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Abstract

The wavelength and time delay dependent reflection spectra of nano crystals Bi.Ses, BizTes and Bi;Te,Se were studied for
ultrafast dynamics, using pump and probe spectroscopy. We observed only one transient peak for Bi.Ses below 600nm,
which decreases linearly with time delay. Three transient sharp peaks were observed for Bi,Tes for wavelength dependent
graph, which reveals about the ultrafast dynamics of charge carrier. We also observed oscillations in Bi.Ses crystal above
600 nm which was absent in Bi,Tes; sample. Bi>Te;Se showed a single transient spectrum peak at 482 nm with the highest
peak for 103ps time delay. The curve fitted Time resolve (TR) trace for both Bi,Se; and Bi,Tes crystals at 492 nm
wavelength, revealed almost the same results for rise and decay time. Copyright © 2017 VBRI Press.
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Introduction

Topological insulators (TI) are a new class of insulating
materials that conducts electricity through special surface
electronics states [1]. The surface state of TI is
topologically protected by the time reversal symmetry
[2-3] which makes the electrons “dissipation less” [4] in
case of non-magnetic impurity, making the bulk insulated,
not being adiabatically connected to the surface. The
properties of the topological materials are explained by
two features of quantum mechanics: the reversal of time,
and the spin-orbit coupling occurring in heavy elements
such as Bismuth and Mercury. Some of the 3-dimensional
materials exhibiting these properties, having metallic
surface bands, and forming a Dirac-cone are BizSes,
Sh,Tes and Bi,Tes This property makes them favorable
for new generation of electronic devices. But for such
realization to be practical, an insight into dynamical
response and further knowledge of electronic states are
required. Due to the fact that Dirac-cone is a surface
feature, it becomes essential to determine the interband
scattering range i.e. the distance over which the surface
band exchange carriers with the bulk. Angle resolved
photoemission spectroscopy (ARPES) [5, 6, 7] and time
resolved photoemission spectroscopy (TrARPES) are the
two effective methods to probe the metallic and two
dimensional (2D) Dirac surface states (SS) of Tls. They
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use photoelectric effect i.e. high energy photons are shone
onto the sample surface ejecting the electrons. By
analyzing the energy, spin and momentum of these
electrons, the electronic structure and spin polarization
can be directly measured. But these techniques are limited
due to their sensitivity to SS and bulk atoms, therefore we
need a novel solution that is insensitive to the sample
surface and can individually probe the bulk and the
surface state. The advent of optical pump-probe mid
infrared (mid-IR) spectroscopy provides the answer to the
problem, which is a bulk sensitive technique and is used
to explore the non-equilibrium dynamics of the Tls. By
using multiple femtosecond laser pulse [28], transitions
involved between different states of the molecular system
are probed and information about various dynamical
process are extracted which are otherwise hidden by
macroscopic inhomogeneous broadening. Femtosecond
pump-probe spectroscopy [28] enables to follow in, real
time vibrations coupled to electronic transitions. Being
excited by pulse shorter than the vibrational period,
vibrational coherence is induced both in the ground state
and excited electronics states which provides information
on excited state nuclear dynamics. It also allows us to
probe the fundamental relaxation process directly within
conduction band and Dirac-cone, distinguishing the
surface and the bulk dynamics. The information about
different molecular dynamics such as de-coherence times,
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vibrational relaxation times, population lifetimes and
coherence coupling can thus be extracted. In addition,
time domain vibrational spectroscopy evades the
difficulty faced in Raman spectroscopy of discriminating
the low frequency modes against the laser line. It has also
been effectively employed to fabricate various optical
elements such as optical waveguide, couplers, gratings,
photon crystals and other functional optoelectronic
devices [8-13].

In our present work, we have prepared single nano
crystals of Bi,Ses BiyTesz and Bi;Te;Se, and carried out
the optical pump-probe spectroscopy using femtosecond
laser pulse which gives useful information about the
surface states of TIs. Reflection spectra results were
studied and correlated for all the crystals with the
objective of studying the ultrafast dynamics of the charge
carriers in different surface energy states.

Experimental
Materials/ chemicals details

We have used Bismuth(ur) and Selenium with purity of
99.999% (metal basis), Tellurium with 99.98% purity
(metal basis). All the chemicals were brought from Alfa
Aesar.

Material synthesis

Single nano size crystal of Bi,Ses [14], Bi>Tes; [16] and
Bi;TezSe [15] were grown by self-flux method [16] in the
furnace, we obtained the optimal preparation conditions
by adjusting the parameters of heat treatment, single
phase for the crystals were confirmed by XRD.
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Fig. 1. Experimental set up for optical pump probe spectroscopy.

Characterizations

To perform ultrafast optical pump-probe spectroscopy, a
train of optical pulses from a Ti: Sapphire laser amplifier
(35 fs, 4 mJ/pulse, 1 KHz, 800 nm) was split into two
beams with a beam splitter as shown in Fig. 1. One with
high intensity was used as a pump and an optical
parametric amplifier (TOPAS, Light Conversion) was
employed to vary the wavelength of this pump beam from
190 nm to 2600 nm. The other beam with weak intensity,
was propagated through a CaF, crystal to generate white
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light continuum (WLC) covering the whole spectrum of
visible light to be used as a probe beam. The probe beam
was optically delayed with respect to pump beam using a
computer-controlled delay stage. The intrinsic temporal
resolution of delay stage was 7 fs. Here we have
performed ultrafast pump-probe spectroscopy using
490-550 nm pump beam at normal incidence and the
changes in absorption was detected by using a gated-
CMOS detector. The pump pulse power was intentionally
kept low (35 mW) for all the measurements to avoid any
damage on TI surfaces. The time resolved study was
performed using HELIOS  (Ultrafast  systems)
spectrometer [17-23].
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Fig. 2. (a) Reflection spectra showing amplitude variation AA verses
wavelength (nm) of the probe for Bi, Se; (b) Peak variation for Bi, Se;
verses time delay (ps) between the pump and probe as observed from
transient spectra.

Results and discussion

Results for single crystal Bi,Ses Bi;Tes and Bi;Te,Se
were obtained with reflection spectra, showing the
amplitude change v/s wavelength of probe beam for
different time delays (ps). For Bi,Ses, an increase in
amplitude was observed for shorter wavelength range
(nm) of the probe [Fig. 2a]. High amplitude reflection
was observed with large rise time for probe delay
(302-603 ps) showing the exited state absorption [24] in
the form of positive AA spectrum. Maximum absorption
was observed at 302 ps delay. The oscillations were
clearly visible at higher wavelength range (600-800 nm)
for the Bi,Se; crystal. These oscillations became less
prominent for smaller time delay range (199 -2.18 ps) as
compared to higher delay range (302-603 ps) between the
pump and probe. Major oscillations were observed
beyond 620 nm (below Energy=1.99 eV). The oscillations
had highest value at 398 ps time delay at 770 nm
(Energy=1.61 eV) probe wavelength. The transient peak
spectra for Bi,Ses shows a linear decreasing behavior with
time delay between the pump and the probe (Fig. 2b) with
the highest peak value at 302 ps. The oscillations may be
possible due to consecutive, excited state absorption and
stimulated emission for that excited state [24], it may be
due to the bulk state electrons moving to the surface. The
higher wavelength oscillations correspond to the small
transitions that are observed due to the movement of
electron into different states on the surfaces of the Bi,Ses
crystal.

Fig. 3 shows the reflection spectra of Bi,Tes crystal
obtained by the pump probe spectroscopy. Positive
transient spectra peak P1 (Fig. 3) was obtained at 409 nm
(Energy=3.03 eV) which have greater than the pump
intensity of 2.53 eV (490 nm), indicating excited state
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absorption [24]. It is due to optically allowed transition
from the excited state to higher excited state [24].
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Fig. 3. Reflection spectra of Bi,Te; showing reflectivity variation AA
verses wavelength (nm) of probe for different time delays between pump
and the probe. Inset (a) shows enlarged image for the spectra peaks P1,
P2 & P3 and (b) shows the enlarged spectra peaks P5, P6 & P7.

Second transient spectra peak P3 was observed at 427
nm wavelength for two probe delays (103 nm, 308 nm),
whereas for other delays two spectra peaks were observed
at 421 nm and 429 nm as revealed by the inset (Fig. 3c).
A major peak P4 obtained at 490 nm (2.53 eV) shows the
pump peak. The negative spectra peak P2, revealing the
ground state bleach [24], was obtained at 413 nm (3.00
eV) that shows less absorption due to less electrons in the
ground state, with some stroke shifted spectrum
representing the stimulated emission [24]. Another
transient spectra peak at P5 (Fig. 3 a & b) was obtained at
544 nm for two time delays (103 ps, 308 ps). For all other
time delays, ground bleach with stimulated emission was
observed with stroke shifted spectrums [24]. One more
transient spectra peak P7 was observed at 560 nm
showing the excited state absorption [24] to higher energy
states. No oscillations were observed in Bi,Tes single
crystal spectra unlike BiSes, where oscillations were
clearly visible at higher values of the wavelength.

Fig. 4 shows the Transient spectra results obtained for
Bi,Te,Se crystals. P1 & P3 were two negative spectra
peaks obtained at 414 nm and 486 nm, respectively,
which showed the ground state bleach [24]. The negative
peak might be the result of stimulated emission. Stroke
shifted spectrum [24] were obtained for both the negative
peaks as observed before. The major negative peak
observed at 547 nm (2.26 eV) wavelength shows the
pump peak. The transient spectra peak P2 was observed
at 482 nm (2.57 eV) which was attributed due to the
excited state absorption of the photon and the movement
of charge carriers [24] to higher energy states. Here the
excited state population may be affected since the probe
energy is higher than the pump energy. Fig. 4c in the inset
shows the transient spectra peak variation of Bi,Te;Se for
the peak P2 (Fig. 4a & b).

The peak value increases upto 103 ps time delay and
then decreases upto 199 ps and then again increases with
further increase in the time delay between the pump and
probe (Inset of Fig. 4). The maximum peak value was
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obtained at 103 ps time delay as depicted by the blue
graph (Fig. 4a).
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Fig. 4. Reflection spectra of Bi,Te,Se at different time delays between
the pump and the probe. Inset (a) shows the enlarged image for the
transient spectra peak P2 and negative spectra peak P3 and Inset
(c) shows the transient spectra peak variation of P2 with respect to the
time delay between the pump and the probe.

As compared to the Bi.Te; an additional transient
spectra peak at 482 nm was observed which may be due
to the addition of another Se atom in place of Te [25]. We
observed that the highest transient spectra peak for Biy
Te,Se at 103 ps (Fig. 4a) as compared to that of the
Bi;Tes where the highest transient spectra peak was
obtained at 308 ps (Fig. 3). This implies that the excited
state absorption for Bi,Te.Se takes place earlier than that
of BizTeg_
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Fig. 5. (a) TR trace showing the amplitude variation as a function of
time delay (ps) at 492 nm wavelength for Bi,Ses crystal with the green
curve showing the best fit exponential curve. Inset shows the TR trace
for Bi,Tes at 492 nm crystal with the red curve showing the best fit
exponential curve.

Fig. 5 shows the TR trace for reflectivity dynamics of
the grown Bi,Ses crystal as a function of time for different
range of the probe wavelength (nm). Maximum positive
reflectivity was observed for time delay (220-2500 ps)
showing the maximum absorption and then the amplitude
decays exponentially. The amplitude decreases with the
decrease in frequency of the probe. The exponential
fitting was done for one rise time (t;) and two decay time
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constant (ts, tg2) for both the crystals, using two
exponential decay functions. Fig. 5 shows the curve
fitting for 492 nm wavelength. The rise time was found to
be t,=268 ps with instrument response function to (IRF)=
47.37 ps. The rise time in Bi>Ses (~ 200 ps) was much
longer than expected for typical semiconductors and
metals (~ 300 fs) [26] .This time scale corresponds to the
delayed thermalization of carriers via electron-electron
interactions. The two delay times obtained
were t1=334.7 ps and ts2;=4.053 ns. The shortest delay
teo=4.053 ns was assosiated with electron-phonon
relaxation, whereas the longer delay t:1=334.7 ps was
assosiated with the charge seperation [27] or thermal
effects [28]. Fig. 5b in the inset shows the TR spectra
between the reflectivity and the time delay for Bi>Tes
nano crystal. It shows negative amplitude for 549 nm
probe wavelength for different time delay range (ps),
which shows a highly correlated electron system as
observed earlier [29]. Short amplitude oscillations were
observed for the wavelength range (408-561 nm) of the
probe at varying time delay range (ps). The curve fitting
[Inset of Fig. 5] for Bi;Tes at 492 nm wavelength resulted
in a rise time of t,=223.7 ps with the instrument response
function t=33.21 ps and the two delay time obtained were
t#n=293 ps and t=3.03 ns. We see no major differences
in the range of rise and the delay time except the negative
amplitude behavior for 549 nm range. The shortest delay
t2=3.03 ns was assosiated with the electron-phonon
relaxation, whereas the long delay t4;1=293 ps was
assosiated with the charge seperation [27] or thermal
effects [28] due to charge carriers.The transient signal for
Bi,TezSe crystal was weak so it was not possible to fit the
exponential curve for it.

Conclusion

The wavelength and the time delay dependent
characteristics of reflectivity spectra of these crystals
were studied separately. The oscillations were clearly
visible for Bi,Se; above 600 nm wavelength and its
transient spectra peak, decreases linearly with the time
delay, with the highest peak for 302 ps delay. The Bi,Tes
crystal showed transient spectra peak at 409 nm, 427 nm
and 544 nm wavelength, with the highest peak amplitude
for 308 ps time delay. The Bi,Te;Se crystal showed
the transient spectra peak at 482 nm, with the highest
peak for 103 ps time delay. TR trace for both Bi, Se; and
Bi, Tes crystals were analysed and the curve fitting for
492 nm wavelengths revealed almost the same result for
rise and decay time. The transient signals for Bi,Te.Se
crystal were weak so exponential curve fitting was not
possible.
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