PHOTO-SEEBECK EFFECT, MAGNETOTRANSPORT
AND ULTRAFAST THz PHOTOCURRENT STUDIES
ON Biz2Tes AND Bi>Ses TOPOLOGICAL INSULATORS

ANAND NIVEDAN

DEPARTMENT OF PHYSICS
INDIAN INSTITUTE OF TECHNOLOGY DELHI
MARCH 2024



© Indian Institute of Technology Delhi (IITD), New Delhi, 2024



PHOTO-SEEBECK EFFECT, MAGNETOTRANSPORT
AND ULTRAFAST THz PHOTOCURRENT STUDIES
ON Biz2Tes AND Bi>Ses TOPOLOGICAL INSULATORS

by

ANAND NIVEDAN
Department of Physics

Submitted

in the fulfillment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
MARCH 2024



Dedicated
to
My Mother



CERTIFICATE

This is to certify that the thesis entitled, *"Photo-Seebeck Effect, Magnetotransport
and Ultrafast THz photocurrent studies on Bi2Tes and Bi2Ses Topological
Insulators”, being submitted by Mr. Anand Nivedan to the Department of Physics,
Indian Institute of Technology Delhi, New Delhi, for the award of the degree of Doctor
of Philosophy in Physics is a record of bonafide research work carried out by him
under my supervision and guidance. He has fulfilled the requirements for submission of
the thesis, which, to the best of my knowledge, has reached the requisite standard.

The results contained in the thesis have not been submitted in part or full to any other

University or Institute for the award of any degree or diploma.

Prof. Sunil Kumar

Associate Professor

Department of Physics

Indian Institute of Technology Delhi
New Delhi 110016, India






ACKNOWLEDGEMENTS

I am deeply grateful to my thesis advisor Prof. Sunil Kumar for giving me the
opportunity to pursue my PhD under his guidance. | am extremely thankful to him for
his continuous support and motivation. His expertise, knowledge, rightful approach,
and acumen have helped me acquire skills and develop a positive research
temperament. He has always been a constant source of inspiration during my research

journey.

| am grateful to Prof. Amit Agarwal and Mr. Kamal Das from Indian Institute of
Technology Kanpur, India, for their wonderful collaboration, constant involvement,
and scientific discussions during my research work. I want to thank the members of my
SRC committee, Prof. Neeraj Khare, Prof. Pranab Kishor Muduli, and Prof. Samaresh
Das, for their fruitful discussion and constructive feedback on my research. My sincere
thanks to all my colleagues, Madhu Bochalya, Arvind Singh, Sandeep Kumar, Ekta
Yadav, Neetesh Dhakar, Aditya Tripathi, Satakshi Gupta, Shiwangi Puri and Prateek
Nautiyal for their constant help and support during my PhD days. Thanks to my friends
Arvind Singh, Anupam Tiwari, Sahin Sorifi, Gaurav Chaudhary, Hemant Kumar Singh

and Sooryansh Asthana, who made my stay on campus a pleasant experience.

I thank Indian Institute of Technology Delhi, New Delhi, India, for providing all
the facilities for my research activities and travel grants. | acknowledge Central
Research Facility (CRF) and Nanoscale Research Facility (NRF) and their scientific
staff members at 11T Delhi for the help during various measurements for my research
work. | gratefully acknowledge the Department of Science and Technology,
Government of India, for providing me the research Fellowship under the Innovation in

Science Pursuit for Inspired Research (INSPIRE) scheme for my higher study.

I want to pay sincere respect and heartfelt gratitude to my family, whose support
and understanding have always given me strength to move forward. I thank Sumit,

Satya bhai, and Didi for their love and support. The boundless love and appreciation fill



my heart for my father, whose unwavering support and sacrifices have been the

foundation of my journey.

At last, | would like to express my sincere thanks to everyone who supported me

directly or indirectly during my PhD journey.

V4 - wlivedac~

Anand Nivedan



ABSTRACT

The world of condensed matter physics has unveiled numerous quantum states of
matter, each with unique properties and applications. Among these, 3-dimensional
topological insulators (3dTIs) have emerged recently as materials of significant interest
with the potential of bringing transformative breakthroughs in various domains such as
quantum computing, spintronics and photodetection technologies. The main attraction
of the research community in investigating 3dTIls, from both fundamental and
application points of view, is the presence of 2-dimensional (2d) helical Dirac fermions,
topologically protected from backscattering. This novel 2d phase, on the surface of
3dTls, exhibits exotic electronic responses to various external stimuli, such as magnetic
field, electric field, temperature, and ultrashort intense optical laser pulses. Bismuth
telluride (Bi2Tes) and bismuth selenide (Bi>Ses), among others, are the widely used and
extensively studied 3dTIs. They possess simpler surface electronic structure and
comparatively large bulk band gap, with the potential to be exploited for room
temperature applications. Investigating the response of metallic surface state in these
two exemplary 3dTIs under various experimental conditions is the central theme of this
thesis. The overall research work in the thesis has been categorized into three different
sections based on magnetotransport, photo-assisted electrical transport, and ultrafast
THz photocurrent studies in the 3dTlIs. Initially, magnetotransport measurements were
carried out to realize nontrivial topological characteristics of the surface states in
magnetoresistance at low temperatures and low magnetic fields in single crystalline
Bi>Tes. Also, the influence of magnetic fields on temperature-dependent resistivity was
studied to capture the response of surface and bulk states in this system. These studies
helped set the foundation for achieving the subsequent objectives in the thesis which
have been achieved by optical probing. Bi>Tes is a very good thermoelectric material
with a very high value of Seebeck coefficient. Therefore, it is imperative to investigate
photo-induced thermoelectric response of this material along with its pure optical
response. We have studied photo-Seebeck effect induced photocurrent response of
surface and bulk states in single crystalline Bi>Tes. Finally, femtosecond optical pulse-

induced ultrafast photocurrents on the surface as well as in the bulk of single crystalline

\"



BixTes and Bi>Ses systems, were investigated using THz emission time-domain
spectroscopy. The study has revealed the role of temperature in modulating carrier
dynamics in both the bulk and the surface states. Such an advanced methodology also
helped to resolve some of the challenges that limit the efficiency of 3dTIs as potential

sources of THz radiation.
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afa uerd ifaet & gfar A uard & B HicH RISl o1 SHERul fHar
2, ROFH @ e ¥ aifgdla qur iR gyl §1 399 9, 3-3mand Aiored
AR (3dT1) BT € & sien by, RiAMa iR wrfseawH defiiedl o
fafa SEF o uRadTHR Twadl aF & W & Y Tgayul I & e &
0§ IW Gl 3dTI B o g H SIHYH JHS BT T ATHY0, Afeid 3R
ST Gl VI T, 2-3mMn (2d) eferrd SRS i ®F Iuffd §, ot
R T Y dHebe T I W& g1 3dTI & ¥ds R g a1 2d =Ry, faftm
AR gl & o fae=ht gaee ufafsar uelRfa wrar 31 fawy TqRss
(Bi,Tes) 3R Sy AAES (BirSes), 3T & QAT ATUS 27 I IUGNT fHT T
I 3R §9 UM W 3{egg fhT 1T 3dTIs €1 % U WA g SAdci-d
T SR Jadd €0 § T3 deb o8 19 §, ST IuaT FH & draHH
VRN & oY fory STH &t e g1 fafte orifes fRufadt & agd 37 &
3IHRUNY 3dTIs T urfdsd Tag fRUfq &t ufafeear &t sig a1 59 Jif &1
Sy fowa g1 AR & T Wy &1 &) FPCiuIe, hiel-3HRes safdcdhd
O 3R ICTHRE THz WIeIdpe AT P YR TR I -3 a7 H
i faraT T B 1 URY T, Thd fohedlid BizTes & dIUHM 3R $HH 4o 14
&7 R AR H gde o1 R 3t TR-T=8 Aaaioed faRwarsit &1 tgar
HRA P forw AYeE)-TUE AT fhU U &) 39 3HfraT, 39 YUmel § Jdg iR A
T4l B UfAfehdl B Uhed & o dgaE-fMR gfcRiyear R daag &Ff &
TG &1 37 o a7 UT| 3 3fegaq = JiR | 91g & =41 &) UTd - &
fore Hfa R B | #ag 3, g sifPwa g grR1 SR fosan 71 §1 BizTes
H1ae UM & 9gd S Jed & 1Y U §gd 33T YHRdaed gard g1 e,
39 Uerf ®! Biel-ORkd yAlgdfaes ufafsar & Iy-uy 39@t Yo Sivwd
gfafehar @t o &1 A g1 899 Uehd fohedid BixTe; § I8 8k Uid
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corresponding photoconductive current generation. (b) Band diagram
representation of the electron-hole pair generation due to

photoconductive effect. Fig. (b) adapted from [12].

Working principle of the photoinduced thermoelectric effect. (a)
Schematic of the asymmetric laser illumination on the surface of p-
type Bi>Tes topological insulator near one of the electrical contacts,
and corresponding thermoelectric current generation. (b) schematic
representation showing the development of thermoelectric potential
AV = § X (Tn-Tc) due to temperature difference AT = Ty - T.. Fig.
(b) adapted from [12].

(a) Experimental geometry used in the photocurrent measurements
with light illumination region on the sample being varied between the
two contacts of opposite polarity. (b) I-V curve for the sample and (c)

the photoinduced current at 6 K and 300 K.

(a) P-S current at 442 nm photoexcitation near contact A and contact
B taken at various sample temperatures. (b) Summary of the
temperature dependence of the absolute P-S current for near contact
A and contact B illumination at the two excitation wavelengths. (c) P-
S current as a function of incident laser power at the two excitation
wavelengths measured at 6K and 300 K sample temperatures. (d)
Normalized photocurrent response as a function of temperature for

near contact A and contact B illumination. Magnitude of the
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overshoot current (Ios) as a function of temperature is shown in the

inset.

Experimental configurations for the light illumination (a) near contact
A and (b) near contact B. The arrows indicate the directions of the
photocurrent Ip and the Seebeck current Is. Temperature dependence
of (c) the Seebeck current and (d) photocurrent following

photoexcitation at 325 and 442 nm wavelengths.

THz emission measurements on ultrafast photoexcited single crystals
of three-dimensional Bi;Te; and BixSes topological insulators. (a)
Schematic of a part of the experimental setup arranged for THz
emission in the reflection geometry for incident angle 6=45° from the
crystal surface normal, i.e., C-axis, and for the fixed azimuthal angle,
¢. (b) Experimentally measured temporal waveform and (c) FFT
spectrum of the emitted THz pulses from the crystals at linearly

polarized 800 nm femtosecond pulsed excitation light.

Helicity-dependent THz emission measurements on ultrafast
photoexcited single crystals of Bi;Tes and Bi>Ses. (a) Schematic for
THz emission in the reflection geometry by varying excitation light
helicity from LCP (a = -45°) to RCP (a = +45°) as defined by the
QWP angle, for incident angle 6=45° from the crystal surface normal,
1.e., C-axis, and for the fixed azimuthal angle, ¢. QWP: quarter wave
plate; LP: linear polarization; LCP: left circular polarization; RCP:
right circular polarization. Temporal waveform of helicity-dependent

THz emission from (b) BixTes and (c¢) Bi2Ses.

Experimental data of excitation wavelength-dependent THz emission
from (a) BixTes and (b) Bi2Ses single crystals for LP, LCP, and RCP
excitation light. Data in (a,b), for different excitation wavelengths,

are shifted horizontally for clarity only.

Peak-to-peak of the THz signals plotted as a function of the pump-
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wavelength at different helicities of the pump light for (a) Bi;Tes and
(b) BixSe;s single crystals.

(a) Schematics of the optical excitation by LP, LCP and RCP light
and THz emission from BixTe; and BixSes 3dTI single crystalline
samples. The surface and bulk contributions to THz emission can be
distinguished from these experiments, as discussed in the text. (b)
Band structure of a 3dTI depicting the excitation of carriers from the

surface states by linearly and circularly polarized light.

(a,b) Contributions due to SIPD and CPGE as a function of
excitation wavelength from BixTes and Bi>Se; (see text for details).

(c) Epyp at varying azimuthal angle to determine the contribution from

surface optical rectification. Continuous curves are fitting of the data

using Eq. (5.3).

Surface and bulk contributions to THz emission from Bi,Te; and
BixSe;. (a) Absolute surface and bulk contributions to the THz
generation, and (b) ratio of surface to bulk contributions indicating
rapid increase in the THz generation from the surface carriers at

shorter wavelengths.

THz emission from c-axis oriented thin flakes of high quality single
crystalline BixTe; and BixSe; samples (a) THz-waveforms reproduced
from Fig. 5.3 of Chapter-5 for LP excitation. (b) Peak-to-peak value
of the THz-field as a function of the excitation wavelength. (c) Peak-
to-peak electric field amplitudes calculated using Eq. 2.6 in Chapter-
2.

Analysis of the FCA limited THz emission (within the single source
formalism) from Bi;Te; and Bi;Se; 3dTIs excited by linearly
polarized femtosecond laser pulses. (a) Formalism-I, considering THz
generation from a point that is a penetration depth, § underneath the

surface. Amplitude of the THz pulse generated inside (Ep,) and that
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measured outside (E,,) the crystal at varying excitation wavelengths

within the formalism of Eq. 6.1 for (b) BixTes and (¢) BizSes.

The peak-to-peak THz electric field, Epp is plotted against the
excitation fluence (peak intensity) and measured at 800 nm for BirTes

and Bi,Ses.

Analysis of the FCA limited THz emission (with the modified
multiple source formalism) from Bi>Te; and BixSes 3dTIs excited by
linearly polarized femtosecond laser pulses. (a) Formalism-II,
considering THz generation from generation at various points within
the penetration depth inside the crystals. (b, ¢) Amplitude of the
resultant THz pulse inside (Ep,) obtained by integrating the emission
at all points within the penetration depth and that measured outside
(Epp) the crystal at varying excitation wavelengths within the
formalism of Eq. 6.4. The horizontal lines in (b) and (c) represent

constant mean values of Ep,, for the two crystals.

(a) Real-time THz scans measured at different sample temperatures
for LCP and RCP femtosecond optical pulse excitations. (b)
Temperature-dependence of the THz generation efficiency for LCP
and RCP excitations from the behavior of the peak-to-peak value of
the THz electric field. Inset: Percentage absorptivity (A) at the
excitation wavelength determined from the experimentally measured

reflectivity of the sample at all temperatures.

Transport measurement on BixTe; single crystalline sample. (a)
Temperature-dependent longitudinal resistance showing metal-like
nature of the samples. (b) Experimentally measured Hall resistivity at
various temperature values. The inset of the figure shows a zoomed
view of the experimental data for better clarity. (c¢) Temperature-

dependent carrier mobility and carrier density extracted from a and b.

Extracted values of the THz amplitude contributed by both the
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surface and the bulk states as a function of the sample temperature for

n-type BixTes.

Schematic representation of the photothermal Seebeck effect-induced
THz generation from BixTe; under symmetrical light illumination,
highlighting the generation of parallel and perpendicular components

of thermoelectric current.

(a) Schematic representation of spatially resolved THz peak
amplitude from Bi,Tes;, demonstrating constant values with edge-
related deviations, implying the absence of Seebeck effect
contribution. (b) Temperature-rise of the BirTes crystal due to the
photo-Seebeck effect for the investigated temperature range of 10-
300 K.

Transient photocurrent generation mechanisms due to band bending
and photo-Dember effects in the bulk of a femtosecond pulse excited
Bi;Te; sample. (a) Schematic representation of the band bending
effect and subsequent THz emission by the transient drift current. The
valence and conduction bands of the material and the depletion
region below the surface are indicated. (b) Illustration of the photo-
Dember effect indicating how ultrafast laser excitation induces a
transient current by carrier diffusion and hence emission of a THz

pulse.

Transient photocurrent generation mechanisms due to photon drag
effect in the bulk of a femtosecond pulse excited Bi;Te; sample. (a)
Schematic representation of the photon drag effect, resulting from the
transfer of photon momentum to free carriers, constitutes a transient
charge current along the light propagation direction and hence
emission of a THz pulse. The possible processes of photon
momentum transfer to intrinsic free carriers and the photogenerated
carriers are indicated by dashed arrows. The horizontal dashed line in

the conduction band is drawn to indicate the Fermi level and the
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metallic nature of the Bi>Tes sample.

(a) Experimentally extracted bulk THz emission and its temperature
dependence fitted using Eq. (7.1). (b) Components of the emitted
THz field strength, E;)" and Ej)¢ + EJS¢ due to bulk photon drag
(PDr) effect and the photo-Dember + Band bending (PDe + BBe)

effects, respectively.

Temperature-dependence of CPGE induced photocurrent generated
THz radiation from the surface states in BixTes. (a) THz signal from
the surface reproduced from Fig. 7.3. A horizontal dashed line is
drawn to indicate the region of nearly constant THz emission. The
surface and bulk Debye temperatures of BioTes crystal are marked by
vertical arrows. (b) Schematic illustration of distinction between the
optical excitation of surface and bulk carriers, and the interband
transitions due to phonon and impurity scattering in physical and

momentum space.

Temporal shift in the THz signals with the varying sample
temperatures. (a) Time-domain THz signals as obtained in the
experiments by varying the sample temperature from 300 K to 10 K.
The THz signal displacements at the lowering temperatures goes
much beyond the sample thickness in our experiments. (b) Schematic
to show the alteration in the THz beam path due to thermal expansion
in the sample holder while increasing the temperature of the cryostat.
(c) Calculated values of the optical path length change, AL/+/2 due to
thermal contraction of the sample holder at varying temperatures
below the room temperature. Those from the experiments and the
corresponding values estimated from known physical parameters of

the sample holder are compared.
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