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Abstract

CrossMark

We present the measurement of ultrafast terahertz (THz) conductivity of a 50 nm thick
topological insulator Bi,Ses at low temperature 5 K by using a THz pump and THz probe
spectroscopy scheme. The THz conductivity driven by a single-cycle intense THz pump

exhibits a bipolar lineshape and frequency-dependent relaxation dynamics due to the separated
surface and bulk charge carriers with distinctly different scattering rates and relaxation times.
We also demonstrate THz pump field-dependent excitation of the surface and bulk spectral
weights, which suggests one of the optimal THz excitation conditions for generating the most
charge carriers from the topology-protected surface state relative to the bulk. This also allows

THz control of surface and bulk transport channels in a selective way.

Keywords: topological insulator, ultrafast terahertz conductivity,

THz pump and THz probe spectroscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

Topological insulators are newly discovered quantum states
of matter characterized by an insulating bandgap inside the
bulk and a zero-gap conic band structure on the surface [1-6].
They exhibit many exotic quantum phenomena, such as strong
spin-momentum locking and topology-protected charge trans-
port in the surface, which prevent backscattering and result
in very high carrier mobility and low energy consumption
[7, 8]. These properties are highly desired for next-generation
quantum computation and ultrafast spintronics applications
with faster than THz speed [9-11].

* Author to whom any correspondence should be addressed.

2040-8986/21/104003+6$33.00

THz conductivity of light-driven charge carriers in topolo-
gical insulators by above-bandgap optical or below-bandgap
mid-infrared (mid-IR) pulses have been studied [12-14].
Above-gap optical excitations induce interband charge trans-
fer not only in the surface, but also in the high-density bulk
reservoir dominantly, which can easily mask the topology-
protected charge transport in the surface. In contrast, below-
gap mid-IR pulses mostly excite intraband charge carriers of
the surface and bulk near the Fermi energy Ep, which is an
excellent approach to significantly suppress unwanted inter-
band charge transfer in the bulk reservoir and many other
charge transfer channels [12]. This greatly helps disentangle
the intrinsic topology-protected charge transport in the surface
from the bulk conduction. It has been shown that topological
insulator Bi,Se; driven by below-gap mid-IR pulses at 5 K

© 2021 IOP Publishing Ltd  Printed in the UK
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result in the change of scattering rates but conserved carrier
densities of surface and bulk states, and the THz conductiv-
ity exhibits a bipolar lineshape and frequency-dependent car-
rier relaxation dynamics, due to the distinct charge carrier
responses from separated surface and bulk states [12].

The next major opportunity is to investigate responses of
THz conductivity driven by intense THz pulses, which carry a
much lower photon energy than mid-IR pulses (a few meV
vs. a couple of 100 meV), as a few meV THz photons are
expected to favor surface excitation more than bulk, lead-
ing to greater spectral weight from surface carrier excita-
tion [12]. To the best of our knowledge, THz conductivity
of topological insulators driven by intense THz pulses has
not been systematically studied so far and there has been
only one set of such data available in literature that focuses
on coherent E, phonon excitation [12, 15]. Especially, it is
unclear whether the bipolar conductivity lineshape depends
on THz pump strength, if THz-driven charge carriers exhibit
frequency-dependent relaxation dynamics, and whether the
spectral weight ratio of the surface and bulk can be tuned by
THz pump strength.

In this article, we report a comprehensive study of single-
cycle intense THz-driven THz conductivity in a 50 nm thick
topological insulator Bi,Ses film using THz pump and THz
probe (TPTP) spectroscopy scheme in transmission geo-
metry [16-18]. We observe a bipolar lineshape of THz con-
ductivity for both low and high THz pump fields up to
500 kV cm~!. The THz driven topological states indeed car-
ries more spectral weight from the surface than that from mid-
IR excitation. Moreover, the THz conductivity also exhib-
its frequency-dependent relaxation dynamics due to separated
surface and bulk channels with different scattering rates and
relaxation times. We also demonstrate that, by changing THz
pump field strength, the spectral weight ratio of excited sur-
face and bulk carriers can be tuned in a selective way, and the
pump field at which the most surface carriers relative to bulk
can be excited is found to be ~224 kV cm ™!, suggesting one of
the optimal THz excitation conditions in order to take advant-
age of topology-protected charge transport from the surface in
optoelectronic applications. All analyses and conclusions in
this study are made based on THz raw data without implica-
tions from any theoretical modeling or fitting.

2. Experimental details

The sample we study is a 50 nm thin film of n-type Bi,Se;
grown by molecular beam epitaxy on a 0.5 mm thick sapphire
substrate. The Fermi energy Ep of the sample lies ~60 meV
above the bulk conduction band edge as determined from the
plasma frequency obtained from the static THz conductiv-
ity spectra [12, 15]. A pure sapphire substrate of the same
thickness is used as a reference in order to extract THz con-
ductivity of the BiySes thin film. Both the sample and ref-
erence are mounted in a low temperature cryostat, and two
copper apertures with a 2 mm diameter are placed in front of
the sample and reference to ensure uniform illumination. All
results presented in this study are measured at 7 = 5 K.

Our single-cycle intense THz pulses, used as the pump (red
lines in figure 1), are generated by optical rectification in a
MgO doped LiNbOj; crystal using the tilted pulse front method
as shown in figure 1 [19, 20]. The LiNbO; crystal is pumped
by a Ti:Sapphire regenerative amplifier with 790 nm central
wavelength, 1 kHz repetition rate, 40 fs pulse duration, and
2 W power. The generated intense THz pulses have a peak field
of ~1000 kV cm~! and a spectral bandwidth of ~1-10 meV
(0.24-2.42 THz). A representative pulse and its spectrum used
in this study are shown in the inset of figure 2(a). The intense
THz field strength is varied by a wire-grid polarizer (WGP1)
in the beam in order to pump the sample with different field
strength. The other part of the amplifier beam is used to gener-
ate (blue lines) and detect (green lines) the phase-locked THz
probe field via optical rectification and electro-optic sampling
in a I mm thick ZnTe crystal, respectively [21]. The THz probe
has a spectral bandwidth of ~2-10.5 meV. The THz pump is
vertically polarized and the THz probe is horizontally polar-
ized. WGP?2 serves as a beam combiner of pump and probe
pulses. Both the THz pump and THz probe pulses are focused
by a parabolic mirror with a 4-inch focal length at the sample
position and their focal diameters are 1.2 mm and 0.8 mm,
respectively. Afterwards, WGP3 transmits THz probe pulses
and blocks THz pump pulses. The THz part of the setup is
enclosed in a dry air purge box to reduce THz absorption by
water vapor in air. A more detailed description of the setup can
be found in [16].

In the measurement, THz probe field transmitted through
the pure substrate Eref(fgae ) and unexcited sample Egumpie (gate)
are measured by a gate (or sampling) pulse as a function
of electro-optic sampling gate time fgy. Pump-induced THz
probe field changes AEgmpie(fgae) for various pump-probe
time delay Ay, are also measured. Applying the fast Four-
ier transformation and Fresnel equations, static THz complex
conductivity 6(w) and its pump induced change Ag(w) =
gexeted () — & (w) are calculated as a function of probe photon
energy w. The corresponding complex dielectric function
€(w) are calculated through 6 (w) = i[l — £(w)]wep. The real
parts of the THz conductivity o;(w) and dielectric func-
tion €1(w) are presented in the study, which describe the
dissipative and inductive responses of the sample, respect-
ively. We note that although both THz pump and THz probe
pulses are ~0.5 ps long, the time resolution of the meas-
urement is not determined by the pulse duration but rather
on the order of the gate pulse width by the sampling of
THz sub-cycles in the pump-probe At,, scan. Simply speak-
ing, the gate pulse and pump pulse always sample the same
probe pulse portion with the fixed Atf,, even during the
probe pulse duration. The measured THz probe field is the
pump-induced change resolved during sub-cycle light oscilla-
tiOHS, ie. AEsample(l‘gate) = Eexcited—sample(tgate) - Esample(tgate)a
as shown in figure 2(a). The pump-induced reshaping of
the probe pulse will lead to nonzero AEgnp. signal even
during the probe pulse duration because of the measuring
probe E field sub-cycles not the pulse envelop only. Addi-
tional information about THz data analysis can be found in
[12, 16, 22, 23].



J. Opt. 23 (2021) 104003

L Luo et al

Probe delay stage

1

Probe

~ Ti: Sapphire
Amplifier

gate/sampling

Pump delay stage

HWP

grating

ZHTe N
D N—fr—
HWP ZnTe QWP
WP

Balance
detector

Sample

Figure 1. A schematic of THz pump and THz probe setup. The pump path is marked in red lines, the probe path is in blue lines, and the
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Figure 2. (a) Static THz probe signal Egumpic (fgate) transmitted
through the sample (gray curve) and its pump-induced changes
AEsample(tga[e) at various time delays (color curves) with a THz
pump peak field Epump of 500 kV cm ™!, as shown in the insets in
both time- and frequency-domains. The two vertical dashed lines
are guides to the eyes. (b) Static THz conductivity o(w) and
dielectric function € (w) of the sample.

3. Experimental results and discussion

Figure 2(a) shows the static THz probe signal Eumpic(gate)
after transmission through the sample (gray curve) and the
pump-induced THz probe field changes AFEmpie (fgate ) at vari-
ous pump-probe time delays At,, (color curves) with a THz
pump field of 500 kVcm™!, as shown in the inset. Besides
an amplitude change, the pump-induced THz probe exhibits
a phase shift with time, i.e. the field peak position gradually
moves to the right as At increases. This feature is consist-
ent with THz response following 248 meV mid-IR below-gap
excitation at 5 K [12], which indicates more than one relaxa-
tion channel of excited charge carriers, discussed later. Static
THz spectra of o (w) and £;(w) are shown in figure 2(b), the
lineshape of which is characterized by a Lorentzian oscillator
centered at 7.7 meV originating from an optical phonon E
resonance and a Drude behavior originating from free charge
carriers of both the surface and bulk states. These observations
are fully consistent with prior measurements of static THz con-
ductivity of BiySe; [15].

The pump-induced THz conductivity Ac(w) and dielec-
tric function Ae;(w) are presented in figures 3(a) and (b) for
the pump field Epymp = 500 kV cm~! and in figures 3(c)
and (d) for a lower pump field Eyump = 83 kV cm~!. They
both exhibit a bipolar lineshape in the THz conductivity, i.e.
Ao(w) <0 at lower w and Aoy (w) > 0 at higher w, at early
time delays. After ~1 ps, Ao(w) under the higher Epymp
changes to mostly positive, as shown by the 1.04 ps case in
figure 3(a). Afterwards, Ao (w) is completely positive in the
entire probe spectral range until it relaxes up to 40 ps. This
lineshape of THz conductivity has been investigated by our
prior study of below-gap mid-IR excitations at 5 K [12], from
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Figure 3. Pump-induced THz (a) conductivity Ao(w) and (b) dielectric function Ae;(w) at various time delays with THz pump field of
500 kVem ™. (¢) and (d) Similar to (a) and (b), THz pump field is at 83 kV cm ™! instead.

where the bipolar lineshape has been assigned mainly to the
excited topology-protected charge carriers in the surface, due
to photoexcited scattering rate increase and conserved carrier
density. Because of the relatively faster relaxation time of sur-
face carriers ~1.48 ps compared to the bulk ones ~5.3 ps [12],
THz conductivity spectral weight from the surface is gradually
diminished after a couple of ps. The THz responses at such a
condition are dominated by the contribution from longer-lived
bulk carriers, which is characterized by a positive conductiv-
ity similar to photoexcited normal semiconductors [22-25],
as shown in figure 3(a) for At,, > 2 ps. This scenario fully
explains the observed THz conductivity driven by higher Epump
= 500 kVcm~! in figure 3(a). More intriguingly, THz con-
ductivity following the lower Epum, = 83 kVcm™! does not
exhibit positive conductivity in the entire spectral range, indic-
ating a surface-dominated spectral weight by lower THz pump
excitation until it fully decays, as shown in figure 3(c). This
comparison implies that a relatively lower Epymp can excite
more surface carriers relative to the bulk. However E,yyp can-
not be too small, in which case the excited surface transport
may otherwise be too weak to probe. A more detailed THz
pump field-dependent measurement will be presented later
in figure 5. A detailed discussion of the phonon dynamics
centered at 7.7 meV has been reported in [12, 15].

Protected by topology, the scattering rate of carriers in
the surface is expected to be much smaller than that in the
bulk, as confirmed by the prior mid-IR pumping experiment
[12]. This, together with distinct relaxation dynamics of sur-
face and bulk carriers as discussed in figure 3, suggests two
distinct charge relaxation channels and frequency-dependent
THz conductivity relaxation dynamics. This argument is fur-
ther verified in figure 4, which shows Ac(w) and Aeq(w)
from five frequency-cut positions from figure 3, i.e. w = 2,

1 T T 0.1 T T T ]
S (@) (c)
5, _L 00
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Figure 4. Pump-induced (a) THz conductivity Ao (w) and

(b) dielectric function Ae;(w) at five frequency-cut positions from
figures 3(a) and (b), respectively, i.e. at w =2,3,5,7,9 meV, as a
function of time delay and with Epymp = 500 kV cm™". The inset of
(a) exclusively compares Ao (w) dynamics at w = 2 and 9 mev

(9 meV data is multiplied by —2.4 to match their amplitudes) to
show their distinct relaxation times. The units of the inset are the
same as (a). (c) and (d) similar to (a) and (b), they are from

figures 3(c) and (d), respectively, and with Epymp = 83 kV cem™ .

3,5, 7,9 meV, as a function of time delay. They clearly
exhibit different relaxation behaviors at different probe fre-
quency for both higher and lower E,uyp. For a better illus-
tration, Ao(w) for w = 2 and 9 meV from figure 4(a) are
compared exclusively (Ac(w) at w = 9 meV is normalized
to the other by multiplying —2.4), as shown in the inset of
figure 4(a), in which Ao(w) at w = 2 meV (red dots) decays
much faster than Ao (w) at w = 9 meV (green dots). Appar-
ently, the relaxation time depends on the probe frequency,
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Figure 5. (a) Pump-induced THz conductivity Ao (w) at

various pump fields and Az, = 0.72 ps. (b) Pump-induced THz
conductivity Ao (w) at five frequency-cut positions from (a), i.e. at
w=2,3,5,7,9meV, as a function of Epymp from 5 to 500 kV em~ L
The inset plots the integrated spectral weight of conductivity,

ie. 21[(:1:’\5\/ Ao (w)dw from figure 5(a), as a function of Epump.

and the faster (slower) relaxation is mainly from the surface
(bulk) states, fully consistent with THz conductivity dynam-
ics driven by mid-IR pulses [12]. Figure 4 also corroborates
observations discussed in figure 3 that THz conductivity is
positive for all probe frequencies up to 40 ps for the higher
Epump (figure 4(a)) indicating a bulk dominated THz response
and spectral weight; while it remains a bipolar lineshape up to
~20 ps for the lower E,ump (figure 4(c)) indicating a surface
dominated THz response and spectral weight. Please refer to
our prior study if one is interested in detailed theoretical fitting
and modeling of the surface and bulk relaxation dynamics by
below-gap excitation [12].

To investigate how THz pump strength may control excita-
tions of surface and bulk carriers respectively, and if so, how
much pump strength can result in the maximum surface excita-
tion relative to bulk, figure 5(a) presents pump field-dependent
THz conductivity Aci(w) at a delay time Afp, = 0.72 ps.
This delay time is chosen because it is right after the excit-
ation of the sample by the THz pump main peak (inset of
figure 2(a)), so that spectral weight with genuine population
ratio of surface and bulk carriers can be probed immediately,
before the relatively faster relaxation of surface carriers within

a couple of ps. Figure 5(b) plots Ao (w) at several frequency-
cut positions, i.e. w = 2, 3, 5, 7, 9 meV, from figure 5(a) as
a function of Epyymp. As Epump increases, Ao(w) in general
changes to more negative amplitude until ~200-300kV cm~".
Afterwards, it changes towards positive amplitude for all fre-
quencies. To better illustrate the pump field-dependent beha-
vior, the spectral weight of Ao(w) from 2 to 10 meV, i.e.

zln?;"\fv Aoy (w)dw, as a function of THz pump field is sum-
marized in the inset, which indeed follows a similar trend as
observed in figure 5(b). It initially increases towards negative
amplitude and reaches the negative maximum at Epyn, = 224
kV cm~! implying the greatest surface carrier excitation relat-
ive to the bulk. Further increasing the pump field decreases this
ratio, and above ~420 kV cm ™! the spectral weight changes to
positive, indicating more quickly growing of bulk excitation
over the surface at higher pump field. This finding allows the
THz control of surface and bulk transport channels in a select-
ive way. We expect that the bipolar lineshape will change to
completely positive at a much higher Epynp, which indicates
the dominant spectral weight from the bulk state instead of the
surface.

4. Conclusion

In conclusion, we have provided a comprehensive measure-
ment of single-cycle intense THz pulse-induced conductiv-
ity of a topological insulator Bi,Ses at low temperature 5 K
by using THz pump and THz probe spectroscopy. The ultra-
fast THz conductivity spectra exhibit a bipolar lineshape up to
500kV cm ™! pump field. It also exhibits frequency-dependent
relaxation dynamics, due to separated surface and bulk trans-
port channels with distinct scattering rate and relaxation time.
The THz responses driven by intense THz pulses confirm the
non-equilibrium dynamics driven by below-gap excitations,
e.g. using mid-IR pulses. Most importantly, we have demon-
strated a new tuning knob for controlling spectral weight ratio
of excited surface and bulk charge carriers by changing THz
pump field strength. All analyses and statements in this study
are made based on THz raw data without implications and
uncertainties from any theoretical modeling or fitting. The
single-cycle THz excitation and spectroscopy may be exten-
ded to diverse complex materials including magnets [26-29]
and correlated electrons [30-33]. Our findings also provide
previously-inaccessible, key information for exploring both
fundamental topological quantum phenomena and technolo-
gical applications involving THz single-cycle excitations.
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