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Topological insulators are candidates to open up a novel route in spin based electronics. Different

to traditional ferromagnetic materials, where the carrier spin-polarization and magnetization are
based on the exchange interaction, the spin properties in topological insulators are based on the
coupling of spin- and orbit interaction connected to its momentum. Specific ways to control the spin-
polarization with light have been demonstrated: the energy momentum landscape of the Dirac cone
provides spin-momentum locking of the charge current and its spin. We investigate a spin-related
signal present only during the laser excitation studying real and imaginary part of the complex Kerr
angle by disentangling spin and lattice contributions. This coherent signal is only present at the time
of the pump-pulses’ light field and can be described in terms of a Raman coherence time. The Raman
transition involves states at the bottom edge of the conduction band. We demonstrate a coherent
femtosecond control of spin-polarization for electronic states at around the Dirac cone.

When exciting materials with femtosecond laser radiation, generally the observed phenomena are man-
ifold. The photon energy is directly transferred to electrons. The sharp electronic energy distribution
smears out and the initially coherent excited electronic system thermalizes by scattering processes in the
momentum space resulting in decoherence. Since electrons carry a spin, magnetic information is strongly
entangled with this coherence — decoherence transition process. The rearrangement of charge in addition
causes a movement of the atoms, however with a delay of picoseconds. In ferromagnetic materials, a
coherent interaction of the photon field with the spins has been evidenced that triggered research in the
new direction of femtomagnetism'*. As one mechanism the generation of a photo-induced optical ani-
sotropy in oxides like YMnO; has been discussed. This effect is related to a distinct localized level scheme
and acts as a mechanism to create an ultrashort spin polarization®. Non-equilibrium spin-polarization
in semiconductors® leads to spin-galvanic effects’ and/or spin helical modes due to an interplay of spin
coherence and diffusion®. Here, very interesting is the case of topological insulators®!! that combines
both: spin-properties, via the spin momentum locking'?-*!, and semiconductor properties because of
their band gap. In the presence of the laser field further coherent effects emerge, shown by Wang et al.?2,
which arise from an interaction of the periodic laser field and the electron wave functions of the sur-
face bands leading to laser-field induced gaps with periodicity of Aiw in energy, known as Floquet Bloch
states. The question investigated in this study is, what happens to a spin-polarization induced by the near
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Figure 1. Characterization of phonons and stress waves. Optical phonon mode and acoustic standing
wave measured by pump-probe reflectivity dynamics for a Bi,Te; film on Si(111) revealing phonon
dynamics.

infrared laser field and is it possible to generate a polarization induced by the photon field that inter-
acts coherently with the spins in the topological insulator? In the following we disentangle the different
processes by femtosecond pump-probe experiments giving access to their dynamics. The different stages
manifest from the fingerprint of a magnetic coherent state during the first ten femtoseconds of the laser
excitation to coherent atomic motion beyond the picosecond time scale originating from strain pulses,
seen as GHz oscillation in the magneto-optical Kerr rotation. Possibly this will allow to manipulate spin
polarized carrier dynamics in the topological insulator, and the spin dynamics in the spin-polarized
surface states itself on THz frequencies.

To probe the ultrafast dynamics in the topological insulator at the surface within the optical penetra-
tion depth, simultaneously to the time-resolved reflectivity, the change in the probe-pulse polarization is
determined®. This allows sampling not only the electron and phonon dynamics, but also the transient
birefringence induced by the pump-pulse, and eventual rearrangements of the spin polarization induced
in the first femtoseconds to nanoseconds after laser excitation?*?>. If a transient spin-imbalance is present
in the all-optical pump-probe experiment, the probe pulse’s polarization change related to a complex
Kerr angle can be detected. In our experiments the pulse has a full width of 40-80fs and a wavelenght
of X=2800nm corresponding to 1.55eV photon energy. The complex polarization angle (rotation of the
polarization axis and ellipticity) is extracted using an optical-modulation technique (see methods). All
experiments have been conducted at 295K, the Kerr angles are in the order of a few 1/100 degree and
comparable to ultrafast demagnetization experiments.

In Fig. 1 we present the phonon modes indicating the typical phonon resonance as a proof of the
high quality of the Bi,Te; thin film layered samples surface. The movement of the atoms is traced by
the delayed femtosecond probe in the reflectivity evolution after pump-pulse excitation. This phonon
mode at 1.84 THz represents a 540 fs dynamics of the atoms moving in the A;, mode, which is the most
prominent mode?®?’. On a longer time scale a slower oscillation is evident. It originates from the ther-
mal expansion within the surface after energy deposition, triggering a breathing of the Bi,Te; layer. This
phonon frequency is determined by the thickness and the velocity of sound ~4 nm/ps (4000 m/s) and we
extract a breathing of the standing wave of 63 GHz for the longitudinal phonon mode.

An ultrafast access to the pump-pulse induced change of birefringence is given by the complex polar-
ization rotation presented in Fig. 2. It is governed by the dielectric tensor €, which (in the polar config-
uration) has a particularly easy form with a diagonal non-magnetic part and an off-diagonal part that is
related to a complex polarization angle ¢, = —ie,, /(¢,, — 1)./€,, and present on different time scales®.
In ferromagnetic materials the magneto-optical Kerr angle is proportional to the materials magnetiza-
tion. Moreover, it is known that the normalization of the spin-sensitive off-diagonal optical contribution
with the non-magnetic diagonal optical contribution can cause a non-magnetic modification of the
magneto-optical properties, by the modification of the optical reflectivity alone. A direct comparison of
the transient Kerr signal with the time-resolved reflectivity gives a first hint whether the signal constitutes
the pure magnetic signal or the diagonal elements of the dielectric tensor cross talk with the complex
Kerr angle, as the crystal is rotated®® or as a function of delay time*. In non magnetic materials different
effects can contribute to a change in the complex polarization rotation which is sensitive to off-diagonal
terms of the dielectric tensor. We present the pump-pulse induced changes in the complex polarization
angle of the probe pulse as a function of the delay time in Fig. 2b for different orientation of the crystal
with respect to the plane of incidence of the laser light. Interestingly one observes a 30-ps slow oscillation
period, corresponding to a 31 GHz mode, decaying with a rate of 100ps. This oscillation’s amplitude
mirrors the crystal symmetry of the film while rotating the crystal: the film growth on the substrate is
defined by the underlying symmetry. Two domains are known to be present resulting from a van der
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Figure 2. Time resolved birefringence. (a) Dynamics on short and long time scales for left circularly
(LC), linear and right circularly (RC) polarized pump pulses. Inset: Separation of the coherent signal in the
presence of the pump-pulse. (b,c) Dynamic mode with 31 GHz with angular dependence of its amplitude
and relation to the two domains induced by the Si(111) surface (d).

Waals growth mode of the the topological insulator epilayer, rotated by 180° to each other®"?!. This con-
verts the hexagonal symmetry of the crystal that nominally would give rise to a three-fold symmetry with
period of 120°, to a two-fold symmetry with 180° period seen in Fig. 2d. Furthermore it can be noted
that the Kerr rotation is not sensitive to the phonon modes at 63 GHz, since those are not present in the
Kerr signal. Experiments at different magnetic fields and reversing the handedness of the circular polar-
ization of the pump beam do not provide evidence for spin-packets propagating at the sample surface,
as in the case of the laser induced spin helix in a GaAs/AlGaAs quantum well for example®. Such a signal
should reverse the spin orientation of the pump-pulse induced spin polarization. This 31 GHz mode is
not present in the dynamics of the reflectivity where we find the longitudinal standing wave. A coupling
of the off-diagonal optical elements of the optical tensor to a different breathing mode of alternative
symmetry cannot be excluded as a probable origin here.

A dependence on the pump-pulse polarization is seen in the presence of the pump-pulse’s laser field
on ultrashort time scales. It can be separated as shown in Fig. 2a, inset. The Kerr rotation for right circu-
larly and left circularly polarized pump pulse reveals a characteristic negative or positive peak, while the
linear pump-pulse excitation shows an intermediate slope. The latter contribution is related to the heat
and stress induced effects, as observed for longer delay times, and suggests discussing the difference sig-
nal in the following. We notice that this ultrafast signal remembers the light-field polarization. It seems
related to a pump-pulse induced ultrashort time polarization in the material, evident in a sign change
of the signal. Due to its fast decay within excitation pulses’s duration, it seems to be coherent within the
excitation pulse at first glance. Such an ultrafast polarization induced signal in the refraction has been
observed by Gedik et al. and ascribed to an ultrafast induced spin polarization followed by a very fast
depolarization'. By studying Kerr rotation and ellipticity simultaneously, we will see in the following
that this ad hoc explanation of the shape of the signal maybe not correct.

To determine its properties we conducted a composition dependent experimental series shifting the
Fermi energy though the gap of the topological insulator (Bi, ,Sb,),Te; alloy film with varied Sb content
(39, 43 and 45%). The variation goes from n-doped via intrinsic to p-doped. For Sb=43% a minimum
carrier density is extracted from Hall effect measurements of n~ 10" cm™ (in the following compensated
sample). The surface band Dirac cone was characterized by angle-resolved photoemission spectroscopy
(ARPES) experiments and band structure calculations®>*. To extract a spin-signal related to a pump-pulse
induced spin-asymmetries, we use the pump right circular, left circular Kerr rotation and ellipticity as a
difference signal to the linear pump-pulse polarization. The linear pump-pulse induced changes are
assumed to be spin-polarization independent. It appears that both signals, presented in Fig. 3, have a
characteristic slope: the shape of the signal is a combination of a Gaussian or Gaussian-derivative like
signal. Moreover the ellipticity has a significant delay as compared to the Kerr rotation, which amounts
to about 80fs. The sign change of the Kerr rotation is observed as small hump at a positive delay, e.g.
later arrival of the probe-beam pulse relative to the pump-beam’s center. The opposite holds for the Kerr
ellipticity where it appears at negative delay, e.g. earlier arrival of the probe-beam pulse relative to the
pump-beam’s center and points to a phase shift in-between the signals. To extract the time scales of the
dynamics and its components we employ a model applied originally to GaAs® and adapted for
photo-induced circular optical anisotropy in oxide insulators®. There it describes the dipole transition

SCIENTIFIC REPORTS | 5:15304 | DOI: 10.1038/srep15304 3



www.nature.com/scientificreports/

005] (BirSby)oTes Sb=39%
0.
-0.05 N

0.05 Sb= 43% (intrinsic)
0.00 <>\

-0.05.

o0 Sb=45%
0.00 Q“

-0.04

04 02 00 02 0.4-0.4 02
Time delay (ps) Time delay (ps)

Kerr rotation (arb.units)

Kerr ellipticity (arb.units)

02 04

o
5}

Figure 3. Coherent spin signal in presence of the pump-pulse. Dynamics on short time scales for left
circularly (LC, black), and right circularly (RC, red) polarized pump pulses with reference to the linear
pump induced changes. The signals are shown for the different compositions of the (Bi,_,Sb,),Te; film with
Sb from p to n doping. Data is overlaid with the model describing dynamic complex Kerr rotation 6. Please
note that the Kerr ellipticity has a significant delay as compared to the Kerr rotation as expected from the
Raman model.

above the band gap, from hybrid 2p-3d ground states into Mn*" 3d states. Within a characteristic time
(Raman coherence time Ty) a transition in between a degenerate state with symmetry |+j) to|—j) chang-
ing magnetic quantum number and thus the magnetic polarization in the transient state is its basic idea.
This allows describing the typical shape of the polarization observed for the complex Kerr rotation
(¢x= 0+ ie) around a resonance

2 2

t o t
— — —| X 1 —erf| — — —
41y o 2Tp o (1)

with t as temporal evolution (pump-probe delay) and o = 7y, /~/2In2, the pulse width, is given by
Trwey full width at half maximum (FWHM). The Raman coherence time Ty and the complex amplitudes
are related to the dielectric susceptibility tensor in analogy to ref. [5].

It is noted that the pump-induced anisotropy is quite large compared to the amplitudes of the signal
at longer time scales. The Kerr rotation and ellipticity induced by the pump-pulse for oblique incidence
of 45° from the normal were fitted simultaneously. The signal is asymmetric, and as a consequence we
extract a Raman coherence time that is shorter than the laser-pulse width. We find almost constant val-
ues around 9-15fs practically independent of the Fermi level position, with a tendency for a minimum at
Sb=43%. The amplitude factors, related to time-dependent dielectric tensor elements, are responsible for
the phase factor. One can see the effect of the different amplitudes given in Fig. 4a, where the ellipticity
ie in the complex Kerr rotation follows almost a Gaussian shape, and we generate an almost derivative
shape for the real part 6. This demonstrates that a coherent polarization effect determines the shape of
the spectra in presence of the femtosecond laser field. The phenomenological three level model can be
used to derive the different shape observed for Kerr rotation and Kerr ellipticity, where both the real and
imaginary part are related via the Kramers-Kronig relation. The analysis is shown in Fig. 3 overlaid to the
experimental data and describes the spectra in detail. In Fig. 4a the comparison between real part and
imaginary part is displayed for the case of the compensated sample (right polarized pump pulse) and in
Fig. 4d the complex Kerr signal is compared for right and left circularly excitation showing the opposite
direction of the phase-trace in the complex plane.

To relate these transitions to the band structure of Bi,Te; (or Sb,Te;) we use ab initio density func-
tional theory band structure calculations and solve the full Dirac equation; the electron-electron inter-
action is treated in local-density approximation. The bulk-band structure of Bi,Te; (or Sb,Te;) at around
the Fermi level is dominated by the bonding p-orbitals of the Te and the anti-bonding states of Bi. We
calculated the j resolved band structure in the simplified model for j=1/2 and j= 3/2 contributions. For
the laser frequency w with iiw=1.55¢V we find a resonance for dipole transitions for ¢~ from m;= 3/2
to m;=1/2 (o* from m;= —3/2 to m;= —1/2) at the I point into the lowest unoccupied states above the
energy. Relatively flat bands at around the I" point result in a reasonably large localized density of states
for these transitions to form a resonance, corresponding to a transition from Te to the anti-bonding of
Bi verified by band structure calculations (see Supplementary Materials). This polarization effect induced
change in the Kerr rotation appears only in presence of the pump-pulse. After that the coherence is lost,
originating from intra- and interband scattering and dephasing. Thus, this probe of the femtosecond
phase space filling is a sensitive probe of the time dependent redistribution of carriers excited at the band
edge close to the I' point and is sensitive to the electronic structure at the Dirac cone here modified by the
different composition of the (Bi,_,Sb,),Te; alloy.

0+ ic = Aexp + Bexp

T2
o
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Figure 4. Model of the pump-induced coherent polarization at the band edge. (a) Comparison of the
dephasing of Kerr rotation and ellipticity, experimental data and model for the compensated case (Bi,_,Sb,),Te;
film with Sb=43%. (b,c) Schematics of the coherent interaction in presence of the pump-pulse and in

the simplified three level diagram revealing the intrinsic time scale (Raman coherence time Ty). (d) Kerr
rotation O for the compensated case in the complex plane for left circularly (LC, black), and right circularly
(RC, red) polarized pump pulses. (e) Calculated band structure showing j=1/2, 3/2 character of the states
and possible optical transitions for 800nm (1.55eV).

By relating these transitions to the element projected band structure (see Supplementary Materials),
we can interpret them as rectification and shift currents***>. While the first one results in a diffusive
current with different velocities of the spin-polarized excited carriers, the other results in a replacement
of charge (spin polarized) in the unit cell and a short polarization. In the simplified level scheme of
Bi,Te; this corresponds to a transfer of electrons from the bonding p-orbital of Te to the anti-bonding
p-orbital of Bi. Indications for this local shift currents that are hence polarization dependent are seen
also in THz emission and pulsed AC photo-voltage generation in Hall bar devices and such current
burst can be related to a spin polarized charge current®. In contrast, the Kerr angle allows accessing
the pump-induced coherent spin-polarization in the transient state directly. It is interesting to relate our
results to the spin- and electron dynamics determined by time-resolved and angle-resolved spectroscopy
at the same transition by Cacho et al.¥’. They report a second spin polarized surface state in the conduc-
tion band. From their data and experiments they conclude well separated spin dynamics in these excited
states as well as the presence of a significant spin polarization, however the effects they observe appear
on a much longer time scales of 1-6 ps. They identify this second spot to contribute with a major role
to the spin dynamics of the excited system. The importance of a second Dirac cone for the transitions
at around 1.55eV via a direct optical coupling to this unoccupied Dirac surface state had been pointed
out for Bi,Se;*, but the role and appearance of this transition in the Bi,Te; (and (Bi,Sb),Te;) system is
still under investigation.

In conclusion, we discussed dynamic effects induced by the pump pulse at 1.55eV femtosecond laser
excitation detected in the reflectivity dynamics and complex Kerr signal on time scales of femtoseconds
to nanoseconds. Coherent phonon modes have been observed, as the A, mode and modes in the GHz
range related to acoustic standing waves of the film. Modes in this frequency range have been observed
in the Kerr rotation, e.g. the dynamic signal related to the magnetic properties, however we can exclude
a direct, simple crosstalk of optics from the comparison of both modes that have different origin and
interaction may be more complex. By subtraction of the linear-pump pulse dynamics from left- and right
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(Bi,_,Sb,),Te,

n-doped, Sb=39% Intrinsic, Sb=43% | p-doped, Sb=45%

IRaman coherence time (fs) 9.0(0.5)-13.7(1.2) 8.9(2)-9.8(0.1) 11(3)-14.8(1.0)

Table 1. Raman coherence times Ty extracted from the time-resolved Kerr rotation and ellipticity
spectra for different doping (Bi, ,Sbx),Te;, Sb =239, 43, 45%. The analysis was tested against rigidity. The
interval reflects the spread using fixed and variable length of the excitation pulse respectively (statistical
error in brackets).

circular pump-pulse polarization, we find a spin-related signal present only during the laser excitation
with different phase for real and imaginary part of the complex Kerr angle. This signal is only present due
to polarization of the topological insulator in the presence of the pump-pulses’ light field. We describe
the shape of these signals with a pump-induced polarization of the states excited across the band gap of
the topological insulator, involving the lower bottom edge of the conduction band that can be analyzed in
terms of a Raman coherence time. The states close to the band edge are known to be hybridized with the
surface bands, and moreover the optical transitions could be close to the appearance of the second unoc-
cupied Dirac cone inside the conduction band™®, so it will be interesting to relate these pump induced
polarization effect as a probe of the properties of the topological states in the band gap in future studies.
We find a weak dependence for the Raman times with the tendency of a shorter coherence time for the
intrinsic films with intermediate Sb composition.

Methods

Ultrafast laser spectroscopy. In the all-optical pump probe experiment the magneto-optical Kerr
rotation of the probe beam is measured. The pulse has a full width at half maximum of T =40-80fs and a
central wave length of X =800 nm (Ti:Sapphire amplifier system RegA 9040, Coherent) corresponding to
1.55eV photon energy. The repetition rate of the laser system used is 250 kHz. The Kerr angle is extracted
by means of a photoelastic modulator. All measurements have been conducted at room temperature
(295K). To extract a spin-signal related to a pump pulse induced spin-asymmetries at ultrafast time
scales, we use the Kerr signal for linear pump-pulse polarization as a non-magnetic reference. Since the
linear pump-pulse induces only transitions equally for spin-up and spin-down electrons, these changes
will be spin-independent. The signals for pump right circular, left circular, Kerr rotation and ellipticity
are plotted as a difference signal pump-left, right circular minus pump-pulse linearly polarized (see inset
Fig. 2a). This allows separating the contributions from electron and phonon dynamics and pump-in-
duced spin-polarization. Interference of scattered light of pump-pulse and probe-pulse at the detector
caused by stray light from the pump region, for example by a locally rough spot or periodic modulation
of the index of refraction (light induced optical grating), have been identified in the experiments and
minimized. This effect known as optical artifact at around T =0 is causing a fast oscillation of the signal
sampled at each delay. The analysis using the three level model was tested against rigidity of the interde-
pendence of the two variables defining the interval in Table 1 reflect the spread using fixed and variable
length of the excitation pulse respectively.

Sample preparation. The first set of samples, Bi, Te; and (Bi,Sb), Te; films from the Forschungszentrum
Julich were grown by molecular beam epitaxy (MBE) on Si(111) wafers. Prior to the deposition, the Si
substrates were chemically cleaned by the HF-last RCA procedure to remove the native oxide and pas-
sivate the surface with hydrogen. The substrates were subsequently heated in-situ to 600°C for 20 min
to desorb the hydrogen atoms from the surface. The Sb, Bi and Te material fluxes were generated by
effusion cells with temperatures of 460°C-470°C (Bi), 370°C-390°C (Te), and 400°C-420°C (Sb). For
all samples, the Te shutter was opened 2seconds before the Sb and/or Bi shutter, in order to saturate
the Si substrate surface with Te. Throughout the growth, the substrate temperature was set at 300°C. A
low growth rate of ~5-10nm/h was chosen in order to obtain a smooth and uniform sample surface.
In case of the ternary (Bi,Sb),Te; samples, the Sb concentrations were determined by Raman measure-
ments and x-ray photoelectron spectroscopy. From high-resolution transmission electron microscopy
experiments it is seen that the topological insulator films are fully relaxed from the very first quintuple
layer. These layers grow in the so called van der Waals growth mode where only a weak van der Waals
force between substrate and the topological insulator epilayer is present. This growth mode results in
two domains rotated by 180°!. For these films angle-resolved photoemission spectroscopy (ARPES)
revealed the topologically protected surface states combined with band structure calculations for Bi,Te;
and Sb,Te; films®2%,

The growth of Bi,Se; layers at the Massachusetts Institute of Technology, second set of films studied,
was carried out by molecular beam epitaxy (MBE) under an ultra-high vacuum (UHV) environment
(10-°-10""*Torr). High purity (5N) elemental Bi and Se were co-evaporated from different Knudsen-cells
with typical growth rates between 0.5-1nm/min. (0001)-oriented, epi-ready, commercial Al,O; (sap-
phire) wafers were used as a substrate. To improve the surface quality common wet cleaning techniques

SCIENTIFIC REPORTS | 5:15304 | DOI: 10.1038/srep15304 6



www.nature.com/scientificreports/

were employed, followed by in-situ oxygen plasma cleaning to remove organic contaminants from the
substrate, finally annealing for an hour at 600°C, and at 800°C for 30 min under 10~ Torr. Substrate
preparation as well as the growth process were monitored by in-situ reflection high-energy electron
diffraction (RHEED) and indicates atomically flat surface. The temperature of the substrate was kept at
280+ 5°C for crystalline Bi,Se; growth, i.e. in the epitaxial growth regime with a hexagon-on-hexagon
orientation and the RHEED pattern of the grown layer is shown in the inset as well. In order to obtain
detailed information about the crystal quality of the films, x-ray diffraction (XRD) patterns were studied.
20QL Bi,Se; show highly resolvable Laue oscillations around the Bragg peaks, a clear indication of the
film’s structural coherence along the growth direction.

Band structure calculations. The ab initio results are obtained with a full-relativistic
Korringa-Kohn-Rostoker Green’s function method in atomic-sphere approximation®. We use the LDA
functional by Vosko, Wilk, and Nusair®. To identify the character of the states we calculate a k-resolved
density (Block spectral density) along the symmetry lines which is additionally resolved by the total
angular momentum quantum number j.
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