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CHAPTER 3

Experimental Techniques

This thesis focuses on questions related to magnetization dynamics involving THz pulses

either for excitation or as a sensitive probe. Here, the experimental techniques and

instruments employed to address the questions in the following chapters are discussed as

follows:

• THz emission spectroscopy (TES) is a technique used to measure the magnetic

properties of ultra-thin films (Chapter 4). The ferromagnetic resonance (FM) for

Mn3-XGa thin films is in the range of 0.1 - 0.4 THz, which are studied using TES.

In this frequency range, TES proved to be a more sensitive technique as compared

to all optical ultra-fast magneto-optical techniques.

• Chapter 5 of the thesis deals with THz induced demagnetization of amorphous

CoFeB thin films. Here we use the ability of THz radiation to generate spin-

polarized current in ferromagnetic thin films and its effect on ultra-fast demagne-

tization is studied using the polar magneto-optical Kerr effect.

• Chapter 6 of the thesis discusses the THz coherent control of antiferromagnetic

(AFM) mode of the single crystalline NiO. The AFM mode of the NiO is selectively

excited using a narrow band THz pump and it is probed using the Faraday effect.

23



24 3. Experimental Techniques

3.1 THz emission spectroscopy

Terahertz (THz) emission spectroscopy is a technique based on the coherent detection

of flashes of THz light emitted when intense ultra-short photon pulses interact with

matter. The first demonstration of radiation emitted in this way was in 1990 when it

was observed as a result of free carrier excitation and optical rectification in semicon-

ductors [1]. The emitted pulses were broadband, and carried information on carrier

relaxation time, phonon absorption, and/or the electro-optical coefficients. Since then,

this technique has been used to study a multitude of materials for their different ultra-

fast dynamics. In 2004, it was discovered that laser-driven demagnetization processes

can give rise to broadband, single-cycle THz pulse emission [2, 3]. In that case, the spec-

trum of the emitted burst carries information on the time-scale of the demagnetization

process, making THz emission spectroscopy a powerful diagnostic technique for study-

ing laser-driven ultra-fast non-equilibrium dynamics in matter. In 2013, the method was

successfully applied to determine the duration of ultra-fast laser-driven spin currents [4].

Most recently, researchers have succeeded in detecting narrow-band emission from spin

waves in ferrimagnetic bulk insulators [5, 6] and antiferromagnetic insulators [7].

In this study TES is emplyed to study the FM modes in Mn3-XGa. The THz emission

from these materials is based on magnetic dipole emission. The electromagnetic radiation

is emitted when a magnetic dipole oscillates in time. Using vector potentials for a

circulating current loop one can find the electric field (Et) emitted from such a loop [8]

as:

Et =
−δA
δt
∼ δ[m× n̂]

δt
(3.1)

where m is the magnetic dipole moment, A is vector potential and n̂ is the radial unit

vector for circulating motion. In the case of Mn3-XGa, the emission is from multiple

magnetic dipoles which are oscillating in a coherent fashion at the frequency of the

ferromagnetic resonance (FMR) upon excitation by ultra-fast laser pulses with a pulse

duration shorter than the magnetization oscillation, as discussed in chapter 4. For such

cases, the far-field radiation is diffraction limited and given by the following equation

[9],

Et ∼ sinc(πd(sinθ)/λ)2 (3.2)

where d is the laser spot size on the sample, λ is the wavelength of the emitted radiation

and θ is the angle between the surface normal and the observation angle.
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3.1.1 Electro-Optic Sampling

The detection technique for freely propagating THz radiation used in this work is based

on electro-optic (EO) sampling [10–12]. The linear EO effect, also known as the Pockels

effect, describes birefringence induced in electro-optic material in response to an applied

electric field. This effect is observed in materials with broken inversion symmetry. EO

detection allows simultaneous detection of phase and amplitude of the THz electric field.

In the presence of the THz electric field, EO material becomes birefringence. This bire-

fringence is proportional to the THz electric field and can be probed with collinearly

propagating short near infrared 800 nm probe pulses. The probe pulse experience the

transient birefringence and changes its polarization state which can be detected using a

balanced detection scheme. A balanced detection scheme consists of a λ
4 wave-plate for

probe wavelength, a Wollaston prism (WP) and, a pair of balanced photo-diodes (PD),

see Figure 3.1. In the absence of a THz electric field, a linear probe beam becomes circu-

larly polarized because of the λ
4 wave-plate. WP separates two orthogonal polarizations

from the circularly polarized probe beam and they are balanced on the photo-diodes.

When the THz electric field is present, ellipticity in probe beam is induced in the EO

material, which unbalances the photo-diode signal. This unbalanced photo-diode signal

is a measure of the THz electric field.

For collinear EO sampling in a material of thickness L, the differential phase retardation,

which is a measure of the THz electric field, is given by [13],

δφ(t) =
2πLn3

0r

λ
E(t) (3.3)

Here r is the EO coefficient of the detector material, E is the electric field of the THz

radiation, and n0 is the unperturbed refractive index. The complete mapping of the

THz electric field transient can be done by delaying the probe beam with respect to the

THz beam. This equation assumes perfect phase matching between the group velocity

of the 800 nm probe beam and the phase velocity of the THz beam.

In this thesis, a ZnTe crystal cut along the <110> crystallographic direction is used for

THz detection. ZnTe is an isotropic crystal having a zincblende structure with non-zero

EO coefficients along the r41, r52, and r63 directions.

The THz detection efficiency decreases as the velocity mismatch between two beams

increases. Therefore it is important to optimize the thickness of the ZnTe crystal for the

efficient detection of the THz frequency under consideration. The minimum distance
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Figure 3.1: Schematic of the electro-optic set-up used in this thesis. The THz ra-
diation pulses (shown in red) are focused on the electro-optic crystal (ZnTe) and 800
nm NIR laser pulses (shown in green) are collinear with the THz pulses. The THz
field induces birefringence in the electro-optic crystal, the differences in the orthogonal
polarization is detected using a quarter-wave plate (λ4 ), a Wollaston prism (WP) and

a pair of photo-diodes (PD).

over which velocity mismatch can be tolerated for THz detection is called the coherence

length, defined as

lc(ωTHz) =
πc

ωTHz|nopt(ω0)− nTHz(ωTHz)|
(3.4)

where, nopt is the refractive index of the probe pulse inside the ZnTe crystal along the

<110> direction and nTHz is the refractive index of THz radiation in ZnTe crystal along

the same crystallographic axis.

3.2 Magneto-optic effect

Magneto-optical effects are the result of the interaction of light and matter when the

latter is subject to a magnetic field. For some magnetically ordered materials, such as

ferromagnets, ferrimagnets etc, magneto-optical effects are present even in the absence

of an externally applied magnetic field. In magneto-optical effects, the polarization of

the incident light rotates after interacting with magnetization of the materials [14, 15].

For the analysis of the magneto-optic Kerr effect [16] and other phenomena in detail,

consider the isotropic media having a permittivity tensor as written below:
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ε =

( εxx 0 0

0 εyy 0

0 0 εzz

)
(3.5)

When an external magnetic field is applied parallel to the direction of propagation of

incident light, for example along ẑ, considering time reversal symmetry and energy

conservation, we can write,

ε =

( εxx εxy(B) 0

−εxy(B) εyy 0

0 0 εzz

)
(3.6)

The normalized eignemodes of ε are given by

(
Ex

Ey

)
±

=
1√
2

(
1

±i

)
(3.7)

Here Ex and Ey are the electric fields along x and y direction. The eigen values of the

above matrix are εxx ± iεxy(B) with eigen vectors [1, i] and [1, -i]. These eigen vectors

correspond to right and left circularly polarized light, which shows that circularly po-

larized light will remain circularly polarized after interacting with the material having

the above permitivity tensor. Refractive indices for circularly polarized light would be

n+ =
√

(εxx + iεxy) and n− =
√

(εxx − iεxy). This implies that for circularly polarized

light, different helicities will experience different speed in the material which will intro-

duce a phase delay. For linearly polarized light, it will introduce polarization rotation,

but light at the exit of the media will remain linearly polarized.

3.2.1 Faraday effect

In the Faraday effect [14, 17], the polarization of light which is transmitted through

magnetic materials is rotated. Following the analysis discussed for the case of isotropic

media with permittivity tensor given by equation 3.6, the Faraday rotation (θF ) of light

propagating through magnetic media is given by [15]

θF =
ω

2c
(n+ − n−)L (3.8)

where ω is the angular frequency of the light, L is the length travelled by the light in the

magnetic medium and n+ and n− are refractive indices for right handed and left handed
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Figure 3.2: Schematic of the Faraday set-up used in this thesis. The THz pump
(shown in red) is incident on the material under investigation at normal incidence. 100
femtosecond 800 nm NIR laser pulses (shown in green) are collinear with the THz pump.
The transient change in magnetization of the materials is probed with the polarization
rotation of the 800 nm NIR laser pulse passing through the material. λ

2 , WP, and
PD stand for the half-wave plate for 800 nm wavelength, a Wollaston prism and the

photo-diodes, respectively.

circular polarization of light. If the light propagates through a magnetic medium with

non zero absorption coefficient, i.e., the absorption is different for right handed and left

handed circular polarization then polarization is changed from linear to elliptical. The

schematic of THz pump NIR Faraday probe is shown in the figure 3.2.

3.2.2 Magneto-optical Kerr effect (MOKE)

In the Kerr effect [15] the polarization of the reflected light from the sample surface

changes. This change is proportional to the internal magnetization of the sample. The

Kerr effect can be measured in three different geometries as shown in the figure 3.3.

In the polar MOKE configuration, the magnetization of the medium is pointing out of

the plane. The NIR probe pulses can be perpendicular to the sample surface and one

observes the change in out-of-plane magnetization by measuring the changes of probe

pulse polarization state. For normal incidence, the analytical expression for the Kerr-

rotation angle is given by [19],

θpol =
εxy√

εxx(εxx − 1)
(3.9)

In longitudinal and transverse MOKE, the magnetization of sample lies in the plane

of the sample. For longitudinal MOKE, the magnetization of the sample is parallel to

the plane of incidence while for transverse MOKE it is perpendicular to the plane of
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Figure 3.3: Different configurations for measurement of Kerr effect [18]. Longitudinal
and transverse MOKE geometry allows to probe the magnetization which is in plane,
whereas polar MOKE geometry allows to probe magnetization which is out of plane.

incidence. For polar and longitudinal MOKE, there is always a non-zero component of

magnetization on the wave vector of the probe pulses, which results in the rotation of

polarization.

The magnitude of the Kerr effect depends on the geometry and the angle of incidence.

The largest effect is observed with polar MOKE geometry with probe pulses being

perpendicular to the sample surface. The schematic of the polar MOKE geometry used

is shown in figure 3.4.

3.3 Light sources

3.3.1 Near infra-red (NIR) femtosecond laser sources

The femtosecond laser systems used in the laboratory consist of a Ti-sapphire Vitara-T

oscillator, a regenerative amplifier (RegA) system and a Legend Elite amplifier system

from Coherent. The oscillator laser system is pumped by Verdi18 solid state continuous

laser system. The VitaraT oscillator [20] produces short laser pulses centered around

800 nm with a bandwidth of 30-120 nm and repetition rate of 78 MHz with average

power > 450 mW.

The oscillator pulses are then used to seed RegA and Legend amplifiers. The purpose of

the amplifier is to enhance the energy per pulse by few orders of magnitude. The RegA

[21] has an output of 5 µJ at 200 KHz with a repetition rate that can be varied from 100
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Figure 3.4: Schematic of the polar MOKE set-up used in this thesis. The THz pump
(shown in red) is incident on the material under investigation at normal incidence. 100
femtosecond 800 nm NIR laser pulses (shown in green) are collinear with the THz pump.
The transient change in magnetization is probed with the change in the polarization of
the 800 nm NIR laser pulse reflected back from the material. λ

2 , WP, and PD stand for
the half-wave plate for 800 nm wavelength, a Wollaston prism and the photo-diodes,

respectively.

KHz to 250 KHz with a 100 fs pulse duration. On the other hand, the Legend Elite[22]

has a 1 mJ pulse energy at repetition rate of 1 KHz with a 100 fs pulse duration.

3.3.2 Laser-based THz light sources

The readily available table-top laser-based THz sources and their detection schemes [23–

25] have helped to gain understanding of the physics in the THz frequency regime. THz

time domain spectroscopy has been extensively used to probe low energy excitations in

materials, liquids and gases [26–30]. Recent advancements in high electric field amplitude

THz sources have opened up a new branch of fundamental science where high-field THz

sources have been used to excite and control the low-energy excitations in a coherent

fashion [4, 23, 31–38].

The typical laser-based THz sources used in laboratories are based on the optical rectifi-

cation process using intense near infra-red (NIR) fs laser systems, see figure 3.5. Optical

rectification is based on a second order nonlinear process which can be seen as difference

frequency generation. When a fs laser pulse is incident on a material, electrons move

back and forth following the electric field of the laser pulse. In case of materials with

broken symmetry, excited electrons and ions undergo additional displacement caused by

polarization (Pr(t)) which follows the intensity envelope of the laser pulse. This rectified
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motion of charge carriers emits electromagnetic radiation which has a bandwidth of ∼
1
τ , where τ is the laser pulse duration in femtoseconds, corresponding to frequencies in

the few THz regime.

According to Maxwells equations, the polarization P acts as a source term, radiating

off a single cycle electro-magnetic pulse in the far field.

∆×∆×E +
1

c2

δ2

δt2
(εE) = −4π

c2

δ2P

δt2
(3.10)

Figure 3.5: Schematic of the optical rectification process for THz generation, adapted
from [4]. An intense femtosecond pulse is incident on a non-inversion symmetric crystal.
This femtosecond pulse induces a charge displacement, which follows the envelope of
the femtosecond pulse. This charge displacement acts as a source of THz generation

from the non-inversion symmetric crystal.

In order to have a high efficiency of THz generation, the laser pulse and generated THz

should travel at the same speed in the crystal. In such a situation, THz waves can add

up coherently throughout the length of the crystal. This is known as the phase matching

condition, which requires a crystal where the group refractive index for the femtosecond

laser pulse is equal to the phase refractive index for the THz:

nvisgr = nTHzph (3.11)

The most commonly used materials for THz generation are ZnTe, GaP, LiNbO3, DAST.

The phase matching of optical group velocity and THz phase velocity is essential for

efficient THz generation. Such phase matching can be achieved in collinear fashion with
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materials such as ZnTe, GaP. To further increase the efficiency of THz generation one

needs materials with higher dielectric constants, such as LiNbO3, that offers a higher

elector-optic coefficient. In such materials, collinear phase matching cannot be achieved

collinearly [39]. For such cases, tilted pulse-front schemes for LiNbO3 using gratings

can be used as demonstrated [40]. The advantage of this technique over collinear phase

matching THz emission is the scalabilty of emitted THz power with pump power and

spot size of the pump [41].

In this thesis, a 800 nm NIR laser pump at 1 KHz repetition rate has been used for THz

generation using a tilted wave-front. The average laser pump power used was ∼ 1W and

emitted THz power is of the order of a few mW. Thus, the conversion efficiency for tilted

pulse-front THz generation is roughly 10−3. The typical waveform of the THz emission

using tilted pulse-front generation and its Fourier spectrum is shown in the figure 3.6.

Figure 3.6: Typical time trace along with its frequency spectrum of generated THz
radiation using LN as a THz source. (a) time domain trace of the electric field of
generated THz radiation, (b) shows the frequency spectrum of the recorded time scan.

3.3.3 TELBE

In the experiments where multi-cycle, narrow-band and spectrally dense THz pulses

are required, the TELBE facility is used. The TELBE facility has two different THz

sources: i) tunable THz radiation based on a magnetic undulator and ii) broadband

coherent diffraction radiation. The THz radiation is generated from electron bunches

accelerated in superconducting radio frequency (SRF) cavities. The emission from the
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accelerated electron bunches is based on the principle of super-radiance. The super-

radiance radiation is emitted when the area of emitters become significantly smaller

than the wavelength of radiation. For the electron bunch duration (τ), the frequency

of superradiant emission is given by the inverse of τ . Figure 3.7 shows the schematic

of the superradiant process. When the electron bunch has a width larger than the

wavelength of the radiation then one gets the incoherent radiation, where the intensity

of the radiation is proportional to the number of electrons. In contrast, when the

electron bunch has a width smaller or comparable to the wavelength of the radiation

then a superradiant process is observed. For a superradiant process, the intensity of the

emission is proportional to the square of the electron number N.

Figure 3.7: Schematic representing the concept of superradiant emission from an
electron bunch. (a) when the electron bunch width is larger than the wavelength of
emitted radiation, incoherent radiation is observed (b) when the electron bunch width
becomes comparable to the wavelength of the radiation then superradiant emission with

square law is observed.

TELBE has an advantage over conventional laser-based table top THz sources because

of its high spectral density and frequency tunability. Figure 3.8a shows the maximum

pulse energy for the TELBE source. Figure 3.8a shows the comparison between laser-

based sources (black dots) and the TELBE source. Laser-based sources operating higher

than 10 kHz repetition rate are limited to pulse energies less than 10 nJ [42, 43], whereas

for repetition rates above 250 kHz it can produce 0.25 nJ pulse energies [44, 45]. TELBE

currently exceeds these values by more than 2 orders of magnitude (blue shaded) with

100 pC electron bunches. Electron bunches with 1 nC result in pulse energies of 100 µJ

(light-blue-shaded). A high repetition rate also provides an exceptional dynamic range

required for better detection statistics. Figure 3.8b shows the maximum observed pulse
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energy as a function of frequency at TELBE (red dots) with 100 kHz repetition rate

and 100 pC electron bunches. The pulse energies exceed the currently most intense

high-repetition rate laser-based sources (shaded) by up to 2 orders of magnitude. It

should be noted that, the laser-based sources are broadband and have a distribution of

spectral weight over many frequencies as indicated by the color tone in the respective

shaded areas in figure 3.8b. Experiments aimed at driving a narrow-band low frequency

excitation resonantly thereby benefit additionally from the considerably higher spectral

density. A novel pulse-resolved data acquisition system facilitates a timing accuracy

between TELBE and NIR laser systems of 12 fs (rms) and an exceptional dynamic

range of 106 or better in experiments [46].

Figure 3.8: Maximum pulse energy observed at TELBE as a function of repetition
rate, for a given THz frequency. Adapted from [47] (a) Maximum pulse energy at
TELBE as a function of repetition rate. With 100 pC electron bunches, TELBE pulse
energy is 2 orders of magnitude higher than from intense table top THz sources at the
same repetition rate of 100 kHz. (b) maximum pulse energy at TELBE as a function
of THz frequency, observed at 100 KHz repetition rate and 100 pC electron bunches.

TELBE currently operates at 100 KHz repetition rate with the THz frequencies that

can be tuned from 0.1 THz to 2 THz with a 20 % bandwidth [47], see figure 3.9. The

pulse energy of the THz pulses is up to 2 µJ. Figure 3.9 shows the wave-forms and the

spectra of the undulator-based THz emission for the TELBE facility. The polarization

of the THz radiation is linear but can be controlled between circular and elliptical by

means of appropriate wave plates. All the experiments using TELBE, included in this

thesis, were done with 800 nm probe pulses from RegA.
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