energy and s polarization, as in the experiments. Dashed lines indicate the
region where the calculated EDCs of (a) were extracted. (c) Spin integrated (left) and spin-resolved (right) calculated ground state
electronic properties of Bi,Se; along the 'K high symmetry. Comparison to the photoemisson calculations within the white rectangle of
(b) highlights the photoemission matrix element effects. (d) Schematics of the electronic structure of Bi,Se;, showing the TSS and SRS
states dispersing across the band gap within the BCB.
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Figure 1(b) shows the calculated spin integrated (left)
and spin-resolved (right) photoemission intensity along the
I'K high symmetry direction. The dotted lines indicate the
region where the EDCs of Fig. 1(a) are integrated. Because
of the influence of the light polarization on the photo-
electron spin, the ground state calculations are also required
to completely interpret the photoemission spin polarization
[22,23,33]. Figure 1(c) presents the ground state calcula-
tions over a selected region [see Fig. 1(b), white rectangle].
Beside the TSS and the BCB, an additional spin-polarized
surface state, dispersing in a bulk projected band gap, is
observed in the experimental data and reproduced by the
calculations. The surface character of this state, never
reported before, differs from the TSS, and we identify it
as a surface resonance of bulk states. Because of the
appearance of the SRS, the BCB loses spectral weight
close to the surface in favor of the resonance. Noticeably,
the SRS and TSS have opposite spin polarization, but the
former is topologically trivial. Figure 1(d) schematizes
the electronic properties of Bi,Ses, with the spin-polarized
TSS and SRS dispersing in two different projected band
gaps of the BCB.

The photoemission spin structure reported in Fig. 1(b)
shows that for s-polarized light the TSS and SRS photo-
electron spin is opposite to the ground state polarization
shown in Fig. 1(c). This is a consequence of the strong spin-
orbit coupling combined with the orbital-dependent photo-
excitation probabilities [33]. Furthermore, even though the
BCB ground state is spin unpolarized, the BCB reveals a
photoelectron spin polarization, increasing from zero at Ep
to appreciable polarization at £ — Er ~ 0.9 eV. This is a
consequence of the partial hybridization between the SRS
and the TSS states which characterizes the equilibrium
electronic properties of Bi,Se; in the ground state.

The measured spin inversion at E — Ep ~ 250 meV, as
observed in Fig. 1(a), is assigned to the SRS, having a spin
polarization opposite to the TSS. The polarization detected
at high energy (E — Ep > 1 eV) arises from the top side
of the BCB, whose weak spin polarization is visible in
Fig. 1(b). Finally, the spin-unpolarized weak signal
between 500 and 800 meV corresponds to the energy
region of the projected band gap.

At first glance, the comparison between the experimental
and calculated spin EDCs in Fig. 1(a) might suggest the
possibility of describing the optically excited EDCs by a
single thermalized electronic distribution populating the
excited spin states. Next, we show that this picture is not
fully satisfactory. To address this issue the characteristic
relaxation times for both spin states above Ej. are compared.

Figure 2(a) shows the spin-resolved intensity difference
EDCs (A7) measured at 500 fs delay after excitation. The
temporal evolution of A/ is presented in Fig. 2(b) for three
energy regions [black arrows in Fig. 2(a)]. By fitting a
single exponential decay function to the data, we extract
the spin-dependent relaxation times. Slightly above Ep
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FIG. 2 (color online). (a) Delta spin (red and blue) and spin
integrated (black) EDCs obtained as the difference between the
signal measured after and before optical excitation. (b) Time
evolution of the spin-up (red), spin-down (blue), and spin
integrated (black) intensity integrated as a function of the delay
time within the energy region indicated by three arrows in (a),
respectively, at E — Ep = 0.055, 0.255, 0.370 eV. From the
exponential fit of the intensity decays, we infer the spin-
dependent relaxation times 7z displayed in each panel. (c) Spin-
dependent relaxation times for the spin-up (red) and spin-down
(blue) as a function of the binding energy for the entire measured
band dispersion.

(0.055 eV), the intensity of the two opposite spins have
comparable characteristic relaxation times, 7,4 = 4.6 ps
and 7, = 4.0 ps. The same behavior is observed for
photoelectron kinetic energies up to 0.255 eV (second
region), where the two spin populations have the same
intensity and 7.4 = Ty = 1.8 ps. On the contrary, at
0.370 eV (third region) a faster relaxation for the majority
spin component (spin-up, in red) is clearly observed,
Trea = 0.9 ps and 7, = 2.4 ps.

Figure 2(c) displays the spin-dependent decay time over
the full energy range. These findings, along with the spin-
polarized photoemission intensities near E, set the boun-
dary conditions for optically controlling the spin-polarized
currents in TIs. In the proximity of E the decay times are
comparable [21]. By taking advantage of the large signal-
to-noise ratio of our time-of-flight detector [34], we
observe that in the energy region 300-500 meV above
Er the minority spin components persist for longer times.
This behavior suggests that the out-of-equilibrium elec-
tronic properties cannot be described in terms of a single
thermalized electronic population. In fact, for this case we
would expect the same 7 for both spin components along
with a monotonic decrease of 7 as a function of the binding
energy (see Supplemental Material [21] and ref. [11]).
Hence, a single thermalized electronic population cannot
account for the fine structure of 7 that is observed for
E — Er > 0.35 eV: the different spin relaxation times and
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the local maximum in the blue spin channel. To reproduce
these features a superposition of two distinct thermalized
electronic populations must be taken into account.

The photoemission signal at 500 fs, shown in Fig. 3(a),
already suggests the existence of two distinct electronic
populations. Up to 0.4 eV, the surface contribution
associated with the TSS and SRS dominates, with an
effective electronic temperature 7T¢(500 fs) ~ 850 K.
However, at higher binding energies the photoemission
intensity does not drop according to a 850 K Fermi-Dirac
distribution. This is clearly evidenced by the mismatch
between the experimental data and the calculated spin
EDCs represented by the black dashed lines in Fig. 3(a).
The measured spin EDCs display a tail at £ — Ep >
0.6 eV characterized by a small spin-unpolarized DOS
(2 orders of magnitude smaller than the surface DOS).
This second electronic population has an effective temper-
ature of T(500 fs) = 2300 K. The energy position of
this electronic tail suggests that the second electronic
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FIG. 3 (color online). (a) Experimental (points) and theoretical
(full line) spin-resolved photoemission intensities, shifted for
ease of visualization, for the red and blue spin channels. The
contributions from the surface and bulk states to the total
theoretical photocurrent are indicated by dashed and dash-dotted
lines, respectively. The orange area highlights the bulk versus
surface crossover energy range. (b),(c) Optimized spectral func-
tion A multiplied by the photoemission matrix element |M|?> of
the surface states (b) and the bulk states (c) (see Supplemental
Material for details about the optimization and fit [21]).
(d) Experimental (points) and theoretical (full line) energy-
and spin-resolved relaxation times of the photocurrent intensity.
(e) Temporal evolution of the electronic temperatures for the
surface (dashed line) and bulk states (dash-dotted line). The gray
area indicates the time range before electronic thermalization.

subsystem is a hot electron gas excited in the high-energy
side of the BCB.

The spin- and time-resolved photoemission data further
support the presence of two noninteracting electronic
systems. Hence, we model the photoemission spectrum
as the sum of two independent contributions associated
with the surface (S) and bulk (B):

It5(0.E t) = Ag(0, E)|Ms(0. E)|* frp (E. Ts(1). us(t))
+ Ap(0, E)[Mg(0. E)* frp (E. T(1).0),
(1)

where Agp are the amplitudes of the surface and bulk
states, M p are the matrix element, and Tg(7) = Tg(o0) +
ATgexp [~t/7rs] and pg(t) = pg(oo) + Apgexp [—1/7,4]
are the time evolution of the electronic temperature and
the chemical potential of the surface states, respectively.
For the bulk states, T3(7) = T(00) + ATz exp [—t/77p].
To a good approximation, the chemical potential of the bulk
can be kept fixed. The relaxation times zpg and zrg for the
temperature of the surface and bulk states, respectively, are
left as free parameters.

A fitting procedure is used to extract the energy and spin-
resolved relaxation times. Figures 3(b) and 3(c) show the
A;(0,E)|M (0, E)|?, with i = S, B functions. The two are
optimized starting from the ab initio relativistic calculations,
in order to better reproduce the experimental spin EDCs after
optical excitation (see Supplemental Material [21]).

Figures 3(a) and 3(d) show that, in the energy region
close to Ep, the time-resolved spin ARPES signals are
dominated by the surface state contribution with the bulk
DOS 2 orders of magnitude smaller, while for £ — Ep >
600 meV the signal is dominated by the bulk states, with a
larger electronic temperature (see Supplemental Material
[21]). Interestingly, for E ~ Ep and E — Er > 600 meV,
the two spin channels show the same relaxation dynamics,
regardless of the different spin polarization of the surface
and bulk states.

In contrast, in the region 300 > E — Er > 550 meV,
highlighted by the orange area in Fig. 3(d), both subsys-
tems contribute to the total photoemission intensity. The
surface state contribution to the blue (red) spin component
is smaller (larger) than the bulk one. This results in different
spin dynamics. In particular, the local maximum in the
characteristic relaxation time of the blue spin component
results from the larger relaxation times of the bulk states.
Figure 3(d) shows the decay times obtained by the
numerical fitting of Eq. (1), where pug(0) =0.02 eV,
7rs = 3.5 ps, 7,5 = 1.7 ps, and 7 = 6 ps were used.
Remarkably, the values obtained for the TSS are compa-
rable to those reported in previous TR ARPES studies
[8,10,11], whereas the relaxation time of the bulk states is
about twice that of the surface states.
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Figure 3(e) clearly shows that the surface (dashed
line) and bulk states (dash-dotted line) behave as
independent electronic populations that thermalize, after
optical excitation, to two different temperatures.
Subsequently, they relax back to equilibrium with
different 7, 7rg, and z1g. Hence, the TSS and the
BCB do not show any significant electron-electron
scattering in this time scale. We ascribe this unexpect-
edly weak coupling to the presence of the SRS reducing
the presence of the BCB in the region close to the
surface. This then acts as a bottleneck by scattering
directly with the TSS, but not allowing any hot electron
diffusion towards the inner bulk. The reduced coupling
between bulk and surface states manifests in largely
different relaxation times even at room temperature.
These findings enhance previous spin integrated studies
reporting a small difference between Ty and Ty only
below the material Debye temperature [10].

In summary, we have investigated the out-of-equilibrium
spin and electronic properties of Bi,Se;. The spin reso-
lution combined with the very high signal-to-noise ratio of
the time-of-flight spectrometer enables us to reveal novel
aspects of the spin and electron dynamics in TIs. We fully
map the band structure in the unoccupied density of states
and we identify a spin-polarized SRS with topologically
trivial character. The surface resonance is shown to play a
key role in the spin-dependent relaxation of the photo-
excited electrons, by partially decoupling the BCB from
the TSS. In fact, by accessing the spin relaxation dynamics
we have shown that electrons in the surface and bulk states
are weakly coupled even at room temperature, and within
the first ~8 ps after the optical excitation they can be
described as two independent electronic populations with
different temperature and relaxation dynamics. These results
unveil the complexities of the spin scattering processes
in TIs.

In the future, our findings may have important impli-
cations for the optical control of spin currents in TIs. The
newly discovered SRS, which we suggest is responsible
for the weak coupling between the BCB and the TSS
at room temperature, points towards the possibility of
independently manipulating the surface and the bulk
spin states.
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