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ABSTRACT: Nonlinear optical spectroscopy is a fundamental probe for the investigation of topological effects in quantum
materials. In this paper, we report on the terahertz (THz) emission from thin films at various thicknesses of the magnetic topological
nodal semimetal Co,MnGa (CMG) when excited by femtosecond optical pulses. Experimental results suggest the presence of
multiple THz generation mechanisms, originating from both bulk and surface states of CMG. The former is explained in terms of a
photon-drag effect as induced by radiation pressure. The latter emission mechanism instead appears to be related to the photovoltaic
effect coming from the topological surface states. This interplay between generation mechanisms indicates that Co,MnGa
topological nodal semimetals are a valuable platform for THz emitter devices.
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H INTRODUCTION intertwined nodes.”"””> Moreover, the intricate nodal structure
of CMG was revealed to contain Hopf links and show
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The full-Heusler alloy Co,MnGa (CMG) is a metallic
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predicted'®'” and experimentally proved®’ to be a magnetic
topological nodal line semimetal, showing a complex structure
where the valence and conduction bands cross along arbitrarily

© 2023 The Authors. Published b
Ameericl;n %ﬁemlilcaissscietz https://doi.org/10.1021/acsaelm.2c01376

v ACS Pu bl icatio ns 1437 ACS Appl. Electron. Mater. 2023, 5, 1437—1443


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Tomarchio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sen+Mou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lorenzo+Mosesso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anastasios+Markou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edouard+Lesne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudia+Felser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Lupi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Lupi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaelm.2c01376&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01376?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01376?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01376?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01376?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01376?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01376?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01376?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01376?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaembp/5/3?ref=pdf
https://pubs.acs.org/toc/aaembp/5/3?ref=pdf
https://pubs.acs.org/toc/aaembp/5/3?ref=pdf
https://pubs.acs.org/toc/aaembp/5/3?ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaelm.2c01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org/acsaelm?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

a)

)
)

D ¢
i

-“'.a

@,
E
ol

WIS
L] ]

a
b) THz signal Z;@Te
CMG film -2 )
over MgoO ‘%
Wire Grid
- Polarizer
—
—
N =~ -
800 nm
35fs
ulse
P N2 or N4
\
\
\

0.3 T T T T T

THz Electric (arb. unit)

2

1
Time (ps)

-1

1072

1073

Spectral Amplitude (arb. unit)

1.5 2 2.5
Frequency (THz)

0.5 3.5

Figure 1. THz emission by optical excitation in Co,MnGa thin films. (a) Co,MnGa cubic unit cell. The structure is a result of four interpenetrating
face-centered-cubic (FCC) lattices (Heusler alloy structure). The arrows indicate the crystal axes. (b) Experimental setup for the generation and
detection of THz waves from CMG thin films. Films are illuminated in a 45° reflection geometry by a 800 nm ultrashort pulse with tunable fluence
and polarization. The THz detection is achieved through an electro-optical coupling by a ZnTe nonlinear crystal. (c) THz electric field in time as
emitted by three CMG films of different thicknesses. (d) Spectral amplitudes of the THz signals, revealing the frequency emission band. Sharp dips
are associated with water vapor absorptions during propagation in air.

curvature.”’ A distinct mechanism coupling to the topology of
the band structure is the production of photocurrents (shift
currents) through the linear/circular photogalvanic mecha-
nism.”*” In Weyl semimetals’’~** and topological insula-
tors,*** it has been demonstrated how this effect generates
polarization-sensitive THz radiation from both the bulk and
surface states. In centrosymmetric materials like CMG, where
parity conservation forbids bulk second-order nonlinear
phenomena, THz emission is an optimal probe of the surface
states, thus giving a direct probe of the topological features of
the material.

In this work, we study the THz emission by high-quality
CMG thin films with different thicknesses (20, 40, and 80 nm),
grown on MgO(100) substrates, after being pumped by a 800
nm femtosecond optical pulse. The pump polarization was
tuned from linear to circular, highlighting different mechanisms
behind the whole THz generation. In particular, we distinguish
a sub-THz generation coming from the topological surface
states and explained in terms of the photogalvanic effect, as
well as an emission at higher frequencies scaling linearly with
the thickness and hence attributed to the bulk. Although very
little is know about the bulk THz emission in parity-conserved
semimetals, its origin can be found in the photon-drag effect, as
already observed for metallic thin films and graphene.*>** The
interplay between different generation mechanisms promotes
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Co,MnGa topological nodal semimetal as a valuable platform
for the production of tunable THz radiation.

B EXPERIMENTAL SECTION

Thin Films Growth. Thin films of Co,MnGa with thicknesses of
20, 40, and 80 nm were grown epitaxially, on (001)-oriented MgO
single-crystal substrates, using a BESTEC ultrahigh vacuum magnet-
ron sputtering system. Prior to the deposition, the chamber was
evacuated to a base pressure of <8 X 107° mbar, while the process gas
(Ar 5 N) pressure was set to 3 X 107> mbar. For the growth of the
films, we used an equiatomic compound Mn,Gas, (5.08 cm) and
high-purity elemental metal Co and Mn (5.08 cm) sources in a
confocal geometry, applying 20, 34, and 6 W dc power, respectively.
The target-to-substrate distance was fixed at 18 cm, and the substrate
was rotated with a speed of 20 rpm during deposition to ensure a
homogeneous growth. The films were grown at 600 °C, followed by
in situ postannealing at the same temperature for 30 min to improve
the crystallinity of the films. To avoid oxidation of the films, an
amorphous Si layer of 3 nm was deposited in situ at room
temperature using a Si (5.08 cm) source and applying 60 W RF
power.

THz Emission Spectroscopy Setup. THz emission spectroscopy
on a CMG thin film has been performed by pumping the samples with
a 800 nm ultrashort pulse (35 fs), as obtained by a Ti:sapphire
amplifier (Coherent Verdi G-series), with a repetition rate of 1 kHz.
The pulse is sent on the films at a 45° angle geometry, and the THz
signal is collected in reflection by a series of parabolic mirrors. The

https://doi.org/10.1021/acsaelm.2c01376
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Figure 2. Fluence and polarization dependence of the THz emission from Co,MnGa thin films. (a) Ratios between the 80 and 40 nm spectral
amplitudes (blue) and between the 40 and 20 nm spectral amplitudes (red). (b) Fluence dependence of the emitted THz amplitude (peak-to-peak
value). The inset shows the nonlinear enhancement of the reflectance of the film at a pumping wavelength of 800 nm. (c) Ratio between the THz
peak-to-peak amplitude emitted after pumping with a linearly (S-polarized) and circularly polarized 800 nm pulse. (d) Ratio between the THz
spectral amplitude generated by a 80 nm CMG film when pumped by a circularly over linearly (S-pol) polarized beam. (e) THz field amplitude
from the 80 nm film after being illuminated by an optical pump with variable polarization, as modified by a quarter waveplate (of angle ). An angle
a = 45° identifies a left-circularly polarized light, while & = 135° is a right-circularly polarized one. The sinusoidal red curve identifies a 2« fit.

signal is then sent to a 250 um ZnTe crystal for the electro-optical
detection by a balanced photodetector. The crystal orientation has
been kept fixed for all measurements. The THz signal from the films
has been compared to the THz generated in a transmission geometry
by a second thicker (500 pm) ZnTe crystal. Half and quarter
waveplates for the 800 nm signal have been used to tune the incident
polarization, while a wire-grid polarizer has been used to filter the
THz signal polarization.

B RESULTS

High-quality epitaxial thin films of Co,MnGa were grown in a
BESTEC UHV magnetron sputtering system on MgO(001)
single-crystal substrates and capped in situ with 3 nm Al
whose surface naturally oxidizes at ambient conditions. The
details of the growth are provided in the Experimental Section.
The cubic crystal structure of CMG is shown in Figure la. In
this work, three films of 20, 40, and 80 nm thickness have been
measured.

THz emission from CMG thin films was measured through
the optical setup shown in Figure 1b and described in the
Experimental Section. A femtosecond pulse, centered at 800
nm and provided by a Coherent Legend amplifier (7 mJ of
pulse energy, 35 fs of pulse duration, and 1 kHz of repetition
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rate), was used to illuminate the thin films in a reflection
geometry at a 45° angle of incidence. THz emitted radiation is
focused on a ZnTe nonlinear crystal and detected by an
electro-optical process.*

Figure 1c shows the THz field emitted by the three films
with different thicknesses, illuminated by a linearly S-polarized
optical pulse with a fluence of 1.77 mJ/cm® The terahertz
intensity (from the 80 nm film) is ~3% of that measured using
a 500 um thick ZnTe crystal under identical conditions (same
exciting laser, illuminated area, and fluence). Per unit
thickness, the generation efficiency of the CMG film is
hundreds of times higher than that of the ZnTe nonlinear
crystal. Figure 1d shows the spectral amplitude (SA) of the
THz signals obtained through a fast Fourier transform (FFT)
algorithm. The sharp dips between 1 and 3 THz are associated
with water absorption from the atmospheric air. Due to the
limitation of the ZnTe detection band, the THz signal emitted
from the 80 nm film was also measured through a GaP crystal
that was able to detect the higher THz frequencies although it
was less sensitive to the field intensity due to the lower electro-
optic coefficient.*” Even in this case, the emitted spectrum
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shows a cutoff at nearly 3 THz, suggesting that the whole
CMG THz emitted spectrum is confined below this frequency.

B DISCUSSION

The THz emission described earlier provides fundamental
information about topological effects in Co,MnGa. Indeed, for
nonlinear second-order responses (like the optical-rectification
process), a noncentrosymmetric unit cell is required. This is
not the case for CMG, which, having a cubic structure at room
temperature (RT), keeps the parity symmetry intact while
breaking the time-reversal one due to a Curie temperature
>600 K. Therefore, one expects a major contribution in the
THz emission from topological surface states, where the parity
symmetry is broken. Instead, we observe a complex thickness
dependence of the THz emission, revealing a further THz
production mechanism originating from the bulk.

In Figure 2a we show the ratio between the THz spectral
amplitudes of the three films (SA(80 nm)/SA(40 nm) blue
curve, SA(40 nm)/SA(20 nm) red curve). The dependency of
the THz field with thickness appears nontrivial across the full
THz spectrum. SA(40 nm)/SA(20 nm) is nearly flat with a
value ~2 (doubled field) above 1 THz, in agreement with the
thickness ratio. A similar result is found for the ratio between
80 and 40 nm. However, below this frequency, the emitted
THz field increases rapidly for the 80 nm film. Thinner films of
20 and 40 nm do not host a valuable difference in their
generation in this sub-THz range, while the 80 nm film shows
a sharp increase (nearly a factor 10) in the THz generation
emission.

From these measurements, we distinguish two mechanisms
for THz generation in Co,MnGa: a first mechanism, scaling
linearly with thickness and therefore related to bulk carriers,
which we associate to a (nontopological) photon-drag effect,
and a surface mechanism mainly contributing to the sub-THz
spectral region, whose properties suggest a topological origin as
described below.

Further differences between the 80 nm and the thinner films
can be observed in Figure 2b. Here, one shows the behavior of
the THz electric field amplitude versus the pump fluence F. All
films show a first linear increase with F further followed by a
saturation behavior. However, the saturation effect is faster for
the 80 nm film than the other two thicknesses, which behave
very similarly. This difference cannot be linked to the bulk
response, as suggested by the equal saturation fluence effect for
the 80 and 40 nm film reflectance at 800 nm (see inset of
Figure 2b), which is mainly determined by the bulk carriers.
Indeed, the optical penetration depth at 800 nm is ~50 nm,
comparable to the film thickness. The faster THz saturation
effect vs F in the 80 nm film can then be related to its surface
contribution, being dominant with respect to the bulk
response. The fluence dependence behavior of the 80 nm

film, having a JF functional form, can be compared to the
results of a Floquet two-band model for the production of shift
currents. The plateau of the THz amplitude above 1 mJ/cm?
can instead be linked to the filling of surface states because the
flux of photons incident at this fluence (4 X 10" cm™) is
comparable to the surface density of carriers (~10'¢ cm™2).%

Polarization Analysis and Bulk THz Emission. As
discussed previously, the emission above 1 THz, due to its
scaling with thickness, can be associated with the CMG bulk.
In this case, due to the cubic lattice structure of CMG and
therefore to the corresponding parity conservation, the main
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THz emission mechanism can be attributed to the photon-drag
effect.”™* This picture is supported by the polarization-
sensitive measurements agreeing with a THz polarization
mainly P-oriented (6 = 90°), in accordance with a photon-drag
generation mechanism where the photocurrents are generated
by the transfer of momentum from the photons to the free
electrons. The THz signal was probed after being transmitted
by a rotating (6) wire-grid polarizer from 0 to 180°, thus
scanning the polarization properties of the THz beam. The
Malus curves for the emitted THz light, as obtained by a
linearly polarized optical pump, are shown in Figure SI and
discussed in the Supporting Information. The photon-drag
effect already has been observed in metallic thin films due to an
effective transfer of momentum from photons to electrons,
thus creating a current along the direction of the propagation
of light.*** When the light is sent on the film with an angle of
incidence different from 0°, the photon-drag current will travel
parallel to the material surface and emits P-polarized THz light.
A further bulk mechanism induced by a change in carrier
direction caused by the Lorentz force®” can be excluded. In
fact, given the in-plane magnetic easy axis, the THz generation
has been found to be independent from the crystal rotation.
Finally, the THz polarization is almost independent by the
pump linear polarization (see Figure S1), excluding a
rectification process and thus a parity breaking due to strain
in the thin-film geometry.

Pump polarization-dependent measurements are a useful
probe to separately investigate the two generation mechanisms.
Indeed, topological photocurrents are known to be sensitive to
the circular polarization of light due to the circular photo-
galvanic effect (CPGE).”” This dependence is explained in
terms of an asymmetric depopulation of spin-polarized surface
states by optical selection rules, generating a spin-polarized
photocurrent.

Figure 2c shows the ratio (Egyo — Egpot)/Espol for the three
films, where Ec,, and Eg, are the THz (peak-to-peak)
amplitude originating from the circularly and linearly (S-)
polarized 800 nm pump, respectively. The ratio is negative for
the 20 and 40 nm films, indicating a substantial contribution in
the THz emission from the bulk states (as further discussed in
the Supporting Information), and becomes positive in the 80
nm film, where topological surface states provide the major
contribution, in agreement with previous results (see earlier).
Figure 2d shows the ratio of the THz spectral amplitude
generated by the 80 nm film between the circularly and linearly
(S-pol) polarized pump signal. The bulk generation decreases
slightly, while the sub-THz one emitted by the surface states
improves, further supporting the picture of the two generation
mechanisms. A possible contribution from the CPGE to the
THz generation is also found in the 80 nm sample from the
peak-to-peak values of the electric field, measured as a function
of a quarter waveplate orientation ¢, converting the 800 nm
pump from a linear to a circular polarization. Figure 2e shows
how the THz generation follows a 2a behavior, as expected
from a CPGE generation mechanism.”””*"

Surface THz Emission. The polarization-dependent
analysis shines a light on the bulk generation from the
photon-drag effect. The photon-drag bulk generation mecha-
nism highlights a major difference with respect to other
topological semimetals (like TaAs) studied through THz
emission spectroscopy.” """ There, the THz generation is
dominated by the topological features of the bulk due to the
breaking of parity symmetry. Instead, in Co,MnGa, the
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combination of surface plus bulk THz emission represents the
major novelty, opening a route toward their application into
tunable THz emitters.® However, the surface mechanisms
giving rise to the sub-THz generation in the 80 nm sample are
still not fully clear.

To improve the discussion on this topic, we performed THz
emission measurements at normal incidence (where the
photon-drag mechanism is ineffective), thus isolating the
surface contribution from the bulk. We report the results in
Figure 3 for the three films. The 20 and 40 nm films (red and
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Figure 3. Normal incidence emission of CMG. Only the generation
from the 80 nm sample can be resolved when the samples are pumped
at normal incidence.

blue colored lines, respectively) have a negligible THz
generation comparable to the background noise. The 80 nm
film (green line) instead shows a huge emission below nearly 1
THz similar to that observed in Figure 2a. This result can be
compared to the anomalous conductivity measurements
performed on films of the same batch.*> CMG films of
thicknesses below 60 nm display a thickness-independent
magnitude of the anomalous Hall conductivity (AHC).” For
the 80 nm thick film instead, AHC increases ~25% at 300 K
due to an enhanced contribution from the topological surface
states, as also supported by ab initio calculations.’ Our results
for the sub-THz generation show a behavior qualitatively
similar to the AHC data as a function of thickness. The
difference in the magnitude change between THz emission and
AHC data can be addressed when considering that a simple
relationship between the two quantities does not exist.’
Indeed, AHC measurements sample the bulk topological
properties of the films, while the THz emission includes
contributions from the surface and bulk. On this line, ref 32
suggests that topological electronic states are fully formed,
including Fermi arcs for the 80 nm thick film. Instead, for the
20 and 40 nm films having a lower AHC and a nearly zero sub-
THz emission, the same paper suggests a deficiency in the
topological surface states from which the photogalvanic current
mainly takes place. These results and the THz polarization data
reported earlier strongly suggest a topological origin of the sub-
THz emission, as induced by photogalvanic effects from the
surface states. Such a mechanism is predicted to take place as a
consequence of interband transitions to the surface topological
states.”’ However, theoretical and experimental results are
scarce (due to the usual overwhelming bulk response), and
only candidate materials like RhSi have been studied,
predicting that Fermi arc photogalvanic currents can be
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perpendicular to the bulk injection currents regardless of the
choice of materials surface.’”>*

B CONCLUSIONS

In this work we study the emission of THz radiation at room
temperature from thin films of the cubic magnetic topological
semimetal Co,MnGa. The THz emission, at variance with
others Weyl semimetals like TaAs where parity is not
conserved, is generated by two microscopic mechanisms of
different origin: a photon-drag mechanism of nontopological
nature originating from the bulk of Co,MnGa and providing a
spectral range up to 3 THz, and a surface topological
photogalvanic mechanism mainly responsible for the sub-
THz emission. The photon-drag contribution that is present
for a finite-incidence angle can be nearly canceled by working
at normal incidence. The double emission mechanism has been
further investigated by polarization-sensitive measurements.
Indeed, by changing the pump polarization from linear to
circular, we study the interplay between surface and bulk THz
generation, supporting the topological nature of the surface
THz emission. The overall THz signal generated by a 80 nm
film has an efficiency per unit thickness hundreds of times
higher than a conventional 500 ym thick ZnTe emitter.

The study of novel topological materials generating THz
radiation is also important from a technological point of view.
Recently there has been a shift in interest from semiconductors
to semimetals for optical THz generation efficiency. While the
latter can host well-known generation mechanisms like the
photo—Dember’* effect or optical rectification,” the mecha-
nisms enabling THz generation in semimetals are still partially
unknown. Indeed, over semiconductors, semimetals have the
advantage of hosting topological quantum phases, allowing the
production of tunable ultrafast photocurrents. In this frame-
work, the investigation of the THz emission from Co,MnGa
adds an essential piece to the puzzle of THz technological
cutting-edge research field.
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