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Abstract

Noncollinear antiferromagnets (AFMs) are promising candidates for next-generation
spintronic devices due to their terahertz (THz) magnetic resonance, robustness against external
field interferences, and strong magneto-optical responses. Using femtosecond laser excitation,
we systematically investigate spin current generation and THz radiation mechanisms via
inverse spin Hall effect in Mn3Ga/Pt bilayers with multiple magnetic phases. Our results reveal
that spin currents in ferrimagnetic Mn3Ga originate from common hot electron excitation. In
contrast, the stronger THz fields from samples containing both ferrimagnetic and noncollinear
AFM phases are field-independent, with spin currents arising from pulsed magnetizations
through magnetic dipole transitions, observed exclusively in the AFM phase. Furthermore,
theoretical models incorporating magnetic group symmetry and nonlinear optical effects are
developed, offering accurate explanations for the THz filed dependence on sample azimuth,
pump polarization, and pump helicity. These findings open new avenues for generating ultrafast
spin currents in noncollinear AFMs, presenting significant potential for high-speed spintronic

applications.
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1. Introduction

Antiferromagnets (AFMs) are characterized by their zero net magnetization and strong
exchange interactions among adjacent spins. The precession frequency of AFMs can reach
terahertz (THz) levels, several orders of magnitude higher than that of ferromagnets (FMs).[!- 2]
Such advantages make AFMs highly promising for high-speed, high-density, and energy-
efficient spintronic memory and computing applications, where spin currents play a crucial role.
Time domain THz emission spectroscopy has emerged as a powerful tool for monitoring spin
currents and has been extensively investigated in ferromagnet/heavy-metal (FM/HM) and
ferrimagnet/heavy-metal (FIM/HM) bilayer structures.>! In these systems, femtosecond (fs)
laser interactions with the magnetization of FM or FiM layers generate spin currents on a
picosecond (ps) time scale through spin-dependent superdiffusive transport of photoexcited hot
electrons.' 71 These spin-polarized currents are subsequently converted into transverse

111 or, more recently through

impulsive charge currents via the inverse spin Hall effect (ISHE)!
the inverse orbital Hall effect from the orbital currents,!'>!%! resulting in electromagnetic wave
emissions in the THz frequency range.

The mechanisms governing fs laser-induced spin currents in AFMs fundamentally differ
from those in FMs. In the absence of net magnetization and external magnetic fields, two
primary mechanisms have been identified. The first involves the generation of pulsed
magnetization at THz frequencies via impulsive stimulated Raman scattering (ISRS),!!”) which
induces ultrafast spin currents through transfer of angular momentum. The second mechanism
is driven by phonon-spin interactions, where ultrafast strain pulses in films lead to the
formation of transient antiferromagnetic (AF) magnons.['® Spin current generation via ISRS
has been observed in the collinear AFM system of NiO/Pt, relying on the threefold symmetry
axis of NiO.['] Similarly, picosecond spin currents have been reported in the antiferromagnet
Cr203, attributed to optically-excited transient magnetic moments formed at the vicinal metal/
Cr203 interface through interfacial symmetry breaking and interfacial nonlinear magnetic-
dipole (MD) transitions.’]

Recent research has brought noncollinear AFMs of Mn3X (X = Pt, Ir, Sn, Ga, Ge) into

20 211 Strong

focus due to their high electrical writability and electro-optical readability.
anisotropic spin Hall effect,?*23 anomalous Hall effect,’**! and tunneling magnetoresistance**]
have been observed in cubic Mn3Ir and Mn3Pt with chiral spin ordering. Meanwhile, Weyl
semimetal AFMs with hexagonal structures, such as Mn3Sn, Mn3Ge, and Mn3Ga, have gained
significant attention for their nontrivial energy bands. Various experiments on the large

26,271 anomalous Nernst effect,!?®! nonlinear magneto-optical effect,*”]
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and laser-induced photon drag effect’*”] have provided valuable insights into the ultrafast
responses of hexagonal AFMs upon photoexcitation. Laser-induced ultrafast charge currents
for THz emission have been reported in the noncollinear AFM Mn3Sn, which could arise from
the dynamics of local magnetic moments®!! or magnetic dipole radiation®?!. Nevertheless, it
was found that when Mn3Sn was capped with Pt, the THz signal was significantly enhanced
due to the generation of superdiffusive spin currents from the weak magnetization and the spin-
to-charge conversion via ISHE. However, despite these advancements, the mechanisms
underlying laser-induced coherent spin currents in noncollinear AFMs remain poorly
understood, requiring further investigation to achieve a comprehensive understanding of spin
current generation across various magnetic phases.

Among Mn-based AFMs, Mn3Ga stands out for its unique structural, magnetic, and
transport properties, arising from its multiple magnetic and crystalline phases. These phases
encompass collinear AF ordering within a face-centered-cubic (fcc) structure, ferrimagnetic
ordering in a tetragonal structure (z-phase), and noncollinear AF ordering in a hexagonal
structure (e-phase). This rich diversity in magnetic phases makes Mn3Ga an excellent candidate
for the exploration of nonlinear magneto-optical effects and spin current generation
mechanisms. In this study, fs laser-induced anisotropic spin currents are observed at room
temperature in Mn3Ga films with different phases, without requiring the application of an
external magnetic field. We demonstrate that spin currents are converted into charge currents
within the THz frequency range through the ISHE. Our observations reveal that the strength of
the THz electric field emitted from Mn3Ga/Pt in the presence of e-phase is highly sensitive to
the sample azimuth orientations and laser polarization directions, driven by MD transitions in
e-Mn3Ga through the magnetic difference-frequency generation process. Conversely, -
Mn3Ga/Pt samples exhibit a weaker dependence on laser polarization. Moreover, with the THz
emission spectroscopy, the magnetic point group symmetries of collinear and noncollinear
Mn3Ga are elucidated. These findings provide deeper insights into transient spin current
generation mechanisms in noncollinear AFMs, advancing their potential for multifunctional

applications in ultrafast spintronic devices.

2. Result and Discussion

2.1. Crystal structure characterization and THz emission measurements
As shown in Figure la, e-Mn3Ga has a hexagonal crystal structure, characterized by
double layers of Mn triangles stacked along the c-axis. Within each layer, Mn atoms form a

kagome lattice, with Ga atoms located at the centers of the hexagons. Below the Néel
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temperature, Mn spins align in the a-b plane in a triangular AF order, with neighboring spins
separated by 120°. The -Mn3Ga phase, depicted in Figure 1b, adopts a tetragonal crystal
structure. In this study, it features two Mn sublattices coupled antiferromagnetically along the
c-axis, resulting in a ferrimagnetic order. Thin films of 7-Mn3Ga and mixed-phase e+7-Mn3Ga
were grown on 0.5-mm-thick MgO (001) substrates and capped with a 5 nm Pt or Al layer.*!
The crystal structures were characterized by X-ray diffraction (XRD), as shown in Figure 1c.
For the --Mn3Ga/Pt film, the XRD peak at 2 6= 46.03° corresponds to the tetragonal (103) plane,
indicating that the c-axis (and spin orientation) is tilted at 72° relative to the film plane. In
contrast, for the e+7-Mn3Ga/Pt film, two XRD peaks at 44.72° and 49.35° correspond to the -
Mn3Ga (002) and -Mn3Ga (004) planes, respectively. The magnetic hysteresis loop presented
in Figure S1 provides further evidence of the ferrimagnetic properties of the --Mn3Ga/Pt sample,

as well as the AF characteristics of the ¢+7-Mn3Ga/Pt films.
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Figure 1. The crystal structure and experimental setup. a) Crystallographic cell of e-Mn3Ga. Within
each cell, two layers of Mn and Ga atoms are arranged along the c-axis direction (left). Kagome lattice
within the a-b plane with arrows indicating the magnetic moments at each Mn site (right). The triangular
arrangement of Mn atoms in the a-b plane forms a noncollinear AF configuration. b) Crystallographic
cell of --Mn3Ga, which exhibits a collinear ferrimagnetic magnetic structure. ¢) The XRD pattern of the
MgO (001)/z-Mn3Ga (10 nm)/Pt (5 nm) and MgO (001)/e+7z-Mn3Ga (25 nm)/Pt (5 nm) films. d)
Schematic of the THz emission spectroscopy setup. The sample is positioned in the x-y plane, and the

pump laser pulse propagates along the z-direction, with the laser incident from the Pt side labeled as the
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+n side incidence. The angle a, 6, and p refer to the linear polarization direction, the rotation angle of

the QWP, and the sample azimuth angle, respectively.

The transient spin current response of Mn3Ga films under fs laser irradiation was
investigated using time-domain THz emission spectroscopy. The experimental configuration,
schematically illustrated in Figure 1d, assumes the thin films lie in the x—y plane. Linearly or
circularly polarized fs laser pulses (800 nm wavelength) were incident normal to the sample
plane along the z-axis. Laser incidence from the film side is defined as the +n direction, and

from the substrate side as the —n direction. The emitted THz electric fields were passed through

two wire grid linear polarizers to separate the parallel ( £/”) and perpendicular ( E/™)
components relative to the x-axis. The in-plane orientation where £/ reaches its maximum is

defined as the zero position of the azimuthal angle (f = 0). By rotating the half-wave (4/2) plate
(HWP), the linear polarization direction of the incident light can be changed, with the
polarization angle of o = 0 aligned parallel to the y-axis. The helicity of the pump laser is
controlled by rotating the quarter-wave (4/4) plate (QWP) angle 6. Unless otherwise specified,

no external magnetic field was applied during the THz emission measurements.
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Figure 2. Effects of different crystal structures and normal metal layers. a) Comparison of the THz
signals of ¢+7-MnsGa /Pt, e+7-MnsGa /Al, and 7-Mn3Ga /Pt films. b) THz emission from &+7-Mn3Ga/Pt
with different incidence directions. As the sample is reversed around the y-axis (-n scenario), THz
emission waveforms have the opposite polarity. The inset shows the corresponding THz frequency

domain spectrum. c) Influence of the magnetic field on the THz emission from the ¢+7-Mns;Ga/Pt and
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7-Mn3Ga/Pt in the +n and -n scenario. The dashed line is the reference value at zero field. d) Variation

of the THz amplitude with the pump fluence for e+7-Mn3Ga/Pt and -Mn3Ga/Pt films.

Figure 2a presents the THz waveforms of the E!” component measured at the azimuthal

angle of f = 0°, with laser incidence from the +n side. Both the --Mn3Ga /Pt and e+7-Mn3Ga
/Pt samples exhibit significant THz radiation. In contrast, the e+7-Mn3Ga sample capped with
Al produces a negligible THz signal, revealing the critical role of the HM Pt layer. Given the
significantly larger spin Hall angle of Pt compared to ALP* the observed THz emission is
attributed to spin-to-charge conversion (SCC) via the ISHE, driven by ultrafast spin currents
generated in Mn3Ga. To confirm the SCC mechanism, the laser incidence is switched from the
film side (+n) to the MgO substrate side (—n) by flipping the sample around the y-axis, while
maintaining the magnetization orientation of the y-component (My). As shown in Figure 2b, for
the e+7-Mn3Ga/Pt films, the polarity of the THz waveform is reversed. The variation in THz
amplitude originates from the absorption of the 800 nm femtosecond laser. Additionally, the
time delay between THz signal peaks is due to the group velocity mismatch of THz fields within
the MgO substrate.l*>) Additionally, the central frequency of 0.6 THz observed in the fast
Fourier transform spectra, shown in the inset, further supports the SCC mechanism.®! For the
sample of 7-Mn3Ga/Pt , the polarity of the THz emission undergoes the same sign changes
when the sample is rotated around the y-axis (see in Figure S2). All these observations are
consistent with the typical THz emission mechanism of SCC in FM (or FiM)/HM systems.

To explore the origin of laser-excited spin currents, we examined the THz peak
dependence on the external magnetic field (H) oriented along the y-axis and the pump laser
fluences (Fp). As shown in Figure 2c, for both the e+7-Mn3Ga/Pt and -Mn3Ga/Pt samples, the
polarities remain unchanged as H varies from +10 to -10 kOe. Moreover, unlike the constant
peak value of e+7-Mn3Ga/Pt, --Mn3Ga/Pt exhibits slight variations as H varies, characterized
by a constant magnitude superimposed with a weak field-dependent signal and identical slopes
for +n and -n laser incidence. Figure 2d shows that as Fp increases, the THz peak-to-peak (p-p)
amplitude of the e+7-Mn3Ga/Pt sample increases proportionally, with no saturation observed
within the energy range of the interest. In contrast, the z-Mn3Ga/Pt sample displays a nonlinear
trend, which is indicative of a saturable absorption, likely attributed to laser-induced heating

36,37

and spin accumulation effects.[*® 37" The correlation between the THz field by hot electrons and

laser intensity can be described by E* o F, /(F, + F,,,) ,’® where Fia denotes the saturation

energy density. For the --Mn3Ga/Pt, Fsy is determined to be 0.82 mJ/cm?. These distinctly

different THz amplitude dependencies on magnetic fields and laser fluences suggest that the

6
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underlying mechanisms driving generation of spin currents differ between the ¢+7-Mn3Ga/Pt
and -Mn3Ga/Pt films.

A possible source of spin currents arises from uncompensated magnetizations, as observed
in FM/HM and FiM/HM systems. When femtosecond laser pulses irradiate the heterostructure,
superdiffusive spin currents are generated through the spin-dependent transport of
nonequilibrium hot electrons excited well above the Fermi energy. In such cases, the spin
currents, and consequently the THz emission, exhibit saturation with increasing laser fluence,
consistent with the observations in Figure 2d for the ferrimagnetic z-Mn3Ga (103) sample. In
this sample, the easy axis is tilted, resulting in an in-plane magnetization component M that
could serve as a source of ultrafast superdiffusive spin currents jg, which are responsible for
the measured charge current j., as described by j. < Osyjs X M/|M|,¥) where gy represents
the spin Hall angle. As the magnetic field increases, the in-plane magnetization component
grows slightly, leading to the weak dependence of j., and hence the THz emission on H
observed as blue and orange lines in Figure 2c. In contrast, for the e+7-Mn3Ga sample, the Mn
spins in the (004)-textured 7-Mn3Ga phase are oriented perpendicular to the film plane,
contributing no detectable THz emission via the ISHE. Furthermore, in the (002)-textured -
Mn;3Ga phase, the Mn spins are aligned antiferromagnetically within the film plane, leading to
zero net magnetization, which prevents the generation of spin currents from uncompensated
magnetization.

As a result, we infer that the transient spin currents contributing to the total THz emission
in the e¢+7-Mn3Ga/Pt sample are most likely generated through an alternative mechanism
involving the creation of pulsed magnetization via the MD transition. The MD difference-
frequency generation is an inelastic scattering process that results in a loss of photon angular
momentum. In second-order nonlinear optical processes, even in the absence of an external
magnetic field, a transient magnetization M(Q) with a THz frequency of Q can be excited in
AFMs through the MD transition:

M(Q)oc;((z)E(Q—a))E(a)), (1)

where E(Q-w) and E(w) are the electric fields of the pump laser at frequencies Q-w and w,
respectively, and x® is the third-rank axial tensor that depends on the symmetries of the crystal
and magnetic structures. The magnetization tensor generated by the MD transition can be
decomposed into time-symmetric (i-type, y”) and time-antisymmetric (c-type, ¥)) components,
expressed as y@ = y+ 44 which correspond to crystallographic and spin-dependent
contributions, respectively. For e-Mn3Ga and 7-Mn3Ga, the components of ' and x© are

uniquely defined by their respective crystallographic and magnetic structures. The tetragonal
7
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Mn;3Ga is characterized by the space group /4/mmm (No.139), corresponding to the magnetic
point group 4/mm'm'. It is important to note that for the point group 4/mm'm', the allowed
fundamental symmetry operations include -1, 4,, and C»,', while the pulsed magnetization
induced by the intense fs laser is prohibited within the x-y plane. Consequently, the measured
THz emission in 7-Mn3Ga/Pt is not associated with nonlinear optical effects, but instead arises
from the spin-dependent superdiffusion of the nonequilibrium hot electrons, with the in-plane
net magnetization component playing a key role.

In contrast, hexagonal Mn3Ga belongs to the crystal space group P63/mmc (No.194) when
magnetization is not considered. However, when accounting for the AF properties stabilized
within the temperature range of approximately 250-420 K, it is described by the magnetic point
group m'm'm with fundamental symmetry operators including C»', Cay, and C2.',[*!! which
facilitates fs-induced MD transitions. For pump laser incident along the z-axis, the nonzero

nonlinear susceptibility elements are y, . =7, . z,, and y .. The pulsed magnetization M

excited by the second-order nonlinear effect can be expressed as:
@)
(gJ * ( (22)7(:), Exii zj ' @)
o)\ Bl T X0 E,

According to Equation 1, the THz amplitude is expected to be proportional to the laser fluence,
which aligns well with the linear increase observed in Figure 2d. This agreement indicates that,
for the e+7-Mn3Ga/Pt sample, the nonlinear optical effect predominantly governs the THz
emission via pulsed magnetization. Moreover, the MD transition in £+7-Mn3Ga/Pt is notably
strong, with its THz amplitude surpassing that of the ferrimagnetic z-Mn3Ga/Pt sample, where
spin currents are produced by hot electron excitation. Given that the electro-optical signal is
proportional to M, we next establish the relationship between the detected THz electric signal
and various measurement conditions, including the sample azimuth, the polarization angle of

the linear pump beam, and the pump helicity.

2.2. The impacts of sample azimuthal angle and linear polarization of laser
To further understand the magneto-optic interaction processes within the Mn3Ga layer, we

investigated the dependence of the THz p-p amplitude on the azimuthal angle f. As shown in

Figure 3a, for the -Mn3Ga/Pt bilayer, the p-p amplitude of E!" exhibits a periodic variation

with £, with a period of 360°. It reaches extreme values at f = 0° and 180°, where the waveform

polarity reverses. Conversely, the E]"* component attains its extreme values at # = 90° and

270°, indicating a rotation in the direction of the resultant spin currents as the azimuth angle
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rotates within the x-y plane. For the ¢+7-Mn3Ga/Pt sample, the dependence on £ is depicted in

Figure 3b, revealing a similar period relationship for £ . However, the EyTHZ component

shows significantly smaller amplitudes and opposite polarity. According to Equation 2, and

through symmetry analysis of the second-order nonlinear susceptibility, the azimuth-dependent

THz amplitude of E!" is derived to be proportional to [sin2 B( Xy + 22, )+ c08” Br,, ] cos 3
, while the E component is proportional to [cos2 ﬂ(— o+ 2 X ey ) —sin’ ,B;(ym]sin yij
(Supporting Information section S3). The differing values of » ., r =, and g  are

responsible for the observed variations in amplitude and polarity of £ and EI™.
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Figure 3. The THz radiation amplitudes of Mn3Ga/Pt samples under different sample azimuth and pump
light polarization angles. The amplitudes of THz emission ( £! and EfHZ) from the samples of a) z-
Mn3Ga/Pt and b) e+7-Mn3Ga/Pt as a function of the azimuth angle . The THz emission amplitudes

(E' and E yT "2 at different laser polarization angles o are summarized in c) for t-Mn3Ga/Pt and d) for

&+7-Mn3Ga/Pt films.

To further illustrate the existence of multiple sources of spin currents in different phases
of Mn3Ga, we varied the linear polarization angle a of the incident light by rotating a HWP
while keeping the sample azimuth fixed at f = 0°. The dependence of THz emission amplitudes

on pump polarization is shown in Figure 3¢ for the --Mn3Ga/Pt bilayer sample. It is found that
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the p-p amplitudes of both E’ and E"" components are nearly constant, exhibiting only

weak oscillations with a periodicity of 180°. This isotropic dependence on a is consistent with
the hot electron superdiffusion mechanism for spin current generation in -Mn3Ga/Pt, while the
quite weak polarization-dependent anisotropic oscillations are attributed to the magnetization-
induced optical rectification effect, a phenomenon observed in FM/HM systems.*?]

In contrast, the THz emission driven by the MD transition mechanism shows a strong

dependence on the polarization angle, as described by £ oc y +( Koy — ;(W)sin2 a and
E" oy sin2a at f = 0° (Supporting Information section S3). Figure 3d displays the THz
amplitudes for the e+7-Mn3Ga/Pt sample as a function of the laser polarization angle a. As
expected, both E[" and £ components exhibit a prominent sinusoidal dependence on a, with

a periodicity of 180° and a phase difference of 45°. The large anisotropic contribution allows
for significant modulation of THz radiation intensity by varying the pump polarization angle
over a range of 90°. These results are in good agreement with the theoretical predictions,
verifying that the polarization state of the transient magnetization aligns with that of the incident
laser, a characteristic of the stimulated scattering. By fitting the curves in Figures 3b and 3d, an

identical ratio of the nonlinear tensor components is yielded: yoy: yuox: foxx: Yoy =28:28:17:66.
Based on this proportional relationship, the maximum amplitude of the E_fHZ component is
predicated to be one-third that of £/, which is in accordance with the experimental data

shown in Figure 3b.

2.3. The THz emission dependences on the helicity of the pump laser

To clarify the impact of circularly polarized (CP) laser excitation, the helicity of the pump

laser was modulated by rotating the QWP to an angle 6. The time-domain THz spectra of E'™
and E;'*, pumped by right-handed (+o, & = 45°) and left-handed (-0, 6 = 135°) CP light, are
presented in Figure 4a and Figure 4b, respectively, for the e+7-Mn3Ga/Pt bilayers at f = 0. The
E™ exhibits a comparable THz peak with the same polarity, regardless of whether the
excitation is with +o or -o light, while the £ waveform displays an opposite polarity.

To clarify the helicity dependent THz emission in the &+7-Mn3Ga/Pt film, the p-p

amplitudes of E™ and E_fHZ are summarized in Figure 4c and Figure 4d as a function of the

QWP angle. According to the deduced theoretical formula, the components of the linear

polarization dependence are related to the real part of the nonlinear susceptibility. In this context,

10
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the E/™ component is expected to be proportional to — o sin® 26 and the E " proportional

to sin26cos?26 both exhibiting fourfold symmetry. However, the curve in Figure 4d

oy 2
deviates from this expected behavior, indicating that spin current generation cannot be solely
attributed to linearly polarized laser excitation. To distinguish the contributions from the linear
and circular polarization pump lasers, we performed a quantitative analysis using a
phenomenological formula:!4’!

E™ =L sin40+L,cos40+Csin20+D , (3)

where L1 and L, represent the contributions from the linearly polarized pump, while the term
involving C accounts for the contribution from the CP light. The last term D corresponds to the
signal that is independent of laser polarization state. The fitted parameters are presented in the
insets of Figures 4c and 4d. Notably, the helicity-dependent THz field is primarily emitted along

the EyTHZ direction, as indicated by the dominant coefficient C presented in the inset of Figure

4d. The observation of helicity-dependent M is consistent with the inverse Faraday effect. It is
important to note that, for the --Mn3Ga/Pt system, where the spin current is thermally excited,
the dependence of THz emission on the pump laser helicity is negligible (see Figure S3,

Supporting Information).
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Figure 4. Dependence of THz electric field components on the laser helicity for the ¢+7-Mn3Ga/Pt

sample. a) and b) show the waveforms of E;“and £ under right-handed CP laser excitation (+o, 0

= 45°) and left-handed CP laser excitation (-g, € = 135°), respectively. ¢) and d) are the summarized p-
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p amplitudes of the E/"* and E fHZ as a function of the QWP angle 6. The insets show the fitted

contributions corresponding to the different polarization states.

3. Conclusion

In summary, our research identifies optically excited spin currents in Mn3Ga,
encompassing both the tetragonal FiM and hexagonal noncollinear AFM phases, at zero
magnetic field and room temperature. The pulsed magnetization generates picosecond spin
currents and THz radiation via the ISHE, with coherent excitation being exclusively observed
in the noncollinear AFM Mn3Ga. We attribute the generation of spin currents in the
noncollinear AFM phase to the MD transition, which arises from the inversion symmetry
breaking of the magnetic point group. By considering magnetic symmetry and nonlinear
optical effects, the MD transition process in the noncollinear AFM is accurately modeled. A
distinct dependence of the THz emission on the laser polarization and sample azimuth angles
is observed, aligning well with our theoretical predictions. Furthermore, helicity-dependent
spin currents are detected upon excitation with CP light, attributed to the inverse Faraday
effect. In contrast, spin currents in the tetragonal FiM Mn3Ga result from spin-dependent
superdiffusion of excited nonequilibrium hot electrons, exhibiting negligible dependence on
the polarization and helicity of the pump lasers. This work provides a promising pathway for
generating and modulating transient spin currents in noncollinear AFM materials through the
second-order MD transitions, paving the way for the practical applications of AFM dynamics

in ultrafast spintronics.

4. Experimental Section

Sample Deposition: Thin film heterostructures comprising Mn3Ga (10 or 25) nm and Al or Pt
(5 nm) were fabricated using a Chiron™ magnetron physical vapor sputtering system,
deposited onto 1 x 1 cm? (001) MgO substrates at controlled temperatures. The chamber was
maintained at a base pressure of < 1 x 108 Torr, with a working pressure of 1.6 x 107> Torr
under an ionized Ar" atmosphere during deposition. The Mn3Ga layer was sputtered from a 2-
inch composite target with an atomic stoichiometry of Mn7sGaxs at a calibrated rate of 2.59
nm/min, whilst Al and Pt cap layers were fabricated from 2-inch elemental targets at rates of
1.60 and 2.80 nm/min, respectively. All deposition rates were measured using atomic force
microscopy (AFM, Veeco 3100). Substrate temperatures (7s) of room temperature (RT), 200,
350, and 500 °C were set using a pre-bake and maintained during Mn3Ga sputtering, yielding
7-Mn3Ga (350 °C) and e+7-Mn3Ga (500 °C) films. All cap layers were deposited at RT.

12
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THz emission measurement. THz emission measurements were performed using a commercial
Ti:sapphire laser (central wavelength of 800 nm, pulse duration of 50 fs, and repetition
frequency of 1 kHz). The laser beam was split into two parts (at a 9:1 intensity ratio) for
excitation and detection of the THz electric field, with the pump pulse incident perpendicular
to the film surface along the z-axis. The laser beam incident on the sample surface had a spot
diameter of approximately 3 mm. Two wire grids were used to polarize the THz waves,
dividing the generated THz electric field into two orthogonal components. The radiated THz
beams were focused onto a 1-mm-thick <110> ZnTe crystal using two 90° off-axis parabolic
mirrors. The encoded THz electric signal was then extracted via electro-optic sampling in the
time domain by controlling the delay between the pump and probe pulses. To reduce the THz
absorption by water molecules, the measurements were conducted in a dry environment with

humidity below 8%.
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This study employs terahertz spectroscopy to generate ultrafast spin currents and terahertz
radiation in Mn3Ga/Pt bilayers. In the tetragonal ferrimagnetic Mn3Ga, spin currents arise from
hot-electron excitations, whereas in the hexagonal noncollinear antiferromagnetic Mn3Ga, spin
currents are attributed to the anisotropic pulsed magnetization. Magnetic dipole transitions in
noncollinear antiferromagnets enable novel strategies for ultrafast antiferromagnetic device

applications.
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