TRANSPORT AND ULTRAFAST TERAHERTZ
EMISSION STUDIES ON EPITAXIAL Co2MnGe
THIN FILMS

EKTA YADAV

DEPARTMENT OF PHYSICS
INDIAN INSTITUTE OF TECHNOLOGY DELHI
JULY 2025



© Indian Institute of Technology Delhi (IITD), New Delhi, 2025



TRANSPORT AND ULTRAFAST TERAHERTZ
EMISSION STUDIES ON EPITAXIAL Co:MnGe
THIN FILMS

by

EKTA YADAV

Department of Physics

Submitted

in the fulfilment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY
DELHI
July 2025



Dedicated
to

My Parents and Teachers



CERTIFICATE

This is to certify that the thesis entitled, "Transport and Ultrafast Terahertz
Emission Studies on Epitaxial Co2MnGe Thin Films", being submitted by Ms. Ekta
Yadav to the Department of Physics, Indian Institute of Technology Delhi, New Delhi,
for the award of degree of Doctor of Philosophy in Physics is a record of bonafide
research work carried out by her under my supervision and guidance. She 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






ACKNOWLEDGEMENT

I would like to express my sincere gratitude to my thesis advisor, Prof. Sunil
Kumar, for providing me the opportunity to pursue my doctoral research under his
guidance. I greatly appreciate his unwavering support and encouragement throughout
my studies. His profound expertise, insightful guidance, and thoughtful approach have
played a pivotal role in shaping my research skills and fostering a constructive
academic mindset. His continuous inspiration has been invaluable to me during the

course of my doctoral journey.

I want to thank the members of my SRC committee, Prof. Sujeet Chaudhary, Prof.
B. K. Mani, and Prof. Satyananda Kar, for their fruitful discussions and constructive
feedback regarding my research. I would also like to acknowledge the Department of
Physics at IIT Delhi, for providing all the facilities for my research activities and travel
grants. I acknowledge the Central Research Facility (CRF) and Nanoscale Research
Facility (NRF) at IIT Delhi, and their scientific staff members, for their assistance with
various measurements related to my research. I gratefully acknowledge the University
Grant Commission (UGC), Government of India, for providing me a research

fellowship.

My sincere thanks to all my labmates Dr. Madhu Bochalya, Dr. Arvind Singh, Dr.
Anand Nivedan, Dr. Sandeep Kumar, Dr. Monu Kinha, Neetesh Dhakar, Satakshi
Gupta, Shiwangi Puri, Prateek Nautiyal, Sandeep Jakhar, and Akanksha Yadav for their
help and support during my PhD days. Thanks to my friends Nishu, Sumreti, Sushmita,
Shruti, Nikita, Deepesh, Richa, Chinmay, Manoj, Arun, Arpita, Pankaj, Indraneel,
Vireshwar, and Nakul, who made my stay on campus a pleasant and memorable
experience. [ am also grateful to my childhood friends Priyanka, Arshma, Farheen, and

Rahul for their unconditional support and for the great times we shared.

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

brother Vikas for his love and support. I am filled with boundless love and appreciation



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

foundation of my journey.

Above all, I bow my head in gratitude to God, whose blessings, guidance, and

grace have given me strength, perseverance, and faith throughout this journey.

Lastly, I would like to express my sincere thanks to everyone who supported me

directly or indirectly during my PhD journey.

Ekta Yadav



Abstract

Ferromagnetic Co-based full Heusler alloys, known for high Curie temperature,
tunable electronic properties, and half-metallicity. Recently, some of these Co-based
ferromagnetic full Heusler alloys have been predicted to host Weyl fermions in their
electronic band structure. The Berry curvature associated with this non-trivial
topological state exhibit exotic phenomena, such as the anomalous Hall effect (AHE),
Fermi arc surface states, and other Berry curvature-induced effects. Among these
compounds, CooMnGe, which crystallizes in the Fm3m space group, exhibits half-
metallicity, high spin polarization and Weyl nodes in its band structure. These
properties make CooMnGe an excellent candidate not only for spin-based electronic
devices but also for THz emitter. Optimizing its growth conditions and investigating its
transport and ultrafast optical response under various external conditions are the
primary focus of this thesis.

The research work in the thesis is categorized into two sections, focusing on the
structural, magnetotransport, and ultrafast Terahertz (THz) emission studies of
CoxMnGe. The first section focuses on the growth and fundamental characterization of
Co,MnGe thin films, which were deposited on MgO substrates using the pulsed laser
deposition (PLD) technique. Structural characterization reveals that the films are
epitaxial with B2 ordering, while transport measurements confirm their metallic
behaviour. Further investigation using AHE measurements indicates that intrinsic
mechanisms dominate over extrinsic contributions, implying a nonzero Berry
curvature, which is a characteristic signature of Weyl semimetals. These findings
suggest that CooMnGe is a candidate Weyl material, motivating further exploration of
its topological and spintronic properties.

The second section focuses on ultrafast processes in CooMnGe thin films using
THz time-domain spectroscopy, a powerful technique for probing topological states
and spintronic phenomena. This section is driven by three key objectives. First, it is
demonstrated that CooMnGe thin films emit THz radiation upon femtosecond laser
excitation, with emission efficiency and topological properties being highly sensitive to

growth temperature. To further understand the behaviour of the films, temperature,

\"



wavelength, and polarization-dependent THz emission measurements were performed
on an optimized film, providing insights into the influence of external parameters.
Finally, we analysed the ultrafast photocurrent response in the surface as well as the
bulk of CorMnGe thin film and investigated underlying linear and nonlinear
mechanisms governing these responses at both room and low temperature (15K). The
overall study presented in this thesis advances our fundamental understanding of
CooMnGe ferromagnetic full Heusler alloy through rigorous analysis of its growth,
structural characterization, and by investigating their topological characteristics via

magnetotransport and ultrafast THz emission studies.
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thin film on MgO (100) substrate. (a) Out-of-plane XRD patterns, (b)
¢-scan data (along (220) planes) of the CooMnGe film (top) and the
MgO substrate (bottom). (c) Schematic diagram of the B2-ordered
crystal structure (left) and top view of CooMnGe unit cell over MgO
lattice (right).

(a) X-ray reflectivity data (blue circles) and fit (red line) for the
45 nm thick Co,MnGe film. The inset shows an AFM image of area
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elemental mapping of Co, Mn, and Ge elements.

Magnetic properties of the epitaxial CooMnGe film on MgO (100)
substrate. (a) In-plane magnetic hysteresis (M-H) loops at various
sample temperatures, plotted after subtracting the diamagnetic
contribution of the MgO substrate. The inset shows the zoomed-in-
view of M-H loop for determining coercivity variation with

temperature. (b) Variation of coercivity with the sample temperature.

Electrical properties of the epitaxial CooMnGe film on MgO (100)
substrate. (a) Temperature-dependent (2-300 K) longitudinal
resistivity and model fitting of the data in two distinct regions: low-T
region of 2-80 K (region-I) and high-T region of 80-300 K (region-
IT). (b) Magnetoresistance data taken at different temperatures by
varying the magnetic field perpendicular to the applied current. Inset:

Schematic of the sample and measurement geometry.

AHE in epitaxial CooMnGe thin film. (a) Magnetic field-dependent

Hall resistivity, pyy at various sample temperatures as indicated. The

solid line represents linear fit to the data at high field values and

extrapolated to zero field to infer the anomalous Hall resistivity,

H

pﬁy E Inset: experimental geometry adopted for these measurements.

(b) Ordinary Hall coefficient as a function of the sample temperature.

Inset: calculated values of the carrier concentration. (¢) Anomalous
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Hall resistivity, pygy - as a function of temperature. (d) Field-

dependent Hall conductivity at various temperatures. Inset represents

the linear fitting of the data at high fields and extrapolated to zero

field to infer the anomalous Hall conductivity, oxy .

AHE
Xy

AHE

1 2
Xy with og,.

(a) Variation of p2HE with pZ,, and (b) variation of o

Solid lines are fits obtained using the TYJ model as discussed in the

AHE

text. (c) Temperature-dependence of o5y . (d)Temperature-

dependence of scaling coefficient, Sy.

Crystalline and magnetic properties of CMG-500, CMG-600, and
CMG-650 thin films. (a) X-ray diffraction patterns of the different
CMG thin films and the MgO substrate. Vertical dashed lines mark
the positions of the highly oriented (200) and (400) crystal planes in
the CMG lattice. (b) AFM topography images of the CMG films in
an area of 5 X 5 um?. (c) Magnetic hysteresis loops of CMG thin
films obtained for in-plane external magnetic field. (d) Saturation
magnetization, Mg and coercive field, Hc as a function of substrate

temperature.

THz emission spectroscopy measurements on CMG-500, CMG-600,
and CMG-650 thin films. (a) Schematic diagram of the experimental
setup depicting the optical fs laser pulse excitation, THz emission and
pick-off in the reflection geometry. Proper rotation (o) of the quarter
wave plate QWP ensures different polarization states of the excitation
light. (b) Typical time-domain THz signals and (c) the Fourier
spectra spanning over above 3 THz bandwidth obtained with the

linearly polarized (a = 0°) excitation pulses.

Magnetic field direction dependent THz emission from CMG-500,
CMG-600 and CMG-650 thin films. (a) THz signals emitted by the
photoexcited films under oppositely directed external static magnetic

field +£B = 2000 Oe. (b) Spin-dependent (odd) and spin-independent
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4.5
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(even) components of the THz signals. See text for more details.

Excitation pulse helicity dependent THz emission from CMG-500,
CMG-600, and CMG-650 films. The experimentally recorded THz
waveforms obtained under excitation by LP (a = 0°), RCP (a =
45°) and LCP (a = —45°) light. The data for different samples are
shifted to the horizontal axis for better clarity. The THz peak-to-peak
amplitude indicated by Epp.

(a) Variation of the magnitude of the peak-to-peak amplitude of the
THz signals (Epp) as indicated in Fig. 4.4 with respect to the
substrate temperature Tg. (b) Variation of the CPGE induced
contribution to the THz emission with respect to the substrate

temperature Ts.

Pump fluence dependence of the THz emission from Co,MnGe thin
film under the linear polarized laser excitation and an applied
magnetic field (+B = 2000 Oe). (a) Time-domain THz waveforms
measured at different pump fluences ranging from 80 pJ/cm? to 810
pwJ/em?. Inset shows the fast Fourier transform (FFT) spectra of the
directly measured THz waveforms. (b) The extracted THz peak-to-
peak amplitude (Epp) as a function of pump fluence. The solid black
line represents a linear fit to the data, indicating overall linear

dependence.

THz emission from CoMnGe thin film under different magnetic
field conditions. (a) Time domain THz signal measured with and
without an applied magnetic field (+B = 2000 Oe) and 0B). (b) Peak
to peak THz field amplitude (EPP) as a function of pump fluence for
both filed conditions.

Temperature-dependent THz emission from Co,MnGe thin film. (a)
Time domain THz signals measured at different sample temperatures

(18 K, 60 K, 110 K, and 300 K), under a pump fluence of 800 pJ/cm?.
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5.5

5.6

5.7

5.8

6.1

These temporal signals are horizontally shifted for clarity. (b) Peak to

peak THz amplitude (Epp) as a function of temperature.

Transport and magnetic measurements on CoMnGe thin film. (a)
Temperature-dependent  longitudinal resistivity indicating the
metallic nature of the film. (b) Magnetic hysteresis loops measured at
different film temperatures. (¢) Comparison of normalized THz peak
amplitude (black circles) and extracted normalized magnetization

(red solid line) from (b) as a function of temperature.

Wavelength-dependent THz emission from Co2MnGe thin film. (a)
Time domain THz signals measured at different excitation
wavelengths (640 nm, 800 nm, and 1200 nm), at a fixed pump
fluence of 80 pwl/cm? (b) Peak-to-peak THz amplitude (Epp) as a

function of excitation wavelength.

Wavelength-dependent THz emission and absorbance of Co2MnGe
thin film. The black curve with filled circles represents the extracted
THz peak-to-peak electric field amplitude (Epp) measured at different
excitation wavelengths (640 nm, 800 nm, and 1200 nm). The red
curve shows the corresponding absorbance spectrum obtained from

UV-Vis measurements.

THz emission from CooMnGe thin film under different linear pump
polarization angles. The THz peak amplitude is plotted as a function
of the incident light polarization angle (¢). The blue curve represents
the sinusoidal fitting, and the red dots are the experimental peak data.

The arrows represent the polarization state of the incident light.

Comparison of THz emission from single-layer CooMnGe (30 nm)
and bilayer CooMnGe (30 nm)/Pt (3 nm) thin films. The insets show

optical microscope images of the corresponding film surfaces.

Characterization of CooMnGe thin film. (a) ¢-scan of the film and the
MgO substrate along (220) planes. (b) AFM and (c) FESEM images
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6.2

6.3

6.4

6.5

6.6

displaying the surface morphology of the film.

(a) Optical microscopy image of the sample with the schematic
representation of the THz emission in the reflection geometry upon
excitation of 800 nm ultrashort pump pulse with tunable pump
polarization. (b) Transient THz waveforms with the inset showing the
corresponding fast Fourier transform spectra from Co,MnGe thin

film under the LP, RCP and LCP excitations, respectively.

Helicity-dependent THz emission observed in CooMnGe thin film at
300K. (a) THz peak to peak amplitude, Epp as a function of the QWP
angle (a). Open circles and red lines represent the experimental data
and fitting result by Eq. (6.1), respectively. (b) C Sin 2a (red line), L;
Sin 4a (green line), L, Cos 4a (blue line), and D (olive green line) as
function of QWP angle (a) extracted using Eq. (6.1) from (a). For
clarity, the large D component is scaled down to D/2 in the plot. The
inset shows the magnitudes of the C, Li, L, and D obtained by fitting

of the experimental data.

(a-e) Peak-to-peak amplitude of emitted THz radiation as a function
of QWP angles for different pump fluences at 300K. The open circle
and solid lines represent experimental data and fitting data using Eq.

(6.1), respectively.

(a) C sin(2a), (b) Lisin(4a), (c) Locos(4a), and (d) the polarization-
independent offset D, all extracted by fitting the helicity-dependent
THz emission data (Fig. 6.4) using Eq. (6.1), for different pump
fluences at 300 K.

(a-c) Variation of the extracted fitting parameters C, L, and D as a
function of excitation pump fluence at 300 K. The parameters are
extracted by fitting Eq. (6.1) with THz peak to peak experimental
data at different pump fluences. The filled circle is the experimental

data, and the solid lines represent the fitting.
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6.8
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6.11

6.12

Helicity-dependent THz emission observed in CooMnGe thin film at
15 K for various excitation pump fluences. (a) The THz peak to peak
amplitude, Epp as a function of QWP angle (o). The red solid line is
the best fit with Eq. (6.1). (b) C Sin 2a (red line), L Sin 4a (green
line), Lo Cos 4a (blue line), and D (olive green line) as function of
QWP angle (o) extracted using Eq. (6.1) from (a). The large
component D is scaled down to D/2 for clarity in the plot. The inset
shows the magnitude of the C, L1, L and D obtained by fitting of the

experimental data.

(a-e) Peak-to-peak amplitude of emitted THz radiation as a function
of QWP angles for different pump fluences at 15 K. The filled circle
and solid lines represent experimental data and fitting data using Eq.

(6.1), respectively.

(a) C sin(2a), (b) Lisin(4a), (c) Locos(4a), and (d) the polarization-
independent offset D, all extracted by fitting the helicity-dependent
THz emission data (Fig. 6.8) using Eq. (6.1), for different pump
fluences at 15 K.

(a-c) Variation of the extracted fitting parameters C, Lo and D as a
function of excitation pump fluence at 15 K. The parameters are
extracted by fitting Eq. (6.1) with THz peak to peak experimental
data at different pump fluences. The filled circle is the experimental

data, and the solid lines represent the fitting.

Extracted peak-to-peak THz amplitude, Epp values for the parameters
C, Lo, and D/2, obtained from fitting, measured at 300 K and 15K
with a fixed pump fluence of 810 pJ/cm?. The red pattern bars
correspond to 300 K, and the blue pattern bars represent 15 K.

Extracted peak to peak values of the THz amplitude contributed by
both the bulk and surface states as a function of the pump fluence at

300 K and 15 K temperatures. The solid black and red lines
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correspond to the fitting curves, while the filled and open circles

denote the experimental data.
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Table Caption

Calculated spin-ordering dependent (odd) and spin-ordering
independent (even) contributions to the THz emission from CMG films.
The percentage contributions, i.e., Eoas / (EXHZ + E2i%) and EXHZ /

(ETHz 4+ ETHZ) are provided inside the brackets.
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LIST OF ABBREVIATION

ARPES Angle-resolved photoemission spectroscopy
BS Beam splitter

CPGE Circular photogalvanic effect

EOS Electrooptic sampling

WP Wollaston prism

FFT Fast Fourier transform

FWHM Full width at half maximum

HHG High harmonic generation

DOS Density of states

IAC Intensity autocorrelation

LCP Left circular polarization

RCP Right circular polarization

LP Linear polarization

LPGE Linear photogalvanic effect

MR Magnetoresistance

OPA Optical parametric amplification

OR Optical rectification

HWP Half wave plate

QwP Quarter wave plate

PC Pockels cell

PCS Photoconductive sampling

SHG Second-harmonic generation

PM Parabolic mirror

PPMS Physical property measurement system
MPMS Magnetic property measurement system
PSAC Phase-sensitive autocorrelation
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AFM
XRR
THz
PLD
ISHE
OHE
SOC
AHE
XRD
WSM
STE

Atomic force microscopy
X-ray reflection
Terahertz

Pulsed laser deposition
Inverse spin Hall effect
Ordinary Hall effect
Spin orbit coupling
Anomalous Hall effect
X-ray diffraction

Weyl semimetal

Spintronic THz emitter
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