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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, Co2MnGe, which crystallizes in the 𝐹𝑚3̅𝑚 space group, exhibits half-

metallicity, high spin polarization and Weyl nodes in its band structure. These 

properties make Co2MnGe 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 

Co2MnGe. The first section focuses on the growth and fundamental characterization of 

Co2MnGe 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 Co2MnGe is a candidate Weyl material, motivating further exploration of 

its topological and spintronic properties. 

The second section focuses on ultrafast processes in Co2MnGe 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 Co2MnGe 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, 
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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 Co2MnGe 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 

Co2MnGe 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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सार 

 

फेरोमैगे्नटिक Co-आधाररत पूर्ण हेस्लर टमश्रधातु, उच्च कू्यरी तापमान, टू्यनेबल इलेक्ट्र ॉटनक 

गुर्ोों और अधण-धात्विकता के टलए जाने जाते हैं। हाल ही में, इनमें से कुछ Co-आधाररत 

फेरोमैगे्नटिक पूर्ण हेस्लर टमश्रधातुओों में उनके इलेक्ट्र ॉटनक बैंड सोंरचना में वेइल फटमणयन की 

मेजबानी करने की भटवष्यवार्ी की गई है। इस गैर-तुच्छ िोपोलॉटजकल त्विटत से जुडी बेरी 

वक्रता असामान्य घिनाओों को प्रदटशणत करती है, जैसे टक असामान्य हॉल प्रभाव (AHE), फमी 

आकण  सतह की त्विटत और अन्य बेरी वक्रता-पे्रररत प्रभाव। इन यौटगकोों में, Co2MnGe, जो 

𝐹𝑚3̅𝑚 से्पस गु्रप में टक्रस्टलीकृत होता है, अपनी बैंड सोंरचना में अधण-धात्विकता, उच्च त्वस्पन 

धु्रवीकरर् और वेइल नोड्स प्रदटशणत करता है। ये गुर् Co2MnGe को न केवल त्वस्पन-आधाररत 

इलेक्ट्र ॉटनक उपकरर्ोों के टलए बत्वि THz एटमिर के टलए भी एक उतृ्कष्ट उम्मीदवार बनाते हैं। 

इसकी वृत्वि की त्विटतयोों को अनुकूटलत करना और टवटभन्न बाहरी त्विटतयोों के तहत इसके 

पररवहन और अल्ट्र ाफास्ट ऑटिकल प्रटतटक्रया की जाोंच करना इस थीटसस का प्राथटमक फोकस 

है। 

थीटसस में शोध कायण को दो खोंडोों में वगीकृत टकया गया है, जो Co2MnGe के सोंरचनात्मक, 

मैगे्निोिर ाोंसपोिण और अल्ट्र ाफास्ट िेराहि्ण़ (THz) उत्सजणन अध्ययनोों पर कें टित है। पहला खोंड 

Co2MnGe पतली टफल्ोों की वृत्वि और मौटलक लक्षर् वर्णन पर कें टित है, टजन्हें पल्स्ड लेजर 

टडपोटजशन (PLD) तकनीक का उपयोग करके MgO सब्सिर ेि पर जमा टकया गया था। 

सोंरचनात्मक लक्षर् वर्णन से पता चलता है टक टफल्ें B2 ऑडणररोंग के साथ एटपिैत्वियल हैं, 

जबटक पररवहन माप उनके धात्विक व्यवहार की पुटष्ट करते हैं। AHE माप का उपयोग करके 

आगे की जाोंच से सोंकेत टमलता है टक आोंतररक तोंत्र बाहरी योगदानोों पर हावी है, टजसका अथण है 

एक गैर-शून्य बेरी वक्रता, जो वेइल सेमीमेिल्स का एक टवटशष्ट हस्ताक्षर है। ये टनष्कर्ण बताते हैं 

टक Co2MnGe एक सोंभाटवत वेइल सामग्री है, जो इसके िोपोलॉटजकल और त्वस्पनिर ॉटनक गुर्ोों 

की आगे की खोज को पे्रररत करती है। 

दूसरा खोंड THz िाइम-डोमेन से्पक्ट्र ोस्कोपी का उपयोग करके Co2MnGe पतली टफल्ोों में 

अल्ट्र ाफास्ट प्रटक्रयाओों पर कें टित है, जो िोपोलॉटजकल अविाओों और त्वस्पनिर ॉटनक घिनाओों 

की जाोंच के टलए एक शत्विशाली तकनीक है। यह खोंड तीन प्रमुख उदे्दश्ोों से पे्रररत है। सबसे 
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पहले, यह प्रदटशणत टकया गया है टक Co2MnGe पतली टफल्ें फेमिोसेकों ड लेजर उते्तजना पर 

THz टवटकरर् उत्सटजणत करती हैं, टजसमें उत्सजणन दक्षता और िोपोलॉटजकल गुर् वृत्वि तापमान 

के प्रटत अत्यटधक सोंवेदनशील होते हैं। टफल्ोों के व्यवहार को और अटधक समझने के टलए, 

तापमान, तरोंग दैध्यण और धु्रवीकरर् पर टनभणर THz उत्सजणन माप एक अनुकूटलत टफल् पर टकए 

गए, जो बाहरी मापदोंडोों के प्रभाव के बारे में जानकारी प्रदान करते हैं। अोंत में, हमने सतह के 

साथ-साथ Co2MnGe पतली टफल् के थोक में अल्ट्र ाफास्ट फोिोकरोंि प्रटतटक्रया का टवशे्लर्र् 

टकया और कमरे और कम तापमान (15K) दोनोों पर इन प्रटतटक्रयाओों को टनयोंटत्रत करने वाले 

अोंतटनणटहत रैत्वखक और गैर-रैत्वखक तोंत्रोों की जाोंच की। इस थीटसस में प्रसु्तत समग्र अध्ययन 

Co2MnGe फेरोमैगे्नटिक पूर्ण ह्यूस्लर टमश्रधातु के टवकास, सोंरचनात्मक लक्षर् वर्णन के कठोर 

टवशे्लर्र्, तथा मैगे्निोिर ाोंसपोिण और अल्ट्र ाफास्ट THz उत्सजणन अध्ययनोों के माध्यम से उनकी 

िोपोलॉटजकल टवशेर्ताओों की जाोंच के माध्यम से हमारी मौटलक समझ को आगे बढाता है। 
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2.5 Different angles, indices, and wave vector directions of refraction, 

when X-rays are incident from the air on the surface of a sample with 

a refractive index less than 1. 

40 

2.6 A representative XRR spectra of Co2MnGe (30nm) thin film grown 

on Si (100) substrate showing the different information that can be 

obtained from XRR spectra. 

41 

2.7 Schematic diagram of the atomic force microscopy measurement 

setup. 

43 

2.8 Schematic diagram of the four-probe linear resistivity measurement 

configuration used for highly conducting thin film samples. 

44 

2.9 Schematic of the four-point probe Hall effect measurement geometry. 45 

2.10 Schematic representation of the high-intensity femtosecond pulse 

generation mechanism using a Ti:Sapphire-based regenerative 

amplifier laser system (Astrella, available in our laboratory). The 

diagram illustrates the fundamental working principle of chirped 

pulse amplification. Initially, weak femtosecond pulses from the seed 

laser are temporally stretched in the stretcher. The first Pockels cell 

(PC1) selectively isolates a single pulse for subsequent amplification. 

Following amplification, the second Pockels cell (PC2) guides the 

amplified pulse to the compressor, where it is recompressed to yield 

high-intensity, transform-limited femtosecond pulses at the output. 

48 

2.11 (a) Schematic diagram of the intensity autocorrelation setup utilizing 

second-harmonic generation (SHG). The experimental arrangement 

employs a beam splitter, retroreflector, and mirrors to direct the laser 

50 
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pulses in a non-collinear geometry toward the BBO (beta-barium 

borate) crystal. (c) A comparative illustration demonstrating the 

relationship between the Gaussian-shaped pulse and its 

corresponding autocorrelation trace. (b) Measured second-harmonic 

intensity autocorrelation signal of the amplifier output obtained in our 

laboratory. The recorded signal displays a full width at half 

maximum (FWHM) of approximately 128 fs, which corresponds to 

an estimated pulse duration of ~90 fs after applying the appropriate 

deconvolution factor. 

2.12 (a) Schematic representation of the PSAC technique utilizing a 

Michelson interferometer configuration. (b) The output signal from 

the autocorrelator (Avesta, model: AA-10DD-12PS), indicating a 

measured FWHM pulse duration of approximately 38 fs. 

51 

2.13 Schematic illustration of the electromagnetic spectrum, 

encompassing various regions from radio waves to X-rays. The 

terahertz (THz) range is highlighted to emphasize the transition 

between electronics and photonics. Essential parameters, including 

frequency, wavelength, wavenumber, period, photon energy, and the 

corresponding temperature values, are presented for reference. 

Recreated from reference [14]. 

54 

2.14 Illustration of the diverse applications of THz radiation across 

multiple fields. The top-left schematic depicts the use of THz 

spectroscopy in security and non-destructive testing, while the 

remaining schematics highlight applications in areas such as medical 

diagnostics, THz spectroscopy in fundamental scientific research, and 

wireless communication networks. Adapted from references [17, 19, 

20]. 
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2.15 Schematic illustration of various mechanisms responsible for THz 

pulse emission from single layer of Heusler alloys upon fs optical 

excitation. The diagram shows four principal mechanisms: (a) 
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ultrafast demagnetization (b) photon drag effect (c) optical 

rectification, and (d) circular photogalvanic effect. Adapted from 

references [25-27].  

2.16 Schematic of the time-domain THz emission spectroscopy setup in 

reflection geometry. The system consists of a Ti:Sapphire based 

regenerative amplifier, a beam splitter to divide the laser output, a 

motorized stage for delaying the probe pulse, and off-axis parabolic 

mirrors to collect the emitted THz pulses. The detection utilizes an 

electro-optic sampling technique incorporating a quarter-wave plate, 

a Wollaston prism, and a balanced photodiode. 

57 

2.17 Experimental setup for THz waveform detection using the electro-

optic sampling method. A (110)-oriented ZnTe crystal is used for 

detection. The probe polarizations, both in the absence and presence 

of the THz field, are illustrated before and after the QWP and WP. 

The QWP and WP are employed to separate the orthogonally 

polarized components of the probe pulse's electric fields. The 

intensity difference between (∆I) between PD1 and PD2 is measured 

using a lock-in amplifier. 

58 

2.18 Schematic diagram of the time-domain THz emission measurement 

setup, which is integrated with a low-temperature optical cryostat to 

enable temperature-dependent studies of the sample, ranging from 

room temperature to 5 Kelvin (K). 
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2.19 Schematic diagram of the optical cryostat system: Janis SHI-4-2-XG 

closed-cycle helium cryostat. (a) Cryostat vibration isolation design 

featuring rubber bellows and silicone gel pads, (b) Lake Shore 335 

temperature controller, (c) Turbomolecular pump, and (d) Cryostat 

chamber with optical and THz windows. 

61 

2.20 Co2MnGe thin film sample mounted on a gold-plated copper holder. 62 

3.1 Crystal structure of PLD grown (100)-oriented epitaxial Co2MnGe 69 
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thin film on MgO (100) substrate. (a) Out-of-plane XRD patterns, (b) 

𝜙-scan data (along (220) planes) of the Co2MnGe film (top) and the 

MgO substrate (bottom). (c) Schematic diagram of the B2-ordered 

crystal structure (left) and top view of Co2MnGe unit cell over MgO 

lattice (right).  

3.2 (a) X-ray reflectivity data (blue circles) and fit (red line) for the 

45 nm thick Co2MnGe film. The inset shows an AFM image of area 

(2 × 2 µm2) with a scale bar of 400 nm. (b) Shows the mixed 

elemental mapping of Co, Mn, and Ge elements. 

70 

3.3 Magnetic properties of the epitaxial Co2MnGe 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. 

71 

3.4 Electrical properties of the epitaxial Co2MnGe 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-

II). (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. 

72 

3.5 AHE in epitaxial Co2MnGe thin film. (a) Magnetic field-dependent 

Hall resistivity, ρxy 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, 

ρxy
AHE. 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. (c) Anomalous 
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Hall resistivity, ρxy
AHE 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, σxy
AHE.  

3.6 (a) Variation of ρxy
AHE with ρxx

2 , and (b) variation of σxy
AHE with σxx

2 . 

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

text. (c) Temperature-dependence of σxy
AHE. (d)Temperature-

dependence of scaling coefficient, SH. 

77 

4.1 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 × 5 μm2.  (c) Magnetic hysteresis loops of CMG thin 

films obtained for in-plane external magnetic field. (d) Saturation 

magnetization, MS and coercive field, HC as a function of substrate 

temperature.  

85 

4.2 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 (α) 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 (α = 0°) excitation pulses.  

87 

4.3 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 

89 
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(even) components of the THz signals. See text for more details.  

4.4 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 (α =  0°), RCP (α =

 45°) and LCP (α =  −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. 
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4.5 (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 Ts. (b) Variation of the CPGE induced 

contribution to the THz emission with respect to the substrate 

temperature Ts.  

92 

5.1 Pump fluence dependence of the THz emission from Co2MnGe 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 μJ/cm² to 810 

μJ/cm². 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. 

102 

5.2 THz emission from Co2MnGe 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. 

103 

5.3 Temperature-dependent THz emission from Co2MnGe 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 μJ/cm². 
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These temporal signals are horizontally shifted for clarity. (b) Peak to 

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

5.4 Transport and magnetic measurements on Co2MnGe thin film. (a) 

Temperature-dependent longitudinal resistivity indicating the 

metallic nature of the film. (b) Magnetic hysteresis loops measured at 

different film temperatures. (c) Comparison of normalized THz peak 

amplitude (black circles) and extracted normalized magnetization 

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

105 

5.5 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 μJ/cm². (b) Peak-to-peak THz amplitude (EPP) as a 

function of excitation wavelength. 

106 

5.6 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. 

107 

5.7 THz emission from Co2MnGe thin film under different linear pump 

polarization angles. The THz peak amplitude is plotted as a function 

of the incident light polarization angle (ϕ). 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. 

109 

5.8 Comparison of THz emission from single-layer Co2MnGe (30 nm) 

and bilayer Co2MnGe (30 nm)/Pt (3 nm) thin films. The insets show 

optical microscope images of the corresponding film surfaces. 

111 

6.1 Characterization of Co2MnGe thin film. (a) ϕ-scan of the film and the 

MgO substrate along (220) planes. (b) AFM and (c) FESEM images 

119 
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displaying the surface morphology of the film.  

6.2 (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 Co2MnGe thin 

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

120 

6.3 Helicity-dependent THz emission observed in Co2MnGe thin film at 

300K. (a) THz peak to peak amplitude, EPP as a function of the QWP 

angle (α). Open circles and red lines represent the experimental data 

and fitting result by Eq. (6.1), respectively. (b) C Sin 2α (red line), L1 

Sin 4α (green line), L2 Cos 4α (blue line), and D (olive green line) as 

function of QWP angle (α) 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, L1, L2 and D obtained by fitting 

of the experimental data. 

122 

6.4 (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. 
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6.5 (a) C sin(2α), (b) L1sin(4α), (c) L2cos(4α), 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. 
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6.6 (a-c) Variation of the extracted fitting parameters C, L2, 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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6.7 Helicity-dependent THz emission observed in Co2MnGe thin film at 

15 K for various excitation pump fluences. (a) The THz peak to peak 

amplitude, EPP as a function of QWP angle (α). The red solid line is 

the best fit with Eq. (6.1). (b) C Sin 2α (red line), L1 Sin 4α (green 

line), L2 Cos 4α (blue line), and D (olive green line) as function of 

QWP angle (α) 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, L2 and D obtained by fitting of the 

experimental data.  
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6.8 (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. 

127 

6.9 (a) C sin(2α), (b) L1sin(4α), (c) L2cos(4α), 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. 
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6.10 (a-c) Variation of the extracted fitting parameters C, L2 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.  
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6.11 Extracted peak-to-peak THz amplitude, EPP values for the parameters 

C, L2, and D/2, obtained from fitting, measured at 300 K and 15 K 

with a fixed pump fluence of 810 μJ/cm2. The red pattern bars 

correspond to 300 K, and the blue pattern bars represent 15 K.  
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6.12 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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