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CHAPTER 4

Narrow-band Tunable THz Emission from Ferrimagnetic

Mn3-XGa Thin Films

This chapter deals with laser-driven narrow band THz emission from ferrimagnetic

Mn3-XGa nano-films, which have recently attracted considerable attention due to their

unique combination of low saturation magnetization, and high spin polarization near

Fermi level which makes them promising candidates for high frequency spintronic de-

vices. The THz emission originates from coherently excited spin precession. The central

frequency of the emitted radiation is determined by the anisotropy field, while the band-

width relates to Gilbert damping. The central frequency of the emission can be tuned by

the Mn content in Mn3-XGa. Varying the Mn content from 2 to 3 results in a change

of emission frequency from 0.15 THz to 0.35 THz. Another way to tune the emission

frequency of laser-driven THz emission is by changing the temperature of the sample,

laser power and the externally applied magnetic field. Recent experiments in external

magnetic fields of up to 10 T allowed the observation of laser-driven THz emission be-

yond 0.5 THz. The ferromagnetic nature of the magnetic resonance mode is confirmed

by field dispersion curves. It is shown how THz emission can be used for the characteri-

zation of dynamical properties of ultra-thin magnetic films. The comparison between this

technique and the conventional one; such as SQUID and VSM; shows good agreement.

This chapter is based on the publications:

Awari, N., et al. ”Narrow-band tunable terahertz emission from ferrimagnetic Mn3-xGa thin

films.” Applied Physics Letters 109, 3 (2016)

and Awari, N., et al. ”Continuously Tunable Spintronic Emission in the sub-THz Range”, in

preparation
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4.1 Introduction

Current spintronics devices are capable of operating at frequencies of up to 65 GHz [1]

and are compatible with current C-MOS technology [2]. In order to meet the current

and future societal demands of transferring very big data at speeds in sub-THz regime,

research is focusing on finding new magnetic materials which operate at the THz fre-

quency range and are compatible with today’s C-MOS technology. The properties of

ferromagnetic materials which are important for spintronic applications are ferromag-

netic resonance mode (FMR) [3] and spin polarization. One of the important materials

system to emerge from the extensive research to find materials with high FMR modes

and high spin polarization are Mn-based Heusler alloys. These materials have been

shown to exhibit ferrimagnetic resonance of between 0.15 THz to 0.3 THz with high

spin polarization. These materials are envisioned for spin transfer torque oscillator [4]

devices operating at sub-THz frequency range.

The family of Heusler alloys [5] includes metals, semiconductors, and half metals. Heusler

alloys are ternary inter-metallic compounds with X2YZ stoichiometry for full Heusler

compounds and XYZ for semi-Heusler compounds. The unit cell consists of four inter-

penetrating FCC sub-lattices with the positions (0, 0, 0) and (1/2, 1/2, 1/2) for X, (1/4,

1/4, 1/4) for Y and (3/4, 3/4, 3/4) for Z elements. In semi-Heusler compounds, the (1/2,

1/2, 1/2) position is vacant. The full Heusler compound crystallizes in L21 structure

whereas semi-Heusler one crystallizes in C1b structure. There is a wide range of fer-

romagnetic, antiferromagnetic, superconducting, and topologically insulating materials

in this family. In particular, the Heusler alloys family shows a vast variety of magnetic

properties ranging from localized and itinerant magnetism, antiferromagnetism, ferri-

magnetism, helimagnetism, and Pauli magnetism by mere change of stoichiometry of

the family.

The samples used in this experiment belong to the D022 class of tetragonal Mn-rich

Heusler alloys Mn3-XGa [6–8], which have recently attracted considerable attention due

to their unique combination of low saturation magnetization, high spin polarization, high

magneto-crystalline anisotropy, and low magnetic damping [9–11]. The D022 tetragonal

structure is variation of a L21 structure where the c-axis is stretched by roughly 27%. In

Mn3-XGa, these properties are easily tuned by varying the Mn content, which modifies

the FMR via sublattice magnetization and anisotropies. These materials show high

magnetic anisotropy and high Fermi-level spin polarization. Because of this it is possible

to drive the magnetic resonance mode in resonance with spin polarized currents. These

materials have been envisioned for high frequency THz chip-based spintronics oscillators,
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which will enable ultra-fast short range wireless data transfer. These materials offers

CMOS compatibility, size advantages, and ambient temperature operation.

In this chapter we show how these alloys can be used as a laser-driven tunable narrow-

band spintronics THz source, as a function of the stoichiometry of the alloy used. The

emitted THz radiation frequency is determined by the FMR. Along with the observation

of the FMR, THz emission spectroscopy also enables the study of their magnetic prop-

erties beyond a current static measurements system. We further characterize the THz

emission from these alloys as the function of laser power used for excitation, externally

applied magnetic field, and temperature of the alloys. We discuss the THz emission

from these alloys by a considering magnetic dipole radiation model and characterize it

further as laser-like, near Gaussian beam.

4.2 Experimental details

The experimental set-up used is shown in Figure 4.1. The samples are irradiated at

normal incidence with unfocused pulses from a laser-amplifier system with a wavelength

of 800 nm and a repetition rate of 1 kHz. The laser pulse duration of 100 fs is much

shorter than the period of the emitted THz bursts, which is few ps, enabling fully

coherent emission. The emitted radiation can be detected in the backward or forward

direction. Our detection principle for the emitted light pulses is based on electro-optic

sampling in a 2 mm thick ZnTe crystal [12]. A small portion of the excitation pulses

is split-off by a dichroic mirror (DM) acting as a 1:1000 beam splitter. Electro-optical

detection enables the removal of any thermal background from the measurement and

hence allows extremely weak signals to be observed. Our frequency range is limited

to below 2 THz by phase matching between the THz and near infrared (NIR) laser

wavelengths in the ZnTe crystal. All measurements were done under ambient conditions,

if not otherwise specified.

All the thin film samples used in this chapter were grown by our collaborators at Trin-

ity College Dublin. Thin films of three different alloy compositions Mn2Ga, Mn2.5Ga,

and Mn3Ga were grown by magnetron sputtering on heated MgO substrates in a fully

automated Shamrock deposition tool with a base pressure of 1×10−8 Torr. The optimal

deposition temperature of the substrate was found to be 350◦C. Mn3Ga and Mn2Ga

samples were grown from stoichiometric targets at a power of 30 W for 40 min, Mn2.5Ga

was grown by co-sputtering from the Mn3Ga and the Mn2Ga targets at equal power of

20 W for 30 min [6, 8]. All the films had crystallographic c-axis along the surface normal.

The crystal structure was determined by X-ray diffraction. All three films crystallize in

the tetragonal D022 structure (space group 139) illustrated in Figure 4.2.
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Figure 4.1: Schematic of the THz emission spectroscopy set-up and sample geometry
employed for the Mn3-XGa samples. 800 nm NIR laser pulses are split into beams in
the ratio of 90-10 % (shown in red). The stronger beam is used as a pump to irradiate
the Mn3-XGa thin films. The thin films are kept in the in-plane magnetic field of 400
mT (shown as North (N) and south (S) poles). The emitted THz radiation is collected
on parabolic mirror in reflection geometry (shown in solid gray). THz radiation and
probe NIR pulses are focused on ZnTe crystal for electro-optic sampling. λ

4 is quarter
wave plate for 800 nm wavelength and WP is Wollaston prism and PD is photo-diodes.

Figure 4.2: Idealized crystal structure of Mn3Ga. The arrows represent the magnetic
moment on each Mn site. The crystallographic c-axis is perpendicular to the sample

surface and parallel to the net magnetic moment.
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Mn in the 4d positions, couples ferromagnetically to each other, while the 4d and 2b

magnetic sub-lattices are strongly antiferromagnetically coupled, resulting in ferrimag-

netic order. For the stoichiometric compound (X = 0), the net moment per formula

unit is 2|m4d | - |m2b |. The local symmetry, especially the Ga coordination of the two

Mn-sites is quite different, leading to different magnetic properties for the Mn on the two

different sites. Mn in 2b positions possesses a larger magnetic moment of 3.3 µB with

weak easy-c-plane anisotropy (Ku = 0.09 MJm3) [13], while the Mn in 4d positions has

a smaller moment of 2.1 µB and strong easy-c-axis anisotropy (Ku = 2.26 MJ m3). As

the composition of the films is varied from X = 0 to 1 (from Mn3Ga to Mn2Ga), Mn is

primarily lost from the 2b position. Hence, the net magnetization increases with increas-

ing X, and there is no compensation composition. Simultaneously, ions with in-plane

anisotropy are replaced by vacancies, so that the net magneto-crystalline anisotropy

increases.

Saturation magnetization (Ms) and coercivity (µ0Hc) were determined by vibrating sam-

ple magnetometry (VSM). However, the magnetic anisotropy field, µ0Hk, exceeds the

field available in our magnetometer, so it was not possible to saturate the magnetization

in the plane of the films. µ0Hk is usually determined by extrapolation [14], but other

techniques such as anomalous Hall effect [15], electron spin resonance (ESR) [16], or

dynamic all-optical MOKE/Faraday [9] measurements can also be used. The two latter

methods relate the resonance frequency to the magnetic properties via the Kittel formula

[17].

In ferrimagnetic materials, where the two sub-lattices have different magnetizations and

anisotropies but are strongly coupled to each other by exchange, one expects two funda-

mental modes: one where the two sub-lattices precess out-of-phase and one where they

remain in-phase. Due to the antiferromagnetic exchange coupling, we expect the out-of

phase mode to have lower energy and frequency. One can describe the ferrimagnet as

a system of two exchange-coupled ferromagnetic layers as shown in Figure 4.3. As can

be seen in the Figure, the upper (bottom) one a (b) has saturation magnetization Ma
s

(M b
s) and magneto-crystalline anisotropy µ0 M

a
k(µ0 M

b
k). Because the external field

is applied along the Z -axis, it is assumed that the magnetizations are in the Z-Y plane,

in such a way that the azimuthal angle ϕ, which is measured from the Z -axis (see Figure

4.3), can be considered zero for both layers. Thus, only the polar angle φ will change

when external field H is applied. The energy density of the system can be written as

Efull = Ea + Eb + Eint (4.1)
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Figure 4.3: Bilayer system of Mn3-XGa showing the ferrimagnetic alignment of mag-
netic moments.

where Ea and Ea include Zeeman and magneto-crystalline anisotropies. Also the inter-

action term is given by

Eint = −JM
a ·M b

Ma
sM

b
s

+
µ0

2

∑
i

Nii

[
(M a + M b) · î

]
(4.2)

where the first term is a bi-linear exchange interaction [18] and the second term repre-

sents the demagnetizing energy of the structure. Because the system is a thin film, the

demagnetizing factors associated with orthogonal axes are Nxx = Nzz ≈ 0 and Nyy ≈
1. Furthermore, we concentrate on the J < 0 case, corresponding to antiferromagnetic

coupling between the layers, and under zero applied field so that the Zeeman energy is

zero. In addition, the system satisfies the condition µ0H
a
k � µ0H

a
s and therefore the

equilibrium polar angles can be assumed as φa = π/2 and φa = −π/2.

Local coordinates (Xi,Yi,Zi) are used for each sub-lattice, with i = a, b, and under

the linear approach, the magnetization can be written as M i = M i
sẐ

i + mi
XiX̂

i +

mi
Y i Ŷ

i. Here, Zi represents the equilibrium orientation of the layer i and miXi, Yi are

the dynamic components of the magnetization. Using the Landau-Lifshitz equation

dM i/dt = −γiM i ×H i
eff (4.3)

the frequency modes can be obtained from
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γaMa
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−ΓMa
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ΓMa
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0 −ΓMs
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γbMb
s
−ΓMb

s

−ΓMs 0 ΓMb
s

iω
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s




ma
Xa

ma
Y a

mb
Xb

mb
Y b

 = 0 (4.4)

where ω = 2πf and

ΓMa
s

= 1
Ma

s

[
µ0H

a
k − µ0(Ma

s −M b
s )− J

Ma
s

]
,

ΓMb
s

= 1
Mb

s

[
µ0H

b
k − µ0(Ma

s −M b
s )− J

Mb
s

]
,

ΓMs = J
Ma

sM
b
s

The roots of the determinant of the 4×4 matrix [equation 4.4] give the dispersion relation

of the exchange-coupled system, where the two meaningful solutions are

f± =
1

2π

√
1

2
(B ±

√
B2 − 4C) (4.5)

with

B = (γbM
b
sΓMb

s
)2 − γaMa

s (2γbM
b
sΓ2

Ms
− γaMa

s Γ2
Ma

s
)

and

C =
[
γaγbM

a
sM

b
s (Γ2

Ms
− ΓMa

s
ΓMb

s
)
]2

From equation 4.5, it is clear that the resonance frequency exhibits two modes f+ and

f− corresponding to the upper and lower frequency one, respectively. One can show

that for a strong coupling constant J, the lower frequency mode does not significantly

depend on the coupling, since in this case the precession of both magnetizations occurs

in an anti-parallel (J < 0) or parallel (J > 0) state. On the contrary, the upper mode

strongly depends on J and appears at very high frequencies. We are interested in the

mode occurring within our experimental range (f) and give an approximate expression

of equation 4.5, derived under the condition µ0H
i
k � |J/M i

s|:

f− = fres ≈ (γeff/2π)
[
2
( Ka + kb

Ma
s −M b

s

)
− µ0(Ma

s −M b
s )
]
] (4.6)

where µ0H
i
k = 2Ki/M i

s

with [19]
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γeff = γaγb(Ma
s−Mb

s )
γbMa

s−γaMb
s

Now with defining net magnetization as Ms = Ma
s −M b

s and µ0H
b
k = 0 the resonance

frequency is

f res = (γeff/2π)(µ0Hk − µ0M s) (4.7)

where γeff is an effective value of the gyro-magnetic ratio, µoHk is an effective perpendic-

ular anisotropy field, which depends on the sub-lattice anisotropy and magnetizations

of both sub-lattices. Ms is the net saturation magnetization (M4d-M2b). These values

and hence the resonance frequency can be controlled via the films stoichiometry. Using

previously obtained data from neutron scattering measurements on bulk Mn3Ga [13]

samples, the frequency of the out-phase mode in Mn3Ga is predicted from Eq. (4.7), to

lie in the region of 0.35 THz. This is at the same time the highest frequency expected

in Mn3-XGa thin films. Due to the loss of Mn from the 2b sites when X = 1, the lowest

frequency should be observed for Mn2Ga. Assuming that the Mn on the 2b sites is

completely lost, the low frequency limit is estimated to be 0.12 THz. The frequency

tunability is limited in both directions by the eventual loss of the tetragonal D022 struc-

tural phase. Note that the in-phase mode, due to the extremely large exchange fields

in the system, should exhibit higher frequencies which could reach values in excess of 4

THz in Mn3Ga.

4.3 Results & Discussion

The process of THz emission from coherent spin precession can be understood as fol-

lows: The 100 fs NIR laser pulse leads to both ultra-fast demagnetization and a sudden

change of the easy axis of the magnetic system [20]. This in turn produces a coherent

precessional motion of the net magnetization M around the easy axis with a frequency

fres,exc that converges towards the frequency fres given in equation 4.7 for low excitation

fluences. In the case of strong, easy-c-axis, magneto-crystalline anisotropy, the tip of the

magnetization vector oscillates around the crystallographic c-axis, corresponding to the

X-Y plane in our experimental geometry shown in Figure 4.1. A small external field is

applied in the X -direction in order to synchronize the precession of the spins after the

ultra-fast perturbation allowing for the emission of a coherent wave. The emitted electric

field due to both demagnetization and spin precession can be expressed as [21–23]

E ∼ d2/dt2(µ0M) (4.8)



4.3. Results & Discussion 49

As can be seen from equation (4.8), it is proportional to the second derivative of M. This

implies the following: the electric field vector of the wave originating from the precession

of the out-of-phase mode is oriented perpendicular to M and lies in the (X-Y ) plane.

This wave therefore propagates in the Z direction, normal to the film surface, and the

electric field component along the Y -axis is

Ex,y ∼ A0e
(−αt) sin(2πfres,dynt) (4.9)

where A0 is the initial deflection of M caused by the laser excitation and α is the damping

of the precessional motion. As discussed in chapter 3 (section 3.1), the THz emission

from Mn3-XGa films is based on magnetic dipole emission. It is interesting to note that

THz emission spectroscopy probes the in-plane components, making it complementary to

Faraday effect measurements (see chapter 3), which probe the out-of plane component.

Figure 4.4: Left column shows the detected electric field component of the emitted
THz radiation from Mn2Ga, Mn2.5Ga and Mn3Ga films. The right column is a Fourier
transform of the same data which highlights any predominant frequencies in the spectra.
It is clearly seen that Mn3-XGa films can emit THz radiation between 0.21 THz and

0.35 THz based on the relative content of manganese and gallium.
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4.3.1 Effect of Mn content on THz emission from Mn3-XGa

THz emission measurements for the three different compositions are shown in Figure 4.4.

The laser excitation fluence in all measurements was 0.1 mJ cm−2 with an average laser

power of 30 mW. The observed center frequency depends on composition and shifts from

0.205 THz for Mn2Ga to 0.352 THz for Mn3Ga. The time plots for all three thin films

shows the raw data recorded in the experimental section, plotted in arbitrary units. The

normalized FFT of these time domain traces is plotted. The frequency resolution in the

intensity spectra shown in Figure 4.4 is defined by the time-window in the time-domain

measurements and does not represent the natural bandwidth of the emission. The center

frequencies are determined by fitting a damped sine function to the measurements. The

THz emission measurements are based on the coherent detection of the emitted THz

bursts utilizing the set-up described in Figure 1. The intensity spectrum is derived

from the time-domain measurement via Fourier transformation. The thereby achievable

frequency resolution is directly related to the time window evaluated in the time-domain

measurements δν = 1/δt. In the measurement, one observes a replica of the THz pulse

at a few 10 ps after time zero which originates from a part of the THz pulse reflected

on the back surface of the 2 mm thick electro-optic crystal (ZnTe). This second pulse

is interfering with the remnants of the decaying initial pulse which complicates the

analysis. For this reason we choose to only evaluate the time window of 50 ps after time

zero where the initial THz pulse is exclusively sampled (see Figure 4.5), which leads to

a frequency resolution of nominal 0.02 THz. The THz transient in this window is then

fitted by a damped sine function (according to equation 4.9), see Figure 4.5a. Under

this assumption values for the center frequency can be derived. Fourier transformation

of a sine damped fit can be used to obtain a better approximation of the real natural

bandwidth as can be seen in Figure 4.5b.

The phase of the emitted coherent THz transient can be reversed by the sign of an

in-plane external magnetic field (∼ 200 mT) proving that the emission is of magnetic

origin, see Figure 4.6.

Another approach that allows direct measurement of the quasi-equilibrium frequency is

THz-driven transient Faraday probe measurements, where the magnetic field of the THz

pulse couples directly to the spins via the Zeeman-torque [24]. We were able to drive the

same mode in the Mn3Ga film selectively by resonant THz excitation, see Figure 4.7.

The spectral densities of the TELBE source [25] are orders of magnitude higher than

those available from tabletop sources, making it possible to detect the minute Faraday

rotation signal. The absorbed energy goes predominantly into excitation of the coherent

spin precession, so that heating and off-resonant excitation is minimal. The derived

frequencies should therefore correspond better to the equilibrium value. We find that
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Figure 4.5: Analysis of the THz emission measurements a) example: sequential
electro-optic sampling of an emitted THz transient from Mn2Ga taken with time steps
of 130 fs (bullets). A damped sin function is fitted to derive the center frequency (red
solid). b) Fourier transformation of the fits to the electro-optic sampling measurements
yields an approximation of the natural line-width. Shown in the plot are the thereby

derived spectra for Mn2Ga (red), Mn2.5Ga (black), and Mn3Ga (blue).

Figure 4.6: The time-domain wave-forms for an applied field of 100 mT, directed
along +x and -x, respectively. The phase shift between the two is 180◦, which confirms

the magnetic origin of the observed modes.
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the frequency derived from THz-driven transient Faraday rotation is slightly higher (∼
7 GHz), when compared to the peak value obtained from FFT, than the value inferred

from linear extrapolation of the emission measurements.

Figure 4.7: Faraday measurement of the resonance of Mn3-XGa driven by direct THz
excitation with an intense quasi-cw narrow-band THz source, TELBE (green solid line).
Blue shaded peak shows the THz emission from Mn3-XGa by NIR laser irradiation.
The resonance mode observed with Faraday measurements is higher ( by ∼ 7 GHz) and
narrower than the one observed from the laser-driven THz emission mode because the
Faraday measurement is a resonant excitation technique with minimal heating induced

in the films whereas THz emission spectroscopy is heat driven.

These observed FMR frequencies can be used to calculate saturation magnetization and

in turn Hkeff using Kittels formalism [26]. The FMR mode observed in these films

scales with their Mn content. A similar trend is followed by effective magnetization of

these alloys. The saturation magnetization and magnetic anisotropy energy decreases

as the Mn content is increased in Mn3-XGa alloys. Table 4.1 summarizes the magnetic

properties calculated using THz emission spectroscopy for all 3 films considered here.

These values are in close agreement with the values reported in [6, 8, 9].

4.3.2 Effect of laser power on THz emission from Mn3-XGa

The magnetization of a ferromagnet decreases when it is heated and above Curie tem-

perature all long range ordering is lost. In our experiment, upon irradiation with NIR

laser pulses, the sample temperature will increase. In order to characterize the Mn3-XGa

thin films as a tunable, narrow band THz source, we studied the frequency of emission

and power of radiated THz radiation as a function of laser power. Figure 4.8a shows the

normalized THz power emitted from thin films of Mn3-XGa as a function of laser power.
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Mn2Ga Mn2.5Ga Mn3Ga

Magnetometry data

VSM µ0Ms (T) 0.401 0.263 0.163

NIR-driven THz emission

observed fres (THz) 0.205 0.259 0.352

bandwidth ∆ fres (THz) 0.012 0.018 0.029

µ0Hk (T) 7.98 9.95 13.17

THz pump Faraday rotation
probe

observed fres (THz) - - 0.359

µ0Hk (T) - - 13.43

Table 4.1: Ms from VSM [6, 8] and inferred values of 10Hk from dynamic THz emis-
sion measurements. THz emission measurements have been performed in the presence
of an external magnetic field of 400 mT and at a temperature of 19.5◦C. THz driven
Faraday rotation measurements were performed with an external magnetic field of 200

mT.

As the laser power is increased from 30 mW to 700 mW, emitted THz power increases

linearly, showing saturation around 500 mW of laser power. It is important to note that

irrespective of the Mn content in Mn3-XGa, all three films show similar dependence on

laser power.

Figure 4.8: Laser power dependence for Mn2Ga (red), Mn2.5Ga (green) and Mn3Ga
(blue). (a) The THz power increases linearly with incident laser power for lower powers
and seems to saturate at higher powers. (b) The THz frequency scales down linearly

with incident laser power.

The dependence of emitted THz power on the incident laser power can be explained as

follows: as the laser power is increased, the magnetization (M ) is suppressed more which
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deflects the magnetization away from equilibrium. This results in a larger precession

angle and thus results in a larger electric field as measured in experimentally. The

larger electric field implies larger power in FFT. At higher fluences, one can saturate the

initial angle of magnetization resulting in saturation in the power spectrum. When laser

fluence was increased further, we observed the ablation of thin films from the substrate,

so complete quenching of the THz amplitude/power is not observed.

The FMR frequency decreases linearly as laser power is increased (see Figure 4.8b).

This decrease in FMR is consistent with the temperature dependence of FMR, which

is in agreement with increasing sample temperature with NIR laser irradiation. As the

temperature of the films is increased, its Ms decreases; which should result in a lowering

of frequency as expected from the Kittel equation. The extrapolated frequency at zero

excitation power will be used as an approximation for fres at equilibrium (see Table 4.1).

The detailed description of the observed temperature dependence of FMR for Mn3-XGa

is discussed in the following section.

4.3.3 Effect of temperature on THz emission from Mn3-XGa

The temperature dependence of FMR modes for Mn3-XGa are studied using TES. Figure

4.9 shows the dependence of FMR mode observed in Mn3-XGa thin films as a function

of temperature. As the temperature is increased, the frequency of FMR mode decreases

for all three samples.

As the temperature approaches the Curie temperature of the system, the FM mode

softens. The saturation magnetization of the system as a function of temperature is

given by following equation (based on mean field theory) [27],

M = Nm tanh (mλM/kBT ) (4.10)

with m being the magnetic moment of an electron, N being the number of electrons, λ

is the mean field constant and kBT is the thermal energy. The above equation has a

non-zero solution in the temperature range 0 K to TC . The temperature dependence

of magnetic anisotropy follows the Mn relation ( n = 3 for uniaxial magnets) [28–30],

which implies with increasing temperature, magnetic anisotropy reduces rapidly.

In Figure 4.9, the fitting of mean field theory for magnetization to temperature depen-

dence FMR mode obtained from THz emission spectroscopy measurements is shown.

From this fitting, we estimate the compensation/Curie temperature (TC) of the thin

film under consideration between 650 K - 730 K. These estimated values are in quali-

tative agreement with the values reported in ref. [31–33] for Mn3Ga. These references
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Figure 4.9: Temperature dependence for Mn2Ga (red), Mn2.5Ga (green) and Mn3Ga
(blue). The mean field fit is used to estimate the Curie temperatures (TC) of the
thin films under consideration. The estimated TC values of Mn3Ga are compared with

reported values, see Table 4.2.

have predicted the TC in the range of 700 K - 770 K. To the best of our knowledge, there

are no reported values of TC for Mn2Ga and Mn2.5Ga.

4.3.4 Field dispersion for Mn3-XGa

In order to study the sublattice anisotropies, magnetization, and inter-layer exchange

field, the field dependence of THz emission is carried out in an externally applied field

of 2-10 T. The external field was applied out of plane (∼ 5◦ with respect to c-axis

of the films) to Mn3-XGa films. This slight angle with respect to the surface normal

tilts the magnetization slightly in-plane, allowing for detection of coherent precession.

The experimental set-up used for these measurements is shown in Figure 4.10. Geo-

metrical constraints of the split-coil magnet, such as small size optical windows, and

comparatively large distances between these windows and the sample, lead to consid-

erable transport losses of the emitted THz pulses, reducing the achievable sensitivity

in these measurements. The power of emitted THz radiation in these films scales with

saturation magnetization (Ms). From Mn3-XGa, Mn3Ga has lowest Ms. Likely for this

reason, THz emission from the Mn3Ga sample, which has earlier been determined to be

the weakest of the three samples, could not be observed. The experimental study was

hence performed on the Mn2Ga and Mn2.5Ga thin films.
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Figure 4.10: Schematic of the THz emission spectroscopy set-up and sample geometry
employed with 10 T split coil magnet. The experimental setup is very similar to the
one shown in Figure 4.1 with the exception that thin films are placed inside the 10 T
split-coil magnet with an external field applied along the magnetization of the films,

which is normal to the surface of the thin film.

Figure 4.11 shows the derived results. Considering equation 4.7, as an externally applied

field is increased, the total effective magnetization of the samples increases resulting in

increased resonance frequency of FMR. As the out of plane field increases, the resonant

frequency increases linearly with the slope of 28.2 GHz/T for Mn2Ga and 27.8 GHz/T

for Mn2.5Ga. The linear slope corresponds to what is expected from a material with

uniaxial anisotropy with the external field applied along the easy axis [34], and shows

that we are clearly probing the low-frequency ferromagnetic-like mode.

Figure 4.11: Magnetic field dependence for Mn2Ga (red) and Mn2.5Ga (green). (a)
The THz power increases nonlinearly with the magnetic field. (b) The THz frequency

scales up linearly with the magnetic field.

The power of emitted THz radiation scales with externally applied field. This can be

understood as follows; as the external field is increased, the precession angle increases
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which results in larger electric field amplitudes.

4.3.5 Thickness dependence of THz emission from Mn3-XGa

In order to realize the spin transfer torque devices which makes use of Mn3-XGa as a free

layer, we need to grow films with sub-10 nm thicknesses [35]. THz emission spectroscopy

turned out to be much more sensitive than transient-MOKE/Faraday and absorption

techniques and hence was employed to study the films with sub-10 nm thickness. During

this project we observed that the efficiency of THz emission has varied for films fabricated

at different times. On closer inspection of these films, we observed that THz emission

efficiency depends on the surface morphology of the film under consideration. Thin films

with uniform surface morphology gives very inefficient THz emission whereas films with

island structures gives highly efficient THz emission.

A new set of discontinuous films of Mn2Ga, Mn2.5Ga and Mn3Ga were prepared with

thicknesses between 2.5 and 40 nm and measured with THz emission spectroscopy for

FMR modes and magnetometry. These new island films (see Figure 4.12) exhibited a

vastly improved THz emission efficiency, in the similar range of the films used earlier.

The island size for these newly prepared thin films are of the order of few 100 nm (see

Figure 4.12b).

Figure 4.12: THz emission from the newly grown films with island morphology. (a)
Example measurement of the THz emission from a 40 nm Mn2Ga island film (b) AFM

image of the same film showing the average island size, described in the text.

We measured these deliberately prepared island films in THz emission set-up and the

results are shown in Figure 4.13. We observed that the peak power observed FMR

mode decreases as the thickness of the film goes down. It should be noted that we do

not observe any THz emission from the films below 10 nm thickness. We expect the
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thickness dependence to follow quadratic behavior because of the superradiant process

of THz emission but instead we see a clear deviation from expected quadratic behavior

(see Figure 4.13a and figure 4.13c), except for Mn2.5Ga which shows quadratic behavior

(see Figure 4.13b). The deviation could suggest that the magnetic properties of the films

are also changing as the thickness of the film is changed. Although expected quadratic

behavior with respect to thickness was not observed for all of the films, the laser-driven

THz emission spectroscopy shows that the FMR mode frequency is independent of the

thickness of the films, see Figure 4.13 (g,h,i).

In order to confirm this claim we did complimentary magnetometry measurements with

the external field applied along the easy axis of magnetization. Magnetometry measure-

ments on Mn3-XGa films with varying thickness shows that the saturation magnetization

Ms and the coercivity Hc change with film thickness. This could be due either to changes

in the film structure or canting of the magnetic moment as the layer thickness is reduced.

Figure 4.13 (d,e,f) shows how saturation magnetization (Ms) is changing drastically as

film thickness is reduced. Hard-axis measurements could not be performed, given the

high saturation fields of the films.

As shown in Figure 4.13, we could not observe the THz emission from films with thick-

nesses below 10 nm. This should not impose any serious limitations on the realization

of a spin transfer torque device as, according to theory, antiferromagnetic or ferrimag-

netic films of such film thicknesses (∼ 10nm) are probably already suitable to act as

active layers. Unlike ferromagnets, where only the first nano-meter absorbs the spin-

momentum transfer [35], in ferri/antiferromagnets this is done by the entire layer [36].

This relates to the onset currents for precession, which in ferromagnetic layers scale as

the volume of the layer, which would consequently not be the case for ferrimagnetic

films.

4.4 Conclusion & Outlook

We have demonstrated narrow-band laser-driven THz emission from an ultra-thin, fer-

rimagnetic metallic film. The observed bandwidth of the emission is between 6 % and

9 %. The emission frequency can be tuned via the Mn-content, temperature of the films,

and NIR laser power used. Figure 4.14 shows the continuously tunabality of the FMR

mode from Mn3-XGa thin films as a function of Mn content and the temperature of the

films, and laser power used for the measurements. From Figure 4.14b, it is evident that

the frequency of THz emission from these thin films can be varied from continuously

0.15 THz to 0.5 THz which makes these alloys technologically interesting for tunable,

narrow band THz sources.
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Figure 4.13: Results of THz emission measurements (a,b,c) and magnetometry mea-
surements (d,e,f). Both techniques indicate that the magnetic properties of the films
change for different thicknesses. The earlier used films were also measured in same run
and are shown in black dots. The FMR mode of the films are constant with respect to

thickness of the film (g,e,f).

Figure 4.14: Characterization of Mn3-XGa thin films for tunable, narrow band THz
source. a) Frequency of THz emission as a function of Mn content in the stoichiometry
of the thin films b) tunability of emitted THz frequency as a function of laser power

and temperature.
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The efficiency of this type of spintronic emission is, within the narrow emission band-

width, comparable or even up to an order of magnitude greater than that of classical

ZnTe emitters based on optical rectification. This makes Mn3-xGa thin films interest-

ing candidates for narrow-band, on-chip, spintronics emitters in the sub-THz frequency

range. Heusler type alloys may furthermore be integrated as free layers in spin-transfer-

torque driven oscillators. This could propel such devices into the terahertz regime,

combining the high tunabilty and output power of spin-torque oscillators with the ultra-

high frequency intrinsic to the materials analyzed here. Further increase in the resonance

frequencies may be achieved by alloying different tetragonal Heuslers or by atomic sub-

stitution. Another extremely interesting result of this study is that film morphology

can be used to improve the THz emission efficiency. One way to study the effect of

morphology on the THz emission could be to do optical/electron-beam lithography on

the continuous films and study the dependency of THz emission on the island size.
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