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Topological insulators are promising candidates for optically driven spintronic devices, because
photoexcitation of spin polarized surface states is governed by angular momentum selection rules. We
carry out femtosecond midinfrared spectroscopy on thin films of the topological insulator Bi, Te,Se, which
has a higher surface state conductivity compared to conventionally studied Bi,Se; and Bi, Te;. Both charge
and spin dynamics are probed utilizing circularly polarized light. With a sub-band-gap excitation, clear
helicity-dependent dynamics is observed only in thin (<20 nm) flakes. On the other hand, such dependence
is observed for both thin and thick flakes with above-band-gap excitation. The helicity dependence is
attributed to asymmetric excitation of the Dirac-like surface states. The observed long-lasting asymmetry
over 10 ps even at room temperature indicates low backscattering of surface state carriers which can be

exploited for spintronic devices.
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Topological insulator (TT) surface states possess properties
such as spin-momentum locking and backscattering protec-
tion [ 1-5] and high mobility [6-8] which make them suited for
spintronics applications [9,10]. A long spin lifetime ensures
that information carried by spin is not lost during device
operation [11,12]. Therefore, surface states (SS) protected
from backscattering are natural candidates for the task.
Furthermore, their high mobility can afford faster switching
of devices. The widely studied Dirac states in graphene exhibit
long spin diffusion lengths upon electrical injection of spin
[13,14]. However, they lack spin-momentum locking, which
prevents branch selective optical injection of spin. On the
other hand, circularly polarized light has been shown theo-
retically [15] and experimentally [16,17] to excite only one
branch of the spin-momentum locked surface states in TIs.
Optical spin control is thus an alternative to conventional
magnetic or electric control of devices [18,19]. It is therefore
important to examine the interaction of light with SS and
understand the resulting charge carrier and spin dynamics.

The fundamental carrier relaxation dynamics of
the Dirac-like SS following photoexcitation has been
studied using angle-resolved photoemission spectroscopy
(ARPES) [20-28], terahertz pump-probe spectroscopy
[29,30], photoluminescence spectroscopy [31], and optical
pump-probe spectroscopy [32-34]. ARPES utilizes energy
windows to independently track relaxation of the conduc-
tion band, valence band, SS, and the coupling between bulk
and SS. Most studies used an above-band-gap pump
and probe energy with linear polarization resulting in
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interband transitions along with uniform excitation of both
branches of the Dirac cone. There is, however, very limited
literature on using circularly polarized light to create
asymmetric excitations in the SS and study spin dynamics,
which is more relevant to optical spin control. Most of the
aforementioned works focused only on charge dynamics.
Wang and co-workers studied the spin dynamics in Bi,Ses
of the second Dirac cone lying above the bulk conduction
band and found subpicosecond relaxation [35]. Similarly,
Hsieh et al. observed a subpicosecond spin relaxation in
Bi,Se; using second harmonic probing [34]. Recently,
Kuroda and co-workers demonstrated asymmetric excita-
tion of SS in Sb,Te; lasting a few picoseconds with an
excitation energy below the band gap [25,26]. Apart from
the all-optical studies, an optoelectronic approach demon-
strated a spin lifetime of several picoseconds in Bi,Se; [36].

Compared to widely studied Bi,Se; and Bi,Tes, topo-
logical insulators Bi,Te,Se (BTS) and BiSbTeSe, have
better bulk insulating properties due to the Fermi level
being situated near the middle of the band gap [37,38].
Hence, we chose BTS for our study and performed all-
optical pump and probe measurements to investigate the
timescales of charge and spin relaxation. We used an
obliquely incident, circularly polarized midinfrared or
optical pump (7 ym, 0.17 eV and 800 nm, 1.55 eV) to
excite both below and above the band gap (0.3 eV [39]).
The probe was fixed at 7 um. This avoids probing of
interband transitions and allows exclusive study of the
photon helicity-dependent dynamics of SS.
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FIG. 1. Helicity-dependent dynamics for a (a) 14, (b) 18, (c) 45,
(d) 75 nm flake with a 7 um pump and a 7 ym probe. The
difference, i.e., |RL|-|LL| vs time, can be fit with an exponential
decay time 7 = 8.2 ps for (a) and 7 = 12 ps for (b).

We first examine transient dynamics with both excita-
tion and probing energies of 0.17 eV (7 um). Flakes of
BTS with thicknesses between 14 and 75 nm were
exfoliated on CaF,. The sample preparation and exper-
imental setup are described in Supplemental Material
[40], note 1. Figure 1 shows the helicity- and thick-
ness-dependent dynamics at room temperature. AR is the
change in reflectance of the probe after pump excitation,
i.e., AR = R,ymp-R, where R, and R are the reflectance
with and without pump, respectively. LL (left circular
pump, left circular probe) corresponds to the pump and
probe having angular momentum pointing in the same
direction with respect to the sample surface, and RL (right
circular pump, left circular probe) corresponds to their
angular momentum in opposite directions. A clear differ-
ence between RL and LL lasting for more than 10 ps is
observed for 14 and 18 nm samples [Figs. 1(a) and 1(b)].
When the pump and probe have the same helicity, we
observe a larger signal amplitude—LL has a larger
amplitude than RL. The same trend is observed when
changing the helicity of the probe instead of the pump—
RR shows a larger signal than RL (Supplemental
Material [40], Fig. S1). AR/R of both RL and LL are
normalized to |RL|,,,. The difference between LL and RL
is also plotted as |RL|-|LL|. Furthermore, an exponential fit
(e~"/7) can be used to describe the decay of the difference,
starting from the point of maximum change. The extracted
decay time [z = 8.2 psandz = 12 psin Figs. 1(a) and 1(b)]
quantifies spin relaxation due to the branch-selective
excitations, which will be discussed later. The measurement
was also conducted at 80 K (Supplemental Material [40],
Fig. S2), but only a slightly greater difference between the
RL and LL signals was observed.

For thicker samples [Figs. 1(c) and 1(d)], only a short-
lived difference between the reflectance signals RL and LL
is observed around time zero. Its origin could be coherent
coupling of the pump and probe during temporal overlap
and hence is not related to SS dynamics. The small bump
near 30 ps is due to multiple reflection by the neutral
density filter.

The decay time of the reflectivity signal quantifies charge
relaxation. The charge decay times for 14 and 18 nm flakes
are similar to the values reported for SS relaxation in ARPES
studies [20,21], indicating that the dynamics observed in the
thin flakes is dominated by SS. Theoretically, it has been
predicted that charge and spin relaxation times should be the
same on the Dirac cone of TIs [42]. From the experimental
data, we see that the time duration when LL and RL are
different, which indicates the spin decay time, is the same as
the total decay time of the reflectivity signal. Hence, the
dynamics is completely dominated by SS in thin flakes. We
also noticed that the decay dynamics of thin flakes are similar
to that of graphene, which has a Dirac origin. In
Supplemental Material [40], Fig. S3 shows similar charge
decay times for the 14 nm flake and graphene, supporting a
Dirac origin for the BTS flakes.

The slower charge decay as the flakes get thicker is related
to atmospheric doping of the samples due to gas adsorption
that raises the Fermi level [43—47], leading to allowed SS to
bulk conduction band transitions and excitations of free
carriers. The slow relaxation is thus due to the interband
relaxation from the conduction band to the SS or valence
band, requiring additional scattering mechanisms such as
phonon coupling or defect-assisted recombination as
observed by other researchers [33]. It is reported that bulk
samples undergo short-term atmospheric doping [46,47], and
hence those flakes were likely to have been doped shortly
after exfoliation. For our samples, electrical and thermal
transport measurements on thin BTS films (<20 nm) have
shown a dominating contribution of SS to thermal and
electrical conductivity at room temperature as compared
to thicker flakes (> 20 nm) [48]. The carrier concentration vs
thickness, along with the Hall measurement [40,41], are
shown in Supplemental Material [40], Figs. S4-S6, where it
can be seen that sub-20-nm flakes have an order of magnitude
lower carrier concentration. The obtained carrier concen-
tration of ~5 x 10'> cm™2 per surface is only half that
obtained from the ARPES measurement on a thick flake
when the Fermi level is located at the bottom of the
conduction band [43], indicating that the Fermi level is
closer to the charge neutral point. The detailed information
on Hall measurements was provided in Ref. [48]. Se vacancy
migration to the surface and subsequent gas adsorption has
been reported as a mechanism for surface doping [49,50].
Thicker films have many quintuple layers behind their
surface, allowing for vacancy migration and formation of
2D electron gas and subsequent band bending at the surface.
Thin flakes, on the other hand, have fewer migrating sites
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FIG. 2. Transition diagram with a7 ym pump and a7 pm probe
for (a) thin samples with a relatively low Fermi level. The left
figure illustrates the o+ pump and 6— probe (RL), and the right
figure the o— pump and o— probe (LL). LL produces a stronger
probe response than RL. (b) Thick samples with a high Fermi
level for the o+ pump and o— probe (RL), which does not
produce a helicity-dependent signal (see the text). The black
arrow represents the pump, and the orange arrow represents the
probe.

due to the thinner bulk region and, hence, do not undergo as
much of the surface doping.

We now proceed to explain the helicity-dependent
dynamics using the band structure in Fig. 2(a), which
depicts the Fermi level at 148 meV above the Dirac point as
observed in an ARPES measurement for a freshly cleaved
sample in a vacuum, not affected by atmospheric doping
[43]. RL implies the o6+ pump and o— probe having
angular momentum +1 and —1, respectively. We set the
spin on the right side branch of SS 4-1/2 and on the left side
—1/2. Hence, the in-plane component of a circularly
polarized pump (black arrow) at an oblique incidence
excites only the depicted transition due to conservation
of in-plane angular momentum. Likewise, the circularly
polarized probe (orange arrow) at an oblique incidence
monitors only the depicted transition. The midinfrared
pump pulses excite electrons from the valence band to
the energy levels around the Fermi energy. In principal, a
transition from SS to the conduction band is also possible.
However, the large pool of valence electrons transitioning
to SS competes with the SS to conduction band transition,
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FIG. 3. Helicity dependence of a (a) 14, (b) 18, (c) 45, and

(d) 75 nm sample with the 800 nm pump and the 7 ym probe. The
difference |RL|-|LL]| is fit with an exponential, z = 2.8 ps for (a),
7 = 12.5 ps for the positive part in (b), and 7 = 5.3 ps for (c).
The fitting is poor for (d) and hence not shown.

making the latter contribute less. The probe, being of the
same energy, monitors only SS. Therefore, when probing
with the same helicity, the change in reflectance is expected
to be larger because AR~ Af| * Af,, where f(k) and
f2(k) are momentum-dependent Fermi occupation proba-
bilities of the initial and final states. The holes generated in
the valence band rapidly (<100 fs) redistribute in k space,
making f; momentum independent, whereas the asymmet-
rically generated electrons in SS do not redistribute as fast
due to the backscattering protection, making f, larger for
the pumping side of the k space. Hence, the difference in
the signals (RL-LL) gives the backscattering time, which is
a net result of many small angle scattering events, and will
be discussed in more detail later. The difference between
the RL and LL in the thin flakes is about 20% of the signal
amplitude, which is due to the out-of-plane component of
the pump and probe that excites both branches of the Dirac
cone simultaneously, giving rise to at least half of the total
signal amplitude.

For thicker flakes, the Fermi level is raised as depicted in
Fig. 2(b)[43]. The SS to conduction band excitation is now
possible, which leads to interband relaxation and manifests
as a slower decay in the signals. An important consideration
is the hexagonal warping of the higher-energy surface
states lying closer to the conduction band, resulting in out-
of-plane spin components on an otherwise in-plane spin
texture carried by the SS [51-54]. This could be one of the
main reasons for the lack of clear helicity dependence in
thick flakes owing to excitation of the higher-energy
portion of the SS. The excitation of 2D gas electrons or
defect states is another reason, as they do not have a helicity
dependence.

026807-3



PHYSICAL REVIEW LETTERS 121, 026807 (2018)

To higher energy

l pump,
Condyction

bagd

(a)

0+ pump o- probe
RL

FIG. 4. Transition diagram for the 800 nm pump and the 7 ym
probe for (a) thin samples with a low Fermi level for the 6— pump
and o— probe (LL), resulting in a stronger probe response for LL,
and (b) thick samples with a high Fermi level, where RL has a
stronger probe response (see the text). The black arrow is the
pump, and the orange arrow is the probe.

We now examine above-band-gap excitation. Figure 3
shows that flakes of all thicknesses exhibit a helicity
dependence but with a reducing magnitude of the differ-
ence (|[RL|-|LL]) as the flakes become thicker. The differ-
ence can be once again fit with an exponential. For the
14 nm flake [Fig. 3(a)], the total signal decays rapidly, with
a spin relaxation time (when RL and LL are different) of
2.8 ps, the same as the total signal decay time. The spin
relaxation is hence limited by the charge relaxation itself,
similar to what is observed with below-band-gap excitation
[Fig. 1(a)]. It is known that excitation or probing close to
the Fermi level shows a slower decay than excitations away
from it due to the requirement of phonons for relaxation
[55,56]. This is in good agreement with our observed
timescales, since the 800 nm light can excite carriers much
above the Fermi level within the Dirac state, whereas the
7 pm excites carriers in close proximity to the Fermi level.
Here again LL has a larger signal than RL and can be
explained using the transition diagram [Fig. 4(a)], where
electrons are promoted to states near the Fermi level from
deeper lying levels in the valence band. The sharp peak near
time zero has been truncated for easier visualization.

Helicity dependence is also observed for the thicker
flakes as shown in Figs. 3(c) and 3(d), which was absent
with the 7 ym pump. This is because the 800 nm pump
can excite almost all energy levels on SS, unlike the 7 ym
pump, as illustrated in the transition diagram [Fig. 4(b)].
Moreover, RL has a larger signal amplitude, whereas in
the 7 ym and 800 nm case for thin flakes LL has a larger
amplitude. This can be explained based on Fig. 4(b). The
allowed excitation for the 800 nm pump is reversed when
the Fermi level is higher, because the initial state is now
SS instead of the valence band. For example, a 6+ pump

must excite electrons from the —1/2 branch of SS and
result in +1/2 spin electrons in the conduction band
[A =Y2— (—%2) = 1]. This means electrons from the left
side (—1/2) branch are preferentially depopulated by the
right circular (6+) pump, but the left circular probe (6—)
interrogates the left branch, thereby giving a larger signal
magnitude. The obtained spin relaxation time is 5.3 ps
for the 45 nm sample, but a spin relaxation time is not
obtained for the 75 nm sample due to the very low
differential signal. It is also not surprising to observe a
charge decay time of close to 50 ps, which is similar to
that for thick samples when pumped with 7 ym light. This
leads to the conclusion that the bulk states continuously
feed the surface states and relax via this channel as
observed in the literature [20,33].

We now examine the data of the 18 nm flake [Fig. 3(b)].
We see that it shows features possessed by both 14 and
45/75 nm flakes, i.e., a negative and positive difference
between RL and LL (z = 12.5 ps). This along with the
diminishing difference [|RL|-|LL|, Figs. 3(a)-3(d)] with
thickness is an indicator of an enhanced surface to bulk
coupling as the flakes get thicker. A rapid flow of electrons
and holes from the deeper layers towards the surface and
subsequent relaxation through the Dirac states is a possible
mechanism that reconciles the observation. That is, the
influx of unpolarized carriers would diminish the signal
difference, and at the same time those carriers would
account for interband relaxation, which leads to slower
relaxation. The 18 nm flake shows a similar spin-relaxation
timescale with 7 yum and 800 nm excitation, because the
expected faster relaxation (e.g., 14 nm flake) is offset by the
bulk contribution in the latter case, prolonging the carrier
lifetime. The influx of carriers could also explain the faster
spin relaxation in the 45 nm flake (5.3 ps).

Another important aspect regarding the thickness-
dependent spin and charge dynamics is small angle scattering
of electrons due to phonons. SS electrons in 3D topological
insulators are forbidden only from 180° backscattering in
the k space but can undergo small angle scattering [3]. SS
electrons in the very thin samples have little access to
scattering with bulk phonons, resulting in reduced small
angle scattering, and thus competing charge and spin
relaxation is observed in our experiments [Figs. 1(a), 1(b),
and 3(a)]. In contrast, thick samples can supply phonons
and allow for faster decoherence of the SS electrons. This
mechanism is in parallel to the influx of unpolarized carriers
discussed previously.

Mean free paths for charge and spin diffusion in SS can be
as long as 2 ym [57-59]. A few metals also have spin
diffusion lengths of 100 nm or more [60]. With asymmetry
lasting more than 10 ps and a Fermi velocity of 1 x 10° m/s
[43], we estimate a spin diffusion length longer than 1 ymin
our samples. This is in reasonable agreement with the
aforementioned literature, especially for doping compen-
sated materials. A perfectly tuned Fermi level in BTS shows
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the SS population lasting as long as 6 us [61,62]. Hence,
BTS can be promising for spintronics. Also, spin relaxation
times obtained in this work are comparable to valley
depolarization times of a few picoseconds observed in valley
nondegenerate transition metal dichalcogenides (TMDs)
[63-65]. However, due to the massless nature of the
Dirac-like fermions in TIs, we can expect them to perform
comparable to or better than TMDs in spintronics.

In summary, we carried out oblique incidence, helicity-
resolved optical pump-probe spectroscopy on topological
insulator Bi, Te,Se using below- and above-band-gap exci-
tation and showed that this technique is useful to study spin
dynamics in topological insulators. With below-band-gap
excitation, a clear helicity dependence was observed for
flakes thinner than 20 nm. The vanishing helicity dependence
in thick samples was attributed to the formation of 2D
electron gas on the surface due to gas adsorption at vacancy
sites. Above-band-gap excitation resulted in asymmetric
excitation of surface states for both thin and thick samples.
The polarization-resolved dynamics reveals the helical spin
texture of the surface states and spin relaxation times in the
5-15 ps range, which translates to a micrometer spin
diffusion length. Excitations with midinfrared circularly
polarized light is therefore a possible route to control
spintronic devices involving thin film topological insulators.
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