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and Sheng-Nian Luo c

We present a time-resolved ultrafast optical spectroscopy study on BiTeI, a noncentrosymmetric

semiconductor with large spin–orbit splitting. By tuning the pump photon energy, hot carriers can be

excited into different energy bands, and the hot carriers decay dynamics are measured. The hot carriers

excited by an 1.544 eV photon induce a positive differential reflectivity following a single exponential

decay, while the hot carriers excited by an 1.651 eV photon show a negative reflectivity following two

exponential decays, i.e., the hot carriers excited by 1.544 eV and 1.651 eV photons show different decay

dynamics. We also investigate hot carrier dynamics in each Rashba splitting band at the 1.544 eV and

1.651 eV photon pump, and there is no difference in hot carrier decay between the left and right Rashba

splitting bands for both cases.
1 Introduction

The Rashba effect originates from the spin–orbit interaction,
and has been rarely explored since the energy band splitting is
normally too small,1–4 except for such substances as bismuth
tellurohalides BiTeX (X¼ I, Br, and Cl) with strong Rashba spin–
orbit coupling.5–12 Given the lack of spatial inversion symmetry
in its lattice, BiTeI has demonstrated the strongest spin–orbit
coupling, which gives rise to large Rashba spin splitting in both
bulk and surface states.13–17 Such spin splitting was also
observed in materials such as PtBi2, which have potential
applications in novel spintronic devices.18

The layered non-centrosymmetric semiconductor BiTeI is
a van der Waals layer material. Each van der Waals layer
contains three atomic layers, i.e., the Bi, Te and I layers. The Bi
layer is inserted between the Te and I layers [Fig. 1(a)]. The I
layer is negatively charged, while the (BiTe)+ layer, containing
the Bi and Te layers, is positively charged.19–24 The intrinsic
polarity between the I� and (BiTe)+ layers, coupled with the
strong spin–orbit interaction of Bi, leads to a huge Rashba
effect.2,23,25 The energy band splitting of BiTeI near the Fermi
energy has been measured with angle resolved photoemission
spectroscopy (ARPES),19,26,27 and the relationship between the
band splitting in bulk/surface states and the giant Rashba effect
has been established with the help of the rst-principles
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calculations23,28–31(Fig. 1(b)). Both the bulk and surface states
of BiTeI are split.20,32–34

Here, we employ femtosecond time-resolved optical spec-
troscopy (FTOS) to investigate photoexcited hot carrier decay
dynamics of BiTeI. By tuning the pump photon energy, we excite
hot carriers into different energy bands, and their decay
Fig. 1 (a) van der Waals layered crystal structure of BiTeI. (b) Sketch of
the energy band structures of BiTeI. Here, the pump laser polarization
is either left circular (h) or right circular (g). The bands with a bottom
on the�k side and the k side are referred to as the left and right Rashba
splitting bands, respectively. (c) Schematic showing the pump-probe
femtosecond transient optical spectroscopy.
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Fig. 2 Structure and optical property of single-crystal BiTeI. (a) X-ray
diffraction pattern. (b) Raman spectrum. (c) Photon energy-dependent
absorbance of BiTeI at 300 K. A: absorbance; E: photon energy. Inset:
dA/dE as a function of E.
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dynamics are measured. On the other hand, the hot carrier
decay dynamics show no difference between the le and right
Rashba splitting bands.

2 Experiments

Single crystals of BiTeI were grown by the Bridgman method.
High pure powders of bismuth, tellurium and iodine with the
molar ratio of 1 : 1 : 1 were mixed in a quartz ampoule which
was sealed in vacuum. Then the quartz ampoule was inserted
into a tubular furnace. Aer melting the sealed powders above
900 K, the ampoule was pulled with a speed of 1 mm hour�1

toward the lower-temperature region to obtain the single crys-
tals BiTeI. The crystal structure of the BiTeI sample was char-
acterized with X-ray diffraction (XRD) (PANalytical Empyrean).
Raman spectrum was also measured in a home-make Raman
system. We measured the absorbance of BiTeI using a UV-
visible-near infrared spectrophotometer (UV-3600). Before
being loaded on a cooling stage for the FTOS experiments,
a BiTeI single crystal is cleaved with scotch tape to obtain a fresh
surface. Fig. 1(c) show a schematic of the FTOS, and the detail
setup was presented elsewhere.35 We use a Ti:sapphire laser
with a temporal solution of �35 fs, and a repetition rate of 80
MHz. A beam splitter splits the laser beam into a pump beam
and a probe beam. The pump beam is modulated by an acoustic
optical modulator. A delay stage is set in the probe light path to
tune the delay time. The center wavelength of the Ti:sapphire
laser can be tuned between 1.544 eV and 1.651 eV. These two
beam spots overlap on the sample surface (the spot diameter �
30 mm). For all the pump photon energies and temperatures
explored, the pump uence is xed at 9 mJ cm�2, and the probe
uence, at 0.9 mJ cm�2. By tuning the polarization of the
femtosecond pump laser (le circular (h), right circular (g) or
linear (4) polarization), we can selectively excite the hot
carriers into the le side, the right side, or both sides of the
Rashba spin splitting bands[Fig. 1(b)]. The probe laser is xed at
the s-polarization in all the measurements. For both the le
circular polarization (h) and the right circular polarization (g)
explored, the pump uence is xed at 9 mJ cm�2, and the probe
uence, at 0.9 mJ cm�2. The sample temperature is controlled
with a Montana cryostation.

3 Results and discussion

The XRD q � 2q scan in Fig. 2(a) shows only the (00L) peaks,
indicating that the BiTeI sample is indeed single-crystal and its
surface is perpendicular to the c axis. The Raman spectrum of
BiTeI sample show two phonon model at 102 cm�1 and
133 cm�1, indicate its pure phase. Photon energy-dependent
reectance of BiTeI at 300 K was shown in Fig. 2(c). Sharp
reectance change is observed near 1.62 eV, i.e., the electronic
transition near 1.651 eV induce strong reectance change.

We conduct the pump-probe experiments rst with the
linearly polarized (4) femtosecond pump laser. The linear
polarization (4) can be considered as the combination of the
le circular polarization (h) and the right circular polarization
(g). Theh- andg-polarized light have an angular momentum
16480 | RSC Adv., 2022, 12, 16479–16485
+1 and �1, respectively. The electron hopping between the
energy bands is governed by the conservation of angular
momentum.36 For example, a h-polarized light pump can only

excite a spin electron from the �1
2
-branch of the valence band

into the þ1
2
-branch of the conduction band, i.e., the change of

angular momentum DL ¼ þ1
2
�
�
�1
2

�
¼ 1. We assign the spins

of the electrons on the le surface/bulk Rashba splitting band

in the valence and conduction bands as �1
2
and þ1

2
, respec-

tively, and the spins of the electrons on the right surface/bulk
Rashba splitting band in the valence and conduction bands as

þ1
2
and�1

2
, respectively [Fig. 1(b)]. Hence, theh-polarized light

pump can only excite electrons from the le surface/bulk

Rashba splitting valence band
�
�1
2

�
into the le surface/bulk

Rashba splitting conduction band
�
þ1
2

�
[Fig. 1(b)]. It is

similar for the excitation of electrons by the g-polarized light
pump. Hence, a linearly polarized (4) laser can simultaneously
excite the hot carriers into both the le side and the right side of
the Rashba spin-splitting bands for both the surface and bulk
states.

Fig. 3 shows the DR(t)/R0 time series of single-crystal BiTeI
collected at 5 K and 300 K with a linearly polarized (4) laser
and the pump photon energy varied from 1.544 eV to 1.651 eV.
At 5 K [Fig. 3(a)], the DR(t)/R0 curve has a strong positive peak at
a pump photon energy of 1.544 eV. With increasing pump
photon energy, the positive peak becomes weaker and disap-
pears completely at 1.651 eV, while a negative peak emerges at
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 DR(t)/R0 time series at (a) 5 K and (b) 300 K for different pump
energies as noted. The femtosecond pump laser is linearly polarized
(4).

Fig. 4 DR(t)/R0 time series collected with a pump photon energy of (a)
1.544 eV and (b) 1.651 eV at different temperatures as noted. The
femtosecond pump laser is linearly polarized (4).
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View Article Online
�1.574 eV and continues to grow. The complete sign reversal
occurs at 1.651 eV. However, the sign reversal at 300 K [Fig. 3(b)]
is not complete even at the highest pump photon energy
allowed by the system (1.651 eV), and there is only a weak
negative peak in the DR(t)/R0 time series at high pump photon
energies.

The temperature dependence of the DR(t)/R0 time series
collected with linearly polarized (4) femtosecond laser pump is
explored within 5–300 K at xed pump photon energies
(1.544 eV and 1.651 eV; Fig. 4). At 1.544 eV, the DR(t)/R0 time
series show a pronounced positive peak at 5 K, and its ampli-
tude decreases with increasing temperature [Fig. 4(a)]. At
1.651 eV, the DR(t)/R0 time series shows a strong negative peak
at 5 K, and as heating proceeds, this negative peak weakens and
a positive component emerges, grows and becomes dominant at
high temperatures.

4 Discussion

The differentDR(t)/R0 time series are observed at 5 K when BiTeI
is pumped with different photon energies (1.544 eV versus 1.651
eV), since the photonexcited hot carriers are excited into
different energy levels. Fresnel equations can be used to
describe the reectivity of the materials, it have been used to
study the 2-dimensional materials, such as MoS2, MoSe2, WS2,
WSe2 and CrCl3.37,38 Here, we invite it to investigate the reec-
tivity of BiTeI. Reectivity of a material under consideration can
be described as R¼ (n� n0)/(n + n0)¼ 1� 2n0/(n + n0), with n0 ¼
1, and n ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

30m03rmr
p

.39 Here n, 30, 3r, m0 and mr are refractive
index, dielectric coefficient in vacuum, relative dielectric
© 2022 The Author(s). Published by the Royal Society of Chemistry
coefficient, magnetic permeability in vacuum, and relative
magnetic permeability, respectively. For a non-magnetic mate-
rial, mr z 1, nf

ffiffiffiffi
3r

p
, and Rf1� 2=ð ffiffiffiffi

3r
p þ 1Þ. The DR(t)/R0 time

series collected at 1.544 eV and 5 K has a positive peak, revealing
that the hot carriers excited by 1.544 eV photon induce an
increase in 3r. On the other hand, the DR(t)/R0 time series
collected at 1.651 eV and 5 K shows a negative peak, indicating
that the hot carriers excited by 1.651 eV photon induce
a reduction in 3r.

The DR(t)/R0 time series collected at 1.544 eV can be
described with a single exponential decay (denoted with
subscripts a), while the DR(t)/R0 time series collected at 1.651 eV
can be described with the combination of two exponential
decays (denoted with subscripts b1 and b2),

DRðtÞ=R0 ¼ Aa exp

�
� t� t0

sa

�
þ C; (1)

and

DRðtÞ=R0 ¼ Ab1exp

�
� t� t0

sb1

�
þ Ab2exp

�
� t� t0

sb2

�
þD; (2)

Here A and s are amplitude and relaxation time of a hot
carrier decay, respectively, C and D are tting constant. Fig. 5
shows examples of tting to the DR(t)/R0 time series collected at
5 K with pump photon energies of 1.544 eV and 1.651 eV; the
two exponential components are shown as well. For the hot
carrier excited by 1.544 eV photon, only one decay process was
observed and sa ¼ 1.175 � 0.012 ps at 5 K. For the hot carrier
excited by 1.651 eV photon, a fast decay and a slow decay, sb1

¼

RSC Adv., 2022, 12, 16479–16485 | 16481
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Fig. 5 Exponential fittings to the DR(t)/R0 time series (empty circles)
collected with a pump photon energy of (a) 1.544 eV and (b) 1.651 eV at
5 K.

Fig. 7 (a) [Ab1
(0)/Ab1

(T) � 1] and (b) decay rate sb1

�1 as a function of
temperature for the sb1

decay process. The inset of (a) shows the
temperature dependence of Ab1

. (c) [Ab2
(0)/Ab2

(T)�1] and (d) decay rate
sb2

�1 as a function of temperature for the sb2
decay process. The inset

of (c) shows the temperature dependence of Ab2
.
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1.541 � 0.011 ps and sb2
¼ 6.043 � 0.032 ps were observed,

respectively.
We investigate the temperature dependence of amplitude A

and decay rate s�1 of the hot carriers excited by 1.544 eV (Fig. 6)
and 1.651 eV (Fig. 7) photon.

m ¼ Að0Þ
AðTÞ � 1fTpexpð�g=TÞ; (3)

and

s�1ðTÞf
�

d

bmþ 1
þ 2m

��
g þ aTg4

�
; (4)

where A(0) is the decay amplitude of the quasiparticles at 0 K, a,
b, d and p, g are tting parameters.

For the hot carrier excited by an 1.544 eV photon, Aa and
s�1
a are well tted with eqn (3) and (4) [Fig. 6(a) and (b)]. For the
hot carrier excited by by an 1.651 eV photon, we extract the
temperature-dependences of Ab1

, sb1

�1, Ab2
and sb2

�1 from 5 K to
300 K and conduct tting with eqn (3) and (4). The tting is
good for the b1 decay process [Fig. 7(a) and (b)]. However, the b2
decay process does not follow eqn (3) and (4) [Fig. 7(c) and (d)].
The different temperature-dependences of Ab1

, sb1

�1, Ab2
and

sb2

�1 indicate different scattering mechanisms which give rise
to the b1 and b2 decay processes. The decay process, which can
be well tted with eqn (3) and (4), are normally origin from the
electron-phonon scattering. So, we attribute the sa decay and
the sb1

decay to the electron-phonon scattering. The scattering
mechanisms of the b2 decay processes is unclear now, it may be
due the inter-band hopping of the hot carrier.
Fig. 6 (a) [Aa(0)/Aa(T) � 1] and (b) decay rate s�1
a as a function of

temperature. The inset of (a) shows the temperature dependence of
Aa. The red lines are fitting with eqn (3) and (4).

16482 | RSC Adv., 2022, 12, 16479–16485
We change the uence of the 4-polarized pump light and
collect the DR(t)/R0 time series at 5 K with 1.544 eV and 1.651 eV
photon energy, and the results are presented in Fig. 8. At
1.544 eV, the intensity of the DR(t)/R0 time series increases with
increasing pump uence (F). At 1.651 eV, the intensity also
increases with increasing F; a positive peak appears at F $ 19.9
mJ cm�2 and its intensity increases with increasing F as well.
Higher pump uence induce heat accumulation in the surface
of BiTeI and result in lattice expansion, which give rise to the
Fig. 8 Pump-fluence dependent DR(t)/R0 time series collected with
a pump photon energy of (a) 1.544 eV and (b) 1.651 eV at 5 K. The
femtosecond pump laser is linearly polarized (4).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 DR(t)/R0 time series collected with a pump photon energy of
(a) 1.544 eV and (b) 1.651 eV, for different polarizations of the pump
laser: linear (4), left circular (h), and right circular (g). Inset in (b):
magnified view of the region denoted with the dashed rectangle.
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band shis of BiTeI. The appearance of the positive peak for the
1.651 eV pump is due to the energy band shi as F increased.

The pump uence dependent DR(t)/R0 time series collected
at 1.544 eV can be well tted with eqn (1) and the results are
shown in Fig. 9. Aa increases with increasing pump uence in
the low pump uence regime, and becomes saturated in the
high pump uence region; s�1

a decreases rapidly in the low
pump uence regime with increasing pump uence, and then
becomes insensitive to F in the high pump uence regime.
However, the DR(t)/R0 time series collected at 1.651 eV can only
be well tted with the combination of eqn (1) and (2). Fig. 9(b)
and (c) show the pump uence dependent Ab1

, sb1

�1, Ab2
and

sb2

�1. Both Ab1
and Ab2

increase with increasing pump uence in
the low pump uence regime, and do not saturate in the high
pump uence region. sb1

�1 decreases rapidly in the low pump
uence regime with increasing pump uence, while sb2

�1

increases with increasing pump uence in the 3.0–78.0 mJ cm�2

pump uence regime.
The increase in Aa in the low pump uence regime indicates

that the carrier excitation is more pronounced with increasing
pump uence; its saturation in the high pump uence region is
a result of the limited density of state in the electronic energy
band which the hot carriers were excited to, since sufficient
excited electrons occupy the a energy band and their number is
limited by the Pauli exclusion principle. In this case, increasing
pump uence F does not lead to an increase in the number
density of laser excited carriers.

For the hot carrier excited by 1.651 eV photon, Ab1
and Ab2

increase with increasing pump uence, since both the number
densities of laser excited carriers decaying through the sb1

and
sb2

decays increase with increasing F. Ab1
and Ab2

show no sign of
saturation in the high pump uence region, that may be due to
the energy band which the hot carriers were excited to has
a much higher density of state in the electronic energy band and
can accommodate more laser excited carriers. sb1

�1 decreases
with increasing pump uence (Fig. 9(b)), similar to the case of
s�1
a in the low pump uence region. However, sb2

�1 unexpect-
edly increases with increasing pump uence (Fig. 9(c)). Here,
the different pump-uence dependences of sb1

�1 and sb2

�1 are
likely associated with different scattering mechanisms.

For the hot carrier decay via electron-phonon coupling,40,41
Fig. 9 (a) Aa and s�1
a , (b) Ab1

and sb1

�1, and (c) Ab2
and sb2

�1 as a function

© 2022 The Author(s). Published by the Royal Society of Chemistry
s�1 ¼ 3ħlhu2i
pkBTe

; (5)

where kB is the Boltzmann constant, ħ ¼ h/2p, h is the Planck
constant, Te is the electron temperature, and lhu2i is the
strength of electron-phonon interaction.

In the FTOS measurements, increasing pump uence
induces higher population of hot carriers, and hence gives rise
to a higher Te and a smaller s�1 (eqn (5)). s�1

a and sb1

�1 decrease
as increasing pump uence [Fig. 9(a) and (b)], indicating sa and
sb1

decays are induced by the electron-phonon coupling. Hot
carriers can also decay via interband hopping,42 and increasing
the population of hot carriers usually promotes this decay
process and results in a larger s�1. The sb2

�1 process is likely
induced by the hot carriers decay via interband hopping.

To investigate hot carrier decay in the Rashba split bands of
BiTeI, we use polarized pump light with one of the three
polarizations: linear (4), le circular (h), and right circular
(g). Fig. 10 shows the DR(t)/R0 time series collected with
different pump laser polarizations, at 1.544 eV and 1.651 eV. For
the DR(t)/R0 time series collected at 1.651 eV and 1.544 eV, the
signal intensities of DR(t)/R0 time series for the h- and g-
polarized are nearly half and 70% that for the linear polariza-
tion, respectively. Such a reduction induced by a circular
polarization is a result of the conservation of angular
momentum. The 4-polarized pump light can excite the
of pump fluence.

RSC Adv., 2022, 12, 16479–16485 | 16483
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electrons in both the le and right sides of the Rashba splitting
valence band, while the h-polarized (g-polarized) light can
only excite the electrons in the le (right) side of the band,
respectively. We note that the intensities of DR(t)/R0 time series
for the h- and g-polarized are about 70% that for the linear
polarization at 1.544 eV which is not half for the one of the
linear polarization, that may be due to the defect energy levels
near 1.544 eV which have not chirality.

The DR(t)/R0 time series collected with the h- and g-
polarized pump light show negligible differences at 1.544 eV
[Fig. 10(a)], and are tted with eqn (1); such DR(t)/R0 time series
collected with h- and g-polarized pump light also show
a single exponential component, and the decay times are sa ¼
1.152 � 0.013 and 1.167 � 0.015 ps at 5 K, respectively. The
decay times are comparable to that with the 4-polarized light.
The DR(t)/R0 time series collected withh- andg-polarized light
at 1.651 eV show minor tips near t ¼ 0 ps [inset in Fig. 10(b)].
These tips show opposite signs for the h- and g-polarized
pump light, and are not observed in the 4-polarized case
linear. We t the DR(t)/R0 time series with eqn (2), and obtain sb1

¼ 1.522 � 0.016 ps and 1.536 � 0.017 ps, sb2
¼ 6.102 � 0.033 ps

and 6.115 � 0.035 ps at 5 K for the h- and g-polarized light,
respectively. The decay times are very close to those collected
with the4-polarized light, indicating that the Rashba splitting
does not affect hot carrier decay.

The tips at the DR(t)/R0 time series collected with circularly
polarized pump at 1.651 eV arise from the decay of spin polar-
ization of BiTeI. Since the excitation of electrons by circularly
polarized light is selective, the electrons with opposite spin
directions transport to a selected Rashba splitting subbands to
conserve angular momentum, hence giving rise to distinct spin
polarizations. The decay of the spin polarization may be very
rapid. Mauchain et al.,43 by using the dichroic map acquired by
switching the circular polarization of a pump beam, demon-
strated that the decay of spin polarization can be as fast as 80 fs,
comparable to the time scale of the tips in our measurements.
We conrm that the two transient oscillation signals are derived
from spin polarization, and many-body scattering erases the
orbital and spin polarization within the duration of the pump
pulse.43
5 Conclusions

In summary, we have investigated the hot carrier dynamics of
BiTeI at the laser pump with 1.544 eV and 1.651 eV photon
energy with time-resolved optical spectroscopy. By tuning the
pump photon energy, theDR(t)/R0 time series at different energy
bands are obtained, and show opposite signs, indicating the
distinct hot carrier dynamics. We also investigate the hot carrier
decay in the Rashba splitting bands, and no difference is
observed between the le and right Rashba splitting bands for
both the 1.544 eV and 1.651 eV pump photon energy.
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