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Abstract 

Topological Weyl semimetals demonstrate interesting properties like exotic surface 

fermi arcs and chiral Weyl points, making them a strong candidate for many potential 

applications in electronics, optoelectronics, and catalysis.  However, currently, their 

identification requires demanding experimental conditions like low temperatures or 

ultrahigh vacuum.  Hence, there is a need for experimental techniques that can identify 

their topological states under ambient conditions.  Second-order nonlinear optical 

processes, being sensitive to breaks in symmetries, have the potential to identify 

topological states.  We employed wavelength-dependent reflection SHG 

measurements to study the surface of thin films of Weyl semimetals Td-WTe2 and 

Mn3Sn.  Our studies show some promising results such as the effect of wavelength 

and polarization geometry in understanding the surface electronic properties of these 

materials.  The systems are also stable to continuous illumination and high power and 

repetition rates, and do not show any significant heating or charging effects within our 

experimental conditions. 
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Chapter 1 

Introduction 

1.1 Topological Materials 

The electronic properties of solids are described by the band theory, which is based 

on the nearly free electron model.1  The electrons are considered like gaseous 

particles in a lattice of weak periodic potential or the Bloch potential.2  The Bloch 

potential assumes the lattice to be continuous and periodic, which is true when we 

consider the bulk of a solid.  However, at the surface of a solid, the periodicity of the 

lattice breaks, and therefore the electrons close to the surface experience a different 

environment.  This can result in the band structure being different at the surface as 

compared to the bulk. 

Topology is a mathematical concept that deals with smooth deformations and 

variations of surfaces.3  A class of materials known as topological materials have been 

an interesting development in condensed matter physics over the past 2 decades.  

They are characterized by robust surface electronic states distinguished by the notion 

of topological order; their fundamental properties are insensitive to defects and smooth 

changes in the material parameters unless there is a quantum phase transition.4  

Theoretical predictions5-6 of spin-orbit interactions resulting in topological states and 

their experimental confirmations7-8 have led to the realization of quasiparticle 

analogues of exotic fermions predicted by the Dirac equation and its variants in particle 

physics.  These materials exhibit inversion of valence and conduction bands and band-

crossing points occurring due to spin-orbit coupling (Figure 1.1).  This results in them 

having topological surface states with spin-momentum locking, and ultra-high carrier 

mobility owing to linear dispersion near the band-crossing points.9-10  These interesting 

properties make them a potential candidate for applications in electronics, 

optoelectronics, etc.11  Based on the presence or absence of a bandgap in the bulk, 

topological materials are classified as topological insulators (TI) or topological 

semimetals, respectively.  
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Figure 1.1. Band Diagram:  (a) The band diagram of an ordinary insulator. (b) 

Inversion of bands leading to band crossing points in topological insulators/Dirac 

semimetals. (c) Splitting of Dirac cones into two Weyl cones of opposite chirality in a 

Weyl semimetal. 

Topological semimetals are further classified as Dirac and Weyl semimetals based on 

symmetry.12  Dirac semimetals (DSM) are similar to topological insulators, with band-

crossing points, or “Dirac cones”, on the surface.  In Weyl semimetals (WSM), the 

Dirac cones are split into an even number of “Weyl cones” with opposite chirality, due 

to which they host chiral charge carriers, also known as Weyl fermions.13  This splitting 

of each Dirac cone into Weyl cones of opposite chirality requires that either time 

reversal or inversion symmetry be broken.12  Weyl semimetals host exotic metallic 

surfaces that terminate at the Weyl points, known as “Fermi arcs”.  The exotic carrier 

properties make Weyl semimetals have important applications like spintronics, 

catalysis, etc.14  Weyl semimetal are further classified as type-I and type-II based on 

the amount of tilt of the Weyl cones, with type-II Weyl semimetals having an over tilted 

Weyl cone.15 

1.2 Identification of Topological Materials 

The first step in the identification of topological phases, including Weyl semimetals, is 

through the ab initio theoretical calculations of the band structure.16  The experimental 

confirmation of the topological band structure is through techniques that can map the 

bands or provide some signature of the non-trivial band structure.  The current 

techniques that are used for the experimental confirmation of topological states are 
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mainly angle-resolved photoelectron spectroscopy17 (ARPES) and ultrahigh vacuum 

scanning tunneling microscopy18 (UHV-STM).  However, these techniques require 

demanding conditions such as extremely low temperatures or ultrahigh vacuum.  

Quantum transport measurements provide some signature of the topological states19, 

but being electrical contact techniques, they are inherently perturbative in nature.  In 

short, currently there are no ambient non-perturbative techniques that can 

experimentally verify the presence of non-trivial topological states in a material. 

1.3 Nonlinear Optical Spectroscopy 

Most of the light-matter interactions that we come across routinely fall under linear 

optics, where the interaction of matter is linearly proportional to the electric field of 

light.  However, at very high light intensities, the nonlinear light-matter interactions 

come into play.  They are governed by the nonlinear polarization equation (equation 

1.1), which relates the polarization of material to the magnitude of the electric field:20 

𝑃𝑃(𝐸𝐸) = 𝜀𝜀0�𝜒𝜒(1)𝐸𝐸 + 𝜒𝜒(2)𝐸𝐸2 + 𝜒𝜒(3)𝐸𝐸3 + ⋯�                 (1.1) 

where P(E) is the polarization induced in the material upon the application of an electric 

field E, ε0 is the permittivity of free space, and χ(n) is the nth order optical susceptibility.  

The order of an optical process is determined by the total number of waves involved 

in the process; an nth order process involves n+1 waves.  The magnitude of the optical 

susceptibilities typically decreases by many orders of magnitude with increase in the 

order of the process, and so the magnitude of ‘E’ has to increase sufficiently high for 

them to be significant and detectable.  For even order nonlinear optical (NLO) 

processes, the susceptibility vanishes to zero for centrosymmetric and isotropic media 

due to symmetry conditions.  Therefore, even order NLO processes are sensitive to 

asymmetries or break in symmetries. 
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Figure 1.2. Second Harmonic Generation:  Two photons of frequency ω polarize the 

system and excite it into successive virtual states, and the system emits a photon of 

2ω while coming back to the initial state. 

Second harmonic generation (SHG) is a second order NLO process where 2 incident 

photons of frequency ‘ω’ excite the material.  The electric field of the photons polarizes 

the system and takes it into virtual states, and the system then radiates at the second 

harmonic frequency ‘2ω’ (Figure 1.2).  As SHG is an even order process, it is sensitive 

to breaks in symmetry.  Centrosymmetric bulk media have a vanishing 𝜒𝜒(2) and 

therefore cannot generate an SHG response, within the electric dipole approximation.  

However, at the surface or an interface, there is a break of symmetry, and therefore 

SHG can be observed from surfaces and interfaces (Figure 1.3).  Hence, SHG can be 

used as an efficient tool to study surfaces and interfaces.21 

The SHG response of a material is dependent on the second order polarization at the 

second harmonic frequency Pi(2)(2ω);20 

𝑃𝑃𝑖𝑖
(2)(2𝜔𝜔) = ∑ 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖

(2)(2𝜔𝜔,𝜔𝜔,𝜔𝜔)𝐸𝐸𝑗𝑗(𝜔𝜔)𝐸𝐸𝑘𝑘(𝜔𝜔)𝑖𝑖,𝑗𝑗,𝑘𝑘                 (1.2) 

where 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖
(2)) is the second order NLO susceptibility, Ej and Ek being the incident electric 

fields, and i, j and k are the cartesian coordinates. 
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Figure 1.3. Second Harmonic Generation from Interface:  The 𝜒𝜒(2) is non-zero at 

surfaces/interfaces in the electric dipole approximation, leading to an SHG response. 

The SHG response thus generated due to this polarization from a surface can be 

described by the equation:22  

𝐼𝐼(2𝜔𝜔) = 𝐴𝐴 ∙ �𝑒̂𝑒𝑖𝑖(2𝜔𝜔)𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖
(2)𝑒̂𝑒𝑗𝑗(𝜔𝜔)𝑒̂𝑒𝑘𝑘(𝜔𝜔)𝐼𝐼(𝜔𝜔)�

2
                (1.3) 

where A is a constant determined by the experimental geometry, 𝑒̂𝑒𝑖𝑖 is the polarization 

vector of the outgoing SHG beam, 𝑒̂𝑒𝑗𝑗 and 𝑒̂𝑒𝑘𝑘 are the polarization vectors of the excitation 

waves, and I(ω) is the intensity of the incident beam.  So, the SHG response will be 

dependent on the interaction of the polarizations of the input and the SHG beams with 

the material properties.  

1.4 Scope of This Thesis 

As mentioned earlier, there aren’t any ambient non-perturbative techniques that can 

identify non-trivial topological surface states.  Visible and IR light are non-invasive 

tools to study the properties of materials.  Since even order NLO processes like SHG 

are sensitive to surfaces, SHG spectroscopy using Visible and IR light can possibly 

serve as tool to probe the topological states.  Although there are many SHG studies 

of Weyl semimetals23, most of them are restricted to studies at single wavelengths. 

However, only a wavelength dependent SHG spectroscopy can properly map the band 

energies and carrier transitions within the band structure.   

To the best of our knowledge, TaAs24 and RhSi25 are the only Weyl semimetals on 

which a wavelength dependent SHG spectroscopic study has been performed, which 
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showed a resonant enhancement of SHG, and its relation to the band geometry. The 

SHG response from RhSi was observed to be suppressed near the Weyl points.  

Therefore, it is important to conduct wavelength dependent SHG studies on different 

Weyl semimetals to have a clear understanding of the effect of topological band 

structure on the SHG response.  If the SHG spectroscopy is able to detect any 

signatures of the topological states, it can serve as effective ambient technique to 

identify and understand the topological properties of materials.  Therefore, in this 

thesis, we used SHG spectroscopy to study the surfaces of thin films of 2 topological 

Weyl semimetals, namely Td-WTe2, which is  material that has 3 different topological 

phases under different conditions26-27, and Mn3Sn, which is an antiferromagnetic Weyl 

semimetal that has demonstrated interesting electronic properties like large 

anomalous hall effect at room temperature.28-29  We developed an experimental setup 

to perform SHG spectroscopy in the reflection geometry from these materials, and 

studied the SHG response of these systems, by varying the wavelength, polarization 

geometry, intensity, and laser pulse repetition rates.  
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Chapter 2 

Experimental Methods 

2.1 Samples 

(i) Td-WTe2 thin film on Si substrate was provided by Strongin group, Temple 

University 

(ii) Td-WTe2 single crystal from 2DCC-MIP, Penn State University, was obtained via 

Strongin group, Temple University 

(iii) Mn3Sn thin film on LaAlO3 substrate was provided May Group, Drexel University 

2.2 Raman Microscopy 

A HORIBA LabRAM HR Evolution Raman microscope with variable objective lens of 

focal lengths 5X/10X/50X/100X was used to obtain the microscopic images and 

Raman spectrum from the samples.  The Raman spectrometer was calibrated with a 

standard silicon crystal sample using the 520 cm-1 peak.  The Raman spectra were 

collected  by focusing on the sample spots, accumulating over 10 scans, and 

averaging over 10 spectra. 

2.3 X-Ray Diffraction (XRD) 

The XRD spectra were recorded using a 4-axis Rigaku SmartLab diffractometer with 

a double bounce Ge-crystal high-resolution monochromator, and Cu-Kα radiation of 

wavelength 1.5406 Angstrom as the excitation source. 

2.4 Scanning Tunneling Microscopy (STM) 

The STM images were obtained using a PicoScan STM system, with a 1 nA/V 

preamplifier.  The images were recorded at room temperature and ambient pressure. 

2.5 Atomic Force Microscopy (AFM) 

The AFM images were obtained in ambient conditions using a Veeco Dimension Icon 

Scanning Probe Microscope with an Sb-doped Si AFM tip having a nominal tip radius 

of 10 nm.  An AC voltage was applied to the z-piezo to drive the oscillation of the 
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cantilever at its resonance frequency (320 Hz).  In order to keep the amplitude 

constant, a feedback loop was used to fix the tip-sample separation point by point. 

2.6 Second Harmonic Generation 

 

Figure 2.1. SHG Experimental Setup:  The samples were excited using NIR light 

ranging from 1200-1600 nm from the OPA, with an incidence angle of 60˚.  The SHG 

output was collected in the reflection geometry. 

The SHG experiments were conducted using a 300–4800 nm wavelength-tunable 

ORPHEUS-HP optical parametric amplifier (OPA, Light Conversion), pumped by a 

Monaco ultrafast diode-pumped fiber laser (Coherent), generating 400 fs pulses with 

1035 nm central wavelength, with a variable pulse repetition rate from 1 Hz to 1 MHz  

(Figure 2.1).  The experiments were performed in the Near Infrared (NIR) idler output 

wavelength range 1200-1800 nm with a repetition rate of 25 kHz, at constant power of 

10 mW.  A 1050 nm long pass filter was used to block the fundamental signal 

wavelengths from reaching the sample.  The output polarization of the OPA is vertically 

polarized, and so a periscope was used to change the polarization to horizontal so 

that the vertically placed sample is excited by P-polarized light.  A variable neutral 

density (N.D.) filter was used to adjust the power to 10 mW.  The beam was passed 

through a retroreflector attached to a translation stage keeping in mind the possibility 

of time-resolved measurements in the future.  The beam was focused onto the sample 

using a 150 mm plano-convex lens, at an angle of ~60˚ angle with respect to the 

surface normal, and the SHG output was collected in the reflection geometry.  The 

output was collimated using a 50 mm plano-convex lens.  An S-P polarizer was used 
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to resolve the polarization of the output.  The output was focused on the entrance slit 

of the spectrometer using a 200 mm plano-convex lens, and a 950 nm short pass filter 

was used to block the pump beam photons from being detected.  The output was 

recorded using a Princeton SpectraPro HRS-300-S spectrograph with a 300 gr/mm 

500 nm blaze i1-030-500-P and PIXIS 1024B CCD. 

The profile of the excitation beam at 1200 nm was measured using the knife-edge 

technique.30  The transmitted power was recorded against the position of the knife-

edge while moving the knife-edge along the beam cross section, and the derivative of 

the transmitted power against the knife-edge position was calculated to reconstruct 

the Gaussian profile.  The 1/e2 diameter of the beam before the focusing lens prior to 

the sample was obtained to be 4.6 mm (Figure 2.2). 

 

Figure 2.2. Beam Diameter Before the Focusing Lens:  (a) Transmitted power 

against knife-edge position.  (b) Gaussian profile reconstructed by taking the derivative 

of transmitted power. 

The theoretical spot size at the focal point was calculated using the equation:31 

         2𝑤𝑤0 = �4𝑀𝑀
2𝜆𝜆
𝜋𝜋
� × �𝐹𝐹

𝐷𝐷
�                        (2.1) 

where 2w0 is the 1/e2 beam diameter at the focal point, M2 is a parameter that indicates 

how close the beam is to a perfect Gaussian (with a perfect Gaussian beam having 

an M2 = 1), λ is the wavelength of light, f is the focal length of the focusing lens, and D 

is the beam diameter before the lens.  Plugging in the values, we get the theoretical 
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beam diameter at focal point to be 50 µm (see Appendix A3 for the calculations).  The 

beam diameter at the sample position was also measured using the knife-edge 

technique, and was obtained to be 70 µm (Figure 2.3), thereby giving an M2 value of 

1.4 for the beam. 

 

Figure 2.3. Beam Diameter at the Sample Position:  (a) Transmitted power against 

knife-edge position.  (b) Gaussian profile reconstructed by taking the derivative of 

transmitted power. 

Considering the SHG beam to be generated from the area on the sample that is 

illuminated by the excitation beam, the 1/e2 diameter of the SHG beam at the sample 

will be ~50 µm (Appendix A3).  The reflected beam from the sample was collimated 

by a 50 mm plano-convex lens, so the diameter of the collimated beam will be ~1.5 

mm for the fundamental (excitation) beam, and  ~1 mm for the second harmonic beam.  

The collimated beam was focused to the entrance slit of the spectrometer using a 200 

mm plano-convex lens, so the diameter at the slit will be ~290 µm for the fundamental 

and ~200 µm for the second harmonic beams.  The size of the slit was kept to be 380 

µm (0.015 inch).  
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Chapter 3 

Results and Discussion 

3.1 Characterization 

3.1.1 Optical Microscopy and Raman Spectroscopy of Td-WTe2 

To understand the surface morphology of the Td-WTe2 samples, we recorded the 

optical microscopic images of the Td-WTe2 single crystal and Td-WTe2/Si thin film 

(Figure 3.1a,b).  It is evident that the thin film has formed as non-uniform patches on 

the substrate.  The Raman spectrum from the pure single crystal and the thin film was 

obtained using a 532 nm laser excitation source. 

 

Figure 3.1. Optical Characterization of Td-WTe2:  Optical microscopic images of (a) 

Td-WTe2 single crystal under 10X and (b) Td-WTe2/Si thin film under 100X.  c) Raman 

spectra of Td-WTe2 single crystal and Td-WTe2/Si thin film. 
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The characteristic phonon peaks32 from the thin film correspond well with that of the 

single crystal (Figure 3.1c), confirming that Td-WTe2 has formed on the substrate.  The 

thin film also has a peak from the Si substrate at 520 cm-1. 

3.1.2 Optical Characterization of Mn3Sn/LaAlO3 Thin Film 

The optical images of Mn3Sn/LaAlO3 thin film also show a patchy texture (Figure 3.2).  

However, the poor contrast suggests that the patches are irregularities within the film 

surface, rather than the film itself being discrete discontinuous patches.  We also 

observed electrical conductivity upon placing multimeter tips on two ends of the film, 

indicating that the film is probably continuous. 

 

Figure 3.2. Optical Characterization of Mn3Sn:  The optical image of Mn3Sn thin 

films on LaAlO3 substrate under 100X microscope. 

3.1.2 X-Ray diffraction spectrum of Mn3Sn/LaAlO3 Thin Film 

To understand the crystal orientation, we recorded the XRD spectrum of the 

Mn3Sn/LaAlO3 thin film.  Mn3Sn crystallizes in a hexagonal P63/mmc space group.33  

The XRD spectrum of the  Mn3Sn/LaAlO3 thin film shows only the Mn3Sn (0002) and 

(0004) peaks (Figure 3.3a), indicating that the film is oriented in the (0001) direction 

(c-axis).34  The approximate thickness of the film was estimated using the Scherrer 

equation:35 

𝜏𝜏 = 0.93×𝜆𝜆
𝛽𝛽×cos(𝜃𝜃)
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where τ is the crystallite thickness, λ is the X-ray wavelength, β is full width at half 

maximum (FWHM) of the Bragg diffraction peak in radian, and is θ the Bragg diffraction 

angle. 

 

Figure 3.3. PXRD Spectra:  a) The PXRD spectrum of Mn3Sn on LaAlO3 substrate. 

b) Gaussian fit of Mn3Sn (0002) peak.  The XRD spectrum was recorded by Mr. 

Prajwal Laxmeesha, from May group at Drexel University. 

By using λ = 0.15406 nm (Cu-Kα), and β = 0.00646 radian (0.37 degree), θ = 0.34575 

radian (39.62/2 = 19.81 degree) from the Mn3Sn (0002) peak (Figure 3.3b), we get the 

thickness to be ≈ 22 nm.  

3.1.3 AFM Image of Td-WTe2/Si Thin Film 

To determine the thickness of the Td-WTe2 thin film, we recorded the AFM image 

(Figure 3.4a). The line profile shows an average thickness of 3-5 nm, corresponding 

to 4-7 layers of Td-WTe2 (interlay spacing in WTe2 is 0.75 nm36). 
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Figure 3.4. AFM Image of Td-WTe2/Si Thin Film:  The (a) AFM image and (b) 

thickness profile showing an average thickness of 3-5 nm for the film.  The AFM image 

was recorded by Ms. Uddipana Kakati, from Strongin group at Temple University. 

3.1.4 STM Image of Td-WTe2 Single Crystal 

To understand the fine surface morphology of the Td-WTe2 single crystal, we recorded 

the STM image. The STM image (Figure 3.5) on an area of 200x200 nm shows that 

the surface is a little rough, with a height difference up to 1.5 nm (corresponding to 2 

layers) within a scan length of 55 nm. 

 

Figure 3.5. STM Image of Td-WTe2 Single Crystal:  (a) The STM image of Td-WTe2 

single crystal.  (b) Line profile showing the variation in surface.  The STM images were 

recorded by Mr. Amuthan Dekshinamoorthy from the Borguet group. 



16 
 

3.2 Wavelength and Polarization Dependent SHG from WTe2 and Mn3Sn 

To understand the impact of the material properties and band structure on the SHG 

response of the topological Weyl semimetals, we conducted wavelength dependent 

SHG studies on Td-WTe2/Si and Mn3Sn/LaAlO3 thin films.  Since the Weyl semimetals 

do not have a bandgap, it is necessary to look for other electronic features to 

understand the effect of the band structure on the SHG response.  A theoretical study 

by Abdollahipour and coworkers37 predicted surface plasmon polariton (SPP) modes 

in Weyl semimetals in the NIR regime.  Since SPPs involve polarization of the electron 

cloud, we hypothesize to observe an enhancement for SHG at SPP resonant 

wavelengths.  Hence, we performed wavelength dependent SHG studies on Td-

WTe2/Si and Mn3Sn/LaAlO3 thin films in the NIR regime. 

The SHG experiments were conducted in the NIR idler output range of our OPA, 

ORPHEUS-HP (refer to Section 2.6 for details), varying the wavelength from 1200-

1800 nm in steps of 10 nm.  The output of our laser is vertically polarized, which would 

correspond to s-polarization for the vertically mounted sample.  Since p-polarized light 

provides a higher coupling with surface plasmon modes than s-polarized light38, we 

used a periscope to rotate the polarization of the pump beam to horizontal so that the 

sample experiences a p-polarized excitation.  The incident angle was kept at 60o.  The 

experiments were conducted at a constant laser repetition rate of 25 kHz, and a 

variable density N.D. filter was used to keep a constant power of 10 mW for all the 

wavelengths.  The beam diameter was measured to be 70 µm at the sample (Section 

2.6), and taking into account the elliptical area illuminated (Figure 3.6), 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  𝜋𝜋 × 𝑎𝑎 × 𝑏𝑏 

= 𝜋𝜋 × 70 ×
70

cos(60)  𝜇𝜇𝑚𝑚2 = 3.08 × 104 𝜇𝜇𝑚𝑚2 

= 3.08 × 10−4 𝑐𝑐𝑚𝑚2  

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

 

=
10 × 10−3 𝑊𝑊
25 × 103 𝐻𝐻𝐻𝐻

= 0.4 𝜇𝜇𝜇𝜇 

∴ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
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=
0.4 × 10−6 𝐽𝐽

3.08 × 10−4 𝑐𝑐𝑐𝑐2 

= 1.3 𝑚𝑚𝑚𝑚/𝑐𝑐𝑐𝑐2 

 

Figure 3.6. Schematic of area illuminated:  Out of plane beam spot size remains 

“a”, while in plane beam spot size = a/cos(60). Therefore, area illuminated = π x a x 

a/cos(60). 

We used an s-p polarizer after the sample to perform the experiment in the PP (p-

excitation, collection of p-SHG) and SP (p-excitation, collection of s-SHG) polarization 

combination geometries.  The measurements were done by integrating for 5-20 

seconds depending on the signal strength, and all spectra were scaled down to 1s for 

comparison. 

3.2.1 SHG in PP Geometry 

The SHG response of Td-WTe2/Si (Figure 3.7a) in the PP geometry was recorded by 

integrating for 5s, and scaled down to 1s.  The wavelength dependent spectra show a 

considerable interference type of behaviour (Figure 3.7b).  It is possible that the output 

from the front and back surface of the WTe2 film can interfere, considering the film is 

less than 5 nm thick, as well as the front and back reflection from the silicon substrate.   
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Figure 3.7. SHG PP Response of Td-WTe2/Si:  (a), (b) Wavelength-dependent SHG 

output of Td-WTe2/Si in the PP geometry. (c) Total SHG response of Quartz. (d) PP-

SHG response of Td-WTe2/Si normalized with the SHG response of quartz. (e)PP-

SHG response of Si substrate. (f) Si-response corrected PP-SHG spectrum of Td-

WTe2. 
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To take into account the instrumental characteristics like the efficiency of the grating 

and detector (see Appendix A4), change in focusing with wavelength, etc., we used 

the SHG response from a z-cut α−quartz, which is a commonly used as a standard 

reference for wavelength and phase dependent NLO experiments.39-40  However, the 

quartz spectrum also shows an interference pattern (Figure 3.7c), probably from the 

front and back surface of quartz.  The interference pattern persists in the Td-WTe2/Si 

PP-SHG spectrum normalized with quartz (Figure 3.7d), as the interference pattern is 

highly dependent on the path difference between the interfering signals, and we don’t 

have a complete control on the thickness of the sample and the reference.  We do not 

observe any characteristic features in the normalized PP-SHG spectrum of Td-

WTe2/Si thin film.  To remove the contributions from the Si substrate, we also recorded 

the wavelength dependent PP-SHG spectrum of a neat Si substrate of approximately 

same thickness as that of the substrate in Td-WTe2/Si thin film (~0.3 mm).  The 

interference pattern is present in the PP-SHG spectrum of Si as well (Figure 3.7e).  

The raw and normalized spectra of Td-WTe2/Si thin film were corrected using raw and 

normalized PP-SHG spectrum of Si respectively (Figure 3.7f), and the relative 

magnitude of the signal with respect to that of the oscillations due to the interference 

make it difficult to comment on the wavelength-dependent behaviour of the PP-SHG 

in Td-WTe2/Si thin film. 

We also recorded the wavelength dependent PP-SHG  response of Mn3Sn/LaAlO3 

thin film (Figure 3.8a), integrating for 5s and then scaled down to 1s.  The interference 

behaviour is present in the wavelength dependent spectrum of Mn3Sn/LaAlO3 thin film 

as well (Figure 3.8b), and as in the case of Td-WTe2/Si thin film, after normalization 

with SHG spectrum of quartz (Figure 3.8c), the interference persists (Figure 3.8d).  

Interestingly, the interference pattern is not present in the PP-SHG spectrum of the 

neat LaAlO3 substrate (Figure 3.8e).  But it is still difficult to make any comment on the 

wavelength-dependent PP-SHG spectra of Mn3Sn/LaAlO3 due to the relative 

magnitude of the signal and the interference. 
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Figure 3.8. PP-SHG Response of Td-WTe2/Si and Mn3Sn/LaAlO3 thin films:  (a), 

(b) Wavelength-dependent SHG output of Mn3Sn/LaAlO3 in the PP geometry.  (c) Total 

SHG response of Quartz.  (d) PP-SHG response of Mn3Sn/LaAlO3 normalized with 

the SHG response of quartz.  (e)PP-SHG response of LaAlO3 substrate.  (f) LaAlO3 -
response corrected PP-SHG spectrum of Mn3Sn. 
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3.2.2 SHG in SP Geometry 

Since we are exciting the samples with p-polarized light, ideally the SHG response 

should also be p-polarized.  However, we observe that there is a significant response, 

almost 10% of the PP intensity for both Td-WTe2/Si and Mn3Sn/LaAlO3 in the SP 

polarization geometry (Figure 3.9a-d).  This must be due to the uneven nature of the 

surface of the thin films, which can change the polarization of the reflected light, 

resulting in sufficient amount of s-polarization in the reflected fundamental and second 

harmonic beams.  The SP-SHG spectra also show relatively much less interference 

behaviour compared to the PP-SHG spectra.   

 

Figure 3.9. PP-SHG Response of Td-WTe2/Si and Mn3Sn/LaAlO3 thin films:  
Wavelength-dependent PP-SHG response of Td-WTe2/Si (a,c) and Mn3Sn/LaAlO3 

(b,d) thin films, and the PP-SHG spectra normalized with quartz of (e) Td-WTe2/Si and 

(f) Mn3Sn/LaAlO3 thin films. 
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Some amounts of oscillations are present in the SP-SHG spectra normalized with 

quartz of Td-WTe2/Si (Figure 3.10a) and Mn3Sn/LaAlO3 (Figure 3.10b), evidently due 

to the interference present in the spectrum of quartz.  Therefore, it is important to figure 

out how to improve our experimental conditions to get rid of the interference behaviour. 

 

Figure 3.10. Normalized SP-SHG Spectra of Td-WTe2/Si & Mn3Sn/LaAlO3 thin 
films:  SP-SHG spectra of (a) Td-WTe2/Si and (b) Mn3Sn/LaAlO3 normalized with 

SHG spectrum of Quartz. 

An interesting observation is that in the normalized SP-SHG spectrum of Td-WTe2/Si 

is that the intensity starts increasing beyond 1600 nm, which is not observed in the 

spectrum of Mn3Sn/LaAlO3.  A study by Meng and coworkers41 has shown an 

enhancement in transitions near the Weyl point of Td-WTe2, in the energy range 0.5-

0.8 eV (2500-1550 nm).  We expect the enhancement in our spectrum to be due to 

this.  However, we need to do further experiments before we can make any reasonable 

claims. 

The neat substrates showed a negligible SP-SHG output, as expected because of 

their uniform flat surface. We were able to record the SP-SHG intensity of Si recorded 

at 1300 nm after integrating for 120 s, which is nearly 4 orders of magnitude lower 

than it’s PP-SHG intensity (Figure 3.11). 
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Figure 3.11. Comparison of SP and PP SHG Intensity of Si:  The comparison of 

SP-SHG intensity of Si at 1300 nm is nearly 4 orders of magnitude lower than it’s PP-

SHG intensity. 

3.3 SHG from Td-WTe2 Single Crystal 

We also performed reflection SHG measurements from the Td-WTe2 single crystal. 

However, the reflection from the single crystal is highly scattered and distorted, 

probably due to the high unevenness of the crystal surface (see optical image, Figure 

3.1a).  We recorded the SHG output from the single crystal at 1300 nm after sufficient 

optimization and alignment of the experimental setup, and the response from the 

single crystal is ~5 times smaller than that of the Td-WTe2/Si thin film (Figure 3.12).  

We need to optimize the experimental setup further to perform a wavelength 

dependent study on the Td-WTe2 single crystals. 
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Figure 3.12. SHG From Td-WTe2 Single Crystal:  The SHG response from Td-WTe2 

single crystal is ~5 times smaller than that from Td-WTe2/Si thin film, likely due to 

highly uneven nature of the surface. 

3.4 Stability During SHG Experiments 

The SHG is an NLO process, and therefore there are chances of undesirable changes 

occurring to the system during the high intensity irradiation like structural deformation, 

charge build up, etc.42-43  To have any meaningful understanding of the system, it is 

important that the samples remain stable during the SHG experiments.  So, we 

performed a few experiments to study the stability of the samples during the SHG 

experiments. 

3.4.1 Power Dependence of SHG 

The SHG intensity should vary as the square of excitation beam intensity (refer to 

equation 1.2). We observe that both Td-WTe2/Si (Figure 3.13a) and Mn3Sn/LaAlO3 

(Figure 3.13b) thin films show a quadratic increase of SHG intensity with increase in 

excitation beam intensity from 2 mW to 14 mW at 25 kHz repetition rate.  
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Figure 3.13. Power Dependence of SHG:  Excitation power-dependent SHG 

intensity of (a) Td-WTe2/Si and (b) Mn3Sn/LaAlO3 thin films showing a quadratic 

dependence up to 14 mW. 

3.4.2 SHG Output vs Time 

To check if continuous laser illumination affects the SHG response of the materials, 

we irradiated the WTe2 and Mn3Sn thin films with 1310 nm light at 14 mW power 

continuously for 30 minutes, and recorded the SHG output every 5 minutes (Figure 

3.14).  We observed that the SHG output remains pretty stable during the entire 

duration, indicating that the samples do not undergo any considerable changes during 

the process. 

 

Figure 3.14. SHG vs Time:  The SHG output of (a) Td-WTe2/Si and (b) Mn3Sn/LaAlO3 

thin films over 30 minutes of continuous laser irradiation. 
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3.4.3 SHG Dependence on Laser Repetition Rate 

The repetition rate of the laser determines the number of pulses hitting the sample per 

second.  If any heating or charging effects come into play during the SHG process, the 

heat/charge should start accumulating in the system if we increase the laser repetition 

rate, and thereby affect the SHG response. So, to check if any heating or charging 

effects come into play during the SHG process, we collected the SHG response as 

function of laser repetition rate from Mn3Sn/LaAlO3 thin film, varying the repetition rate 

from 10 kHz to 150 kHz. The energy per pulse remains constant at all the repetition 

rates, so the intensity experienced by the sample remains the same (Figure 3.15a).  

But the increased number of pulses will result in linear increase in power (Figure 

3.15b).  So, the SHG output should increase linearly with increase in the laser 

repetition rate. 

The SHG intensity of Mn3Sn/LaAlO3 thin film at 1280 nm was recorded while 

increasing the laser repetition rate from 10 kHz to 150 kHz, and back to 10 kHz. The 

SHG intensity varies linearly with the laser repetition rate, with very little hysteresis 

between the forward and backward scans (Figure 3.15c).  The linear fit to the log-log 

plot of the SHG intensity and laser repetition rate also gives a slope of ~1 (Figure 

3.15d). So, we are able to confirm that there isn’t any considerable heat build-up or 

charging effects happening in the Mn3Sn/LaAlO3 thin film up to 150 kHz. 
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Figure 3.15. Dependence of SHG Output on Laser Repetition Rate:  (a) Schematic 

of varying the laser repetition rate.  (b) Linear increase in laser output power with 

increase in repetition rate.  (c) SHG intensity vs laser repetition rate for Mn3Sn/LaAlO3 

thin film, showing a linear increase, a very little hysteresis between forward and 

backward scans.  (d)Linear fit to log-log plot of SHG intensity and laser repetition rate 

giving a slope ~1. 
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Chapter 4 

Thesis Summary and Future Outlook 

In this thesis, we used reflection surface SHG spectroscopy to study the surfaces of 

topological Weyl semimetals Td-WTe2/Si and Mn3Sn/LaAlO3 thin films by varying the 

wavelength from 1200-1800 nm in the PP and SP polarization geometries, with the 

aim of identifying some topological signatures.  We observe that by using the 

appropriate polarization geometry, we can extract information from uneven thin film 

surfaces selectively without the contribution from the substrates, with the SP-SHG 

spectra from Td-WTe2/Si and Mn3Sn/LaAlO3 thin films having negligible contribution 

from the substrates.  We observe an increase in the SP-SHG intensity of Td-WTe2/Si 

thin film above 1600 nm, suggesting some sort of enhanced transitions in this region 

for Td-WTe2.  Some interference effects come into play due to the responses from 

different surfaces, both from the sample and the substrate, as well the reference, 

affecting the analysis of the SHG response of the samples.  The Td-WTe2/Si and 

Mn3Sn/LaAlO3 thin films do not show any heating or charging effects during our 

experiments upon with increase in the intensity of the laser and laser repetition rate, 

or with continuous laser irradiation. 

We need to perform further experiments in a broader wavelength range to have an 

understanding of the effect of topological states on the SHG response of these Weyl 

semimetal samples.  The first challenge to be addressed is to remove the interference 

patterns from the SHG spectra.  Varying the angle of incidence and the polarization of 

the excitation beam has to be tried out to see if these parameters have an effect on 

the interference.  The SP-SHG spectrum of Td-WTe2/Si thin film has to be recorded 

for wavelengths longer than 1800 nm to have an understanding of the enhancement 

beyond 1600 nm, keeping in mind the efficiency of the detection and other instrumental 

parameters.  As a resonance in both the fundamental as well as the second harmonic 

wavelength can give a resonance in SHG, sum frequency generation , which is also a 

second order NLO process, can be performed to identify the exact energy of the 

resonance.  Time-resolved SHG measurements can give an idea about the band 

geometry and carrier dynamics responsible for the enhancement.  Since the Weyl 

points have a definite chirality, excitation polarization dependent measurements with 
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linear and circularly polarized light can give further insights about the topological 

states.  We can also employ functionalizing of the surfaces via chemical modifications 

to see how the surface band properties are affected.  An extensive study by varying 

these different parameters can help to get a broad and fundamental understanding of 

the topological Weyl semimetals, and thereby further improve their potential in a wide 

variety of applications. 
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Appendix 

A1. Studying the Stability During Electrochemical Activity 

As discussed in the introduction, Weyl semimetals have potential applications as 

electrochemical catalysts.  To understand if catalytic activities affect the stability and 

properties of Td-WTe2, we recorded the Raman spectrum from a Td-WTe2 single 

crystal which was used for electrochemical reduction of CO2 by the Strongin group, 

Temple University.  The electrochemical experiments were performed by Benjamin 

Roe, from Strongin group at Temple University, using a Td-WTe2 single crystal as 

working electrode in acetonitrile solvent with 0.2M 1-ethyl-3-methylimidozolium 

tetrafluoroborate (EMIMBF4) ionic liquid as the electrolyte.   

The comparison between the spectra of the pure Td-WTe2 and the single crystal after 

electrochemistry (Figure A1.1a) shows that the characteristic phonon peaks remain 

intact after the electrochemical activity.  However, a small hump appears in the longer 

wavenumber region.  We therefore performed the measurements in a longer range, 

and a number of peaks appeared in the single crystal used for electrochemistry (Figure 

A1.1b).  So, we recorded the Raman spectrum of the ionic liquid EMIMBF4 that was 

used in the electrochemical experiment, as some amount of the liquid might be trapped 

or intercalated in the sample.  We observe that the extra peaks appearing in the single 

crystal match with the peaks of EMIMBF4 (Figure A1.1c).  This confirms that the Td-

WTe2 does not undergo any chemical change detectable with Raman measurements 

during the electrochemical process. 
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Figure A1.1. Raman Spectra after Electrochemical Activity:  (a) Raman spectra of 

as-made and electrochemically cycled Td-WTe2 single crystals.  (b) Spectrum of 

electrochemistry performed Td-WTe2 for an extended range (100-4000 cm-1).  (c) 

Spectrum of Td-WTe2 and the ionic liquid EMIMBF4 used for electrochemical CO2 

reduction. 
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A2. Automation of Delay Stage via LabVIEW 

A LabView program was developed to automate the delay stage for time-resolved 

experiments in the future (Figure A2.1). The program communicates to the Thorlabs 

MTS50-Z8 translation stage through a Kinesis interface via K-Cube DC Servo Motor 

Controller. The program can command the stage to move to specified positions, and 

to move at specified steps at discrete time intervals and adjustable velocities. 

 

Figure A2.1. LabVIEW Program:  (a) Front and (b) back panel of the LabVIEW 

program developed for automating the translation stage. 
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A3. Calculation of Beam Diameters 

The beam diameter was measured using the knife-edge technique (Figure A3.1).30  A 

knife-edge (razor blade) placed on a translation stage is moved along the cross section 

of the beam, and the transmitted laser power beyond the knife-edge is recorded as a 

function of the position of the knife-edge, as the beam is being blocked.  The recorded 

power is the total integrated power of the Gaussian beam along its cross section, so 

the derivative of the transmitted power will give the Gaussian beam. 

 

Figure A3.1. Knife-Edge Technique:  The knife-edge is moved along the cross 

section of the beam, and the transmitted power is the integrated intensity over [x]. 

The 1/e2 diameter of the laser beam before the 150 mm focusing lens in the SHG 

experimental setup is obtained to be 4.6 mm at 1200 nm.  So, the theoretical diameter 

at the focal point will be (equation 2.1): 

2𝑤𝑤0 = �
4𝑀𝑀2𝜆𝜆
𝜋𝜋

� × �
𝐹𝐹
𝐷𝐷
� 

= �
4 × 1 × 1200 × 10−6

𝜋𝜋
� × �

150
4.6

�  𝑚𝑚𝑚𝑚 

= 50 𝜇𝜇𝜇𝜇 
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The 1/e2 diameter of the beam at the focal point was measured to be 70 µm.  So, the 

M2 of the beam will be: 

𝑀𝑀2 =
2𝑤𝑤0(𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)

2𝑤𝑤0(𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)
=

70
50

= 1.4 

The equation of a Gaussian beam can be written as: 

𝐼𝐼 = 𝐼𝐼0exp�
−(𝑥𝑥 − 𝑥𝑥0)2

𝑤𝑤0
2 � 

The SHG intensity is proportional to the square of the intensity of the excitation beam 

(equation 1.3). Therefore, SHG intensity, 

𝐼𝐼2𝜔𝜔 ∝ 𝐼𝐼02exp�
−2(𝑥𝑥 − 𝑥𝑥0)2

𝑤𝑤0
2 � 

𝑖𝑖. 𝑒𝑒. , = 𝐼𝐼2𝜔𝜔 ∝ 𝐼𝐼02exp

⎝

⎜
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∴ 𝑤𝑤𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑤𝑤0

√2
=

70 𝜇𝜇𝜇𝜇
√2

≈ 50 𝜇𝜇𝜇𝜇 

So, by using equation 2.1 again, we can solve for D to get the diameter of the 

fundamental and SHG beams after the 50 mm collimating lens. 

𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆 = �
4𝑀𝑀2𝜆𝜆
𝜋𝜋

� × �
𝐹𝐹

2𝑤𝑤𝑆𝑆𝑆𝑆𝑆𝑆
� 

= �
4 × 1.4 × 1200 × 10−6

𝜋𝜋
� × �

50
50 × 10−3

� 

≈ 1.5 𝑚𝑚𝑚𝑚 

 

 

𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = �
4𝑀𝑀2𝜆𝜆
𝜋𝜋

� × �
𝐹𝐹

2𝑤𝑤0
� 
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= �
4 × 1.4 × 1200 × 10−6

𝜋𝜋
� × �

70
50 × 10−3

� 

≈ 1 𝑚𝑚𝑚𝑚 

After focusing using the 200 mm lens at the entrance slit, the diameter of the SHG 

beam at the slit will be: 

2𝑤𝑤𝑆𝑆𝑆𝑆𝑆𝑆′ = �
4𝑀𝑀2𝜆𝜆
𝜋𝜋

� × �
𝐹𝐹
𝐷𝐷
� 

= �
4 × 1.4 × 1200 × 10−6

𝜋𝜋
� × �

200
1
�  𝑚𝑚𝑚𝑚 

≈ 290 𝜇𝜇𝜇𝜇 

And the diameter of the fundamental beam at the slit will be: 

2𝑤𝑤0
′ = �

4𝑀𝑀2𝜆𝜆
𝜋𝜋

� × �
𝐹𝐹
𝐷𝐷
� 

= �
4 × 1.4 × 1200 × 10−6

𝜋𝜋
� × �

200
1.5

�  𝑚𝑚𝑚𝑚 

= 200 𝜇𝜇𝜇𝜇 
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A4. Wavelength Dependent Efficiency Curve of CCD and Grating 

 

Figure A4.1. Quantum Efficiency of CCD:  The wavelength dependent quantum 

efficiency curve of Teledyne Princeton PIXIS 1024B CCD (olive green dotted curve).  

Source: www.princetoninstruments.com/products/pixis-family/pixis 

 

 

Figure A4.2. Efficiency of Diffraction Grating:  The wavelength dependent 

efficiency curve of 300g/mm 500 nm blaze grating in Teledyne Princeton SpectraPro 

HRS300 spectrograph (green curve). 

Source: www.princetoninstruments.com/products/spectrapro-family/spectra-pro-hrs  

http://www.princetoninstruments.com/products/pixis-family/pixis
http://www.princetoninstruments.com/products/spectrapro-family/spectra-pro-hrs
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