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ABSTRACT

Two-dimensional (2D) van der Waals magnetic semiconductors displaying controllable ferromagnetism at room temperature form
atomically sharp interfaces with various substrates. Such heterostructures create platforms for understanding spin-dependent phenomena
across interfaces and surfaces for high-performance technological applications. Combining these 2D magnets with light and the spin Seebeck
effect (SSE) in-state-of-the-art thermo-opto-spin studies forms a new paradigm in the field of spin-caloritronics that harnesses light as the
new heat. In this Perspective, we detail how to exploit recent advances in 2D van der Waals materials to boost the SSE and propose a new
strategy for optically controlled SSE in 2D magnetic semiconductor-based heterostructures with the intent to establish the research thrust of

“opto-spin-caloritronics.”

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0069088

Atomically thin van der Waals magnets and heterostructures are
being tapped as the primary components of a next generation of com-
puting devices based on spintronics or opto-spintronics. ~ In addition
to their miniaturization, these two-dimensional (2D) magnets are
expected to enable faster processing speeds, lower energy consump-
tion, and even increased storage capacity. To reach their full potential,
these materials should not require cryogenic temperatures or other
special protections to function. Recently discovered intrinsic 2D mag-
nets, including Crls," CryGe,Tes,” FesGeTe,,” and FesGeTe,,” are a
source of emerging, unprecedented physical phenomena, but are
restricted to operate at cryogenic temperatures.” VSe, monolayers
exhibit strong room ferromagnetism” but are metallic and lack access
to the rich electronic and optical phenomena open to other 2D transi-
tion metal dichalcogenide (TMD) magnetic semiconductors, such as
V-doped WS, and V-doped WSe, monolayers.'” "> Therefore, it is
essential to have control over their unique atomic-level magnetism at
temperatures close to room temperature, at which most of our devices
operate. In this Perspective, after a review of the recent progress in 2D
van der Waals materials to boost the spin Seebeck effect (SSE) in
spin-caloritronic devices, we propose a strategy for optical control of
thermally driven spin currents in ferromagnetic insulator (FM)/heavy
metal (HM) heterostructures by introducing an intermediate

2D-TMD magnetic semiconductor that establishes the new subfield of
“opto-spin-caloritronics.”

The SSE, which was discovered by Uchida et al,"*' Taid the
foundation for a generation of spin-caloritronic devices.”” Analogous
to the well-known Seebeck effect in which a build-up of an electric
potential arises along a temperature gradient, the application of a mag-
netic field and temperature gradient in a FM layer, such as Y;FesO;,,
better known as YIG, generates a pure spin current. This spin current
can then be converted into a technologically useful electrical voltage
via the inverse spin Hall effect (ISHE) of a HM layer with strong
spin-orbit interaction (e.g., Pt) in an HM/FM stacked system. Although
the first evidence of SSE was reported in the metallic magnet Nig;Fe;o,
the thermoelectric voltage arising from the SSE can be contaminated by
that arising from the anomalous Nernst effect in the FM layer.'® The
subsequential observations of SSE in magnetic insulators like
LaY,Fe;0y,” and YIG'” provide a better testbed for generating a pure
spin current via the SSE, and extensively explored YIG is considered the
benchmark material for SSE-related studies.

Indeed, the majority of research in spin-caloritronics is done on
an insulating magnetic system (e.g., YIG) and is centered around
boosting the spin current (J;)'* ** across the HM/FM interface by
either (i) reducing the conductivity mismatch between the metallic
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HM layer and the insulating FM layer and/or (ii) enhancing the so-
called spin mixing conductance (g), which is directly proportional to
the spin current density via the following expression:*’

g _vh
Is _EmkbAT’ (1)
where g;, 7, V,, and M; are the spin mixing conductance, the gyro-
magnetic ratio, the magnetic coherence volume, and the saturation
magnetization, respectively, and k;, and AT are the Boltzmann’s con-
stant and the temperature difference between the magnons in the FM
and electrons in the HM layer, respectively.

While inserting a magnetic (e.g, NiFe, Fe;Cuso)'®'” or non-
magnetic (e.g., Cu, NiO, CoO)***' layer in between YIG and Pt has
been shown to increase g and hence the longitudinal SSE (LSSE)
voltage (Vissp) to some extent, Kalappattil et al.”” recently demon-
strated that the addition of a thin (~5nm) organic semiconducting
layer of Cg significantly reduced the conductivity mismatch between
YIG and Pt giving rise to a giant LSSE (a 600% increase in Vjgsg)
across the Pt/Cqo/YIG interface. Interestingly, density functional the-
ory (DFT) calculations predict an even larger increase in the LSSE in
Pt/Cgo/YIG when the Cgq layer is thinned down to a monolayer.
Unfortunately, the fabrication of such a uniform monolayer of Cg is
hardly achievable using the existing deposition techniques.”” To over-
come this grand challenge, semiconducting TMD monolayers can be
considered. In this Perspective, the focus will be placed on YIG-based
heterostructures in which emerging magnetic 2D-TMDs like V-doped
WSe, monolayers can be used as an intermediate layer to reduce con-
ductivity mismatch and to optically control the SSE. Figure 1 presents
a research roadmap with key milestones in the development of the
SSE and the perspective of optically controlled SSE based on 2D van
der Waals magnets.

OPTO-SPIN-CALORITRONICS

Impressive advances in the synthesis of atomically thin semicon-
ductors are tapping MX, (M = Mo, W; X=S§, Se, Te) TMD mono-
layers as the “building blocks” of quantum optoelectronics and
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computing devices.”**° The 1H-phase semiconducting TMD mono-
layers have a hexagonal crystal structure that consists of a plane of
metal atoms sandwiched between two planes of chalcogen atoms.”
Because of a break in inversion symmetry and strong spin-orbit cou-
pling, TMD monolayers exhibit large spin and valley polarization,
placing them on the short list as potential candidates for applications
in spintronics, especially as a component in a heterostructure
with other materials.”** In an exciting intersection between the fields
of spin caloritronics and 2D materials, Dastgeer et al. reported a large
enhancement in Vggg (~1000%) in a Pt/Nig;Fe;o heterostructure
by inserting a thin layer of WS, in between Pt and NigFe;o
[Figs. 2(a)-2(c)].”” Herein, the SSE signal varied sensitively with WS,-
thickness and, in this work, the tri-layer WS, was found to yield the
highest Vser [Fig. 2(c)] while the monolayer (ML) WS, did not
improve the SSE signal of the Pt/WS,/Nig;Fe;4 heterostructure. In any
case, the origins of the enhanced SSE and its dependence on WS,
thickness in the Pt/WS,/Nig;Fe,o heterostructures are unclear.
However, Lee et al. recently showed a giant enhancement of Vigsg
(~900%) in Pt/ML-WSe,/YIG and attributed it to the large spin—orbit
coupling and improved spin mixing conductance of ML WSe, [Figs.
2(d)-2()].” The authors also observed a strong dependence of V/ssg
on the surface coverage of the WSe, layer, where the largest LSSE was
obtained for ~15% surface coverage [Fig. 2(f)]. A similar trend was
reported for Pt/MoS,/YIG by the same group; however, MoS, was in
the form of a multilayer film.”' In these cases, the origin of the
enhanced spin mixing conductance of Pt/TMD/FM (FM = Nig, Feyq,
YIG; TMD = WS,, WSe,, MoS,) remains unclear as the magnetic
characteristics of the TMD layer itself (thought to be defective
ferromagnets) were not analyzed in detail. Furthermore, the fact that
the FM layer (Nig, Fe;q or YIG) could magnetize the TMD layer (WS,,
WSe,, MoS,) by magnetic proximity contributes to this uncer-
'[ainty.’u‘33 Indeed, in their latest study, Lee et al. revealed that the
induced magnetization of the WSe, ML on YIG could enhance the
spin mixing conductance and consequently the LSSE signal in Pt/
ML-WSe,/YIG.™ However, this proximity-induced ferromagnetism
was not decoupled from the defective or defect-induced ferromagnetism

Boosting SSE by enhancing
spin mixing conductance
Kikuchi et al., Appl. Phys. Lett. 106,
082401 (2015)

Jia et al., Europhys. Lett. 96, 17005
(2011)

“Spin-caloritronics”
Discovery of the SSE in metal

Uchida et al., Nature 455, 778 (2008)
Hatami et al., Phys. Rev. Lett. 99,
066603 (2007)

SSE in semiconductor:
Jaworski et al., Nat. Mater. 9, 898
(2010)

SSE in insulator:

Uchida et al., Nat. Mater. 9, 894
(2010)

Ultrafast SSE

Kimling et al., Phys. Rev. Lett.
118, 057201 (2017)

Seifert et al., Nat. Commun. 9,
2899 (2018)

SSE in vdW layered
materials
Ito et al., PRB 100, 060402 (2019)

Marfoua et al., Nanotechnology
31, 455404 (2020)

“Opto-spin-caloritronics”
(e.g., Pt/2D-mTMD/YIG)
Unexplored

Boosting SSE by reducing conductivity
mismatch
Lee et al., Adv. Funct. Mater. 30, 2003192 (2020)

Kalappattil et al., Mater. Horizons 7, 1413,
(2020)

FIG. 1. Roadmap of the spin-caloritronics with key milestones. A perspective for opto-spin-caloritronics based on 2D van der Waals semiconducting magnets (e.g., V-doped

TMD monolayers) is also proposed.
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FIG. 2. (a) Schematic illustration of the SSE in a Pt/WS,/Nig;Feq with an optical image of the SSE device; (b) the SSE voltage vs magnetic field of the Pt/5L-WS,/NigiFess;
(c) the SSE voltage dependence on the number of WS, layers. Reproduced with permission from G. Dastgeer, M. A. Shehzad, and J. Eom, ACS Appl. Mater. Interfaces 11,
48533 (2019). Copyright 2019 American Chemical Society.”” (d) Schematic of the LSSE measurement on PYML-WSe,/YIG; (e) LSSE voltages at different temperature gra-
dients for PYML-WSe,/YIG as compared to Pt/YIG; (f) WSe, surface coverage dependence of the normalized LSSE. Reproduced with permission from Lee et al., Adv. Funct.

Mater. 30, 2003192 (2020). Copyright 2020 Wiley-VCH.*’

of the WSe, ML itself, nor was it manipulated by external stimuli, such
as light. In this context, we suggest the introduction of optically tunable
FM order within a TMD monolayer, while preserving its semiconducting
nature, as a promising strategy to enhance the spin mixing conductance
resulting in an optically tunable LSSE in HM/ML-TMD/FM. The suc-
cessful formation of the HM/magnetic TMD monolayer (HM = Pt or
PtSey; TMD = V-doped WS, or V-doped WSe,) interfaces will also pro-
vide unique opportunities to exploit and control spin transport in low
dimensional magnetic systems. In thermoelectrics, low dimensionality is
an essential concept for improving thermoelectric conversion perfor-
mance because a change in the density of states (DOS) can modulate the
Seebeck coefficient.”” However, low-dimensional effects have never been
observed in spin caloritronics, and such magnetic 2D-TMDs may be a
promising platform to investigate such effects. The use of low dimension-
ality is promising not only for thermo-spin effects, such as SSE and the
spin Peltier effect (SPE), but also for magneto-thermoelectric effects,
such as the anomalous Nernst/Ettingshausen effects and the anisotropic
magneto-Seebeck/Peltier effects, which are directly affected by the elec-
tronic structure. Various spin-caloritronic phenomena have been sum-
marized in this review.”

These perspectives may become possible as single layers of semi-
conducting TMDs (WSe, and WS,) have recently been shown to
exhibit strong and tunable room-temperature ferromagnetism [Fig.
3(a)] through controlled doping of vanadium atoms, which was fur-
ther validated by DFT calculations.'’”'” Indeed, increasing vanadium

concentration increases the saturation magnetization of V-WS, and
V-WSe, and the bottom-up fabrication of these essentially 2D dilute
magnetic semiconductors has allowed the highest doping level ever
attained for atomically thin vanadium-doped TMDs.'”'* Further
investigation of this unique class of 2D magnets led to the discovery of
thermally induced spin flipping (TISF) in V-WSe, monolayers.”
Interestingly, the TISF phenomenon can be achieved at low magnetic
fields (less than 100 mT) and can be manipulated by the vanadium
concentration within the V-WSe, monolayers. These findings consti-
tute a major breakthrough toward the use of 2D dilute magnetic
semiconductors in spin-caloritronic devices with high efficiency
spin-to-charge conversion.’”” Furthermore, this distinct class of 2D
magnets, capable of sustaining magnetic ordering at room tempera-
ture, also supports emerging quantum computing concepts, such as
spin logic switches, spin transistors, and valleytronics.”***"

A recent study by Jimenez et al. demonstrated light-mediated
room temperature ferromagnetism within V-doped TMD mono-
layers.” Interestingly, the magnetization of the V-WS, ML was tuned
by varying light intensity at low power (less than 5 mW/cm?). In this
work, the authors attributed absorbed photons from light illumination
to an imbalance in the carrier population that led to changes in the
magnetic moment. DFT calculations confirm that the magnetic
moment of a V-WS, monolayer can be altered by hole concentration
from optical doping [Figs. 3(b) and 3(c)]. One of the most promising
advantages of using light is that it enables local, flexible, and reversible
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Opto-Spin-Caloritronics:

Magnetic V-WS, monolayer

FIG. 3. Opto-spin-caloritronics: A single

(d) O
Laser light l (\ Esue

<

control of magnetization and/or magnetic states. While the previous
study™® focused on uniform illumination, it may also be interesting to
exploit the local control of spin-caloritronic phenomena and function-
alities. The basic concept has been described in the work™ in which
the magnetization direction/distribution and resultant heat currents
are controlled through all-optical switching. Beyond this demonstra-
tion, in magnetic TMD-based systems, the magnetic states and resul-
tant spin-caloritronic phenomena can be actively controlled. All this
reveals an innovative turning point: “optically controlled spin-
caloritronics or opto-spin-caloritronics” based on 2D-TMD magnetic
semiconductors [Fig. 3(d)]. Going beyond conventional spin-
caloritronics, this avenue of research combines 2D magnetic TMDs
with spin-caloritronics in a field that harnesses “light as the new heat.”

ULTRAFAST OPTO-SPIN-CALORITRONICS

The idea of using an ultrafast optical pulse to trigger or switch mag-
netization has recently attracted much attention due to its potential
applications in ultrafast all-optical switching, ultrafast data storage and
sensing technology, and terahertz spintronics."”*" The first experiment
on ultrafast light control of magnetization was realized back in 1996."
Since then, many breakthrough research studies in this fascinating direc-
tion have been published."*’ Light is also an important source of pure
spin current generation via the spin-photo-voltaic effect,”" light-induced
impulsive magnetic moments,”” and, of course, the SSE.** In the latter
mechanism, an ultrafast laser pulse introduces a temperature gradient
into the system, for example, in Pt/YIG," resulting in a dynamical LSSE
within 100 fs. Besides the ability to detect ultrafast spin dynamics, femto-
second laser pulses can also generate sizable temperature differences in a
few hundred K across interfaces. A study by Seifert et al."® used THz
spectroscopy to detect SSE, where THz emissions originated from tran-
sient charge currents converted from spin currents via ISHE. This
study'® demonstrates that THz spectroscopy is a suitable tool to investi-
gate dynamics of spin-to-charge-current conversion on ultrafast

‘PtAT

.,

atomic layer of vanadium-doped TMD
l magnetic semiconductor (e.g., V-WXy,

X=S, Se) could boost spin currents in
PtV-WX,/YIG  based  spin-caloritronic
devices. Tunable laser light could be
employed to control magnetic switching
within the V-WX, monolayer to enable a
controllable initiation of the LSSE voltage
introducing “opto-spin-caloritronics.” (a) V-
WS, monolayer exhibits room tempera-
ture ferromagnetism; the magnetic
moment increases from (b) the light-OFF
state to (c) the light-ON state. Reproduced
with permission from Jimenez et al., Adv.
Electron. Mater. 7, 2100030 (2021).
Copyright 2021 Wiley-VCH.**  (d)
Schematics of the proposed LSSE mea-
surement system for PtV-WXy/YIG with
optical irradiation generating holes (elec-
trons are trapped by the impurity states)
that enhance the magnetic moment within
the V-WX, monolayer.

timescales as discussed in a recent perspective.”” However, THz detection
is limited to sub- to few-THz frequencies, which hinders a wider range of
dynamic probing. Furthermore, the dynamics of heat generated by the
laser pulse and heat dissipation over a short timescale cannot be probed
by THz spectroscopy. Therefore, complementary techniques are needed
to probe non-equilibrium dynamics of spins and carriers in the SSE,
which can be accomplished using the time-resolved magneto-optical
Kerr effect (TR-MOKE) in reflection conﬁgurationfog time-resolved
Faraday rotation (TRFR),” or time-resolved second harmonic genera-
tion (TR-SHG) techniques.”" The two former techniques can detect spin
precession frequency (spin-wave motion) and spin accumulation of the
involved materials over a short timescale. Such studies may yield rich
information on the dynamics of spin-wave generation, spin current
transport through the atomically thin quantum material interface (non-
magnetic or magnetic 2D-TMD), and spin-charge conversion.

In addition to a longitudinal spin current, theory predicts the coex-
istence of a transversal spin Seebeck currents within a few picoseconds.”
In a system, such as Pt/TMD/YIG, the transversal spin current from
YIG could couple to a spin-polarized valley of the TMD layer, which
can be harvested before vanishing. The use of coherent light to generate
spin currents (carried by spin waves or magnons) is also an intriguing
research direction as it could generate coherent spin waves on ultrafast
timescales. The transport of coherent spin waves differs from the diffu-
sive transport driven by a temperature gradient, and the former
approach appears to be a more effective transport and is of potential
interest for quantum communications and computing applications. To
fully exploit ultrafast SSE through 2D-TMD interfaces, it is essential to
understand how this effect is probed by ultrafast spectroscopies.

PROBING INTRINSIC SSE BY ULTRAFAST
SPECTROSCOPIES

Due to the small ISHE voltage detectable by a conventional SSE
measurement, it is very challenging to disentangle the SSE voltage
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from undesirable voltage sources, such as the conventional Seebeck
and Nernst effects.””* All-optical pump-probe noncontact methodol-
ogies with pico- or sub-picosecond resolutions, as mentioned above,
would be possible alternatives to overcome such difficulties. In an all-
optical SSE experiment, the pump pulse acts as the thermal source that
generates hot electrons within the pulse duration when incident on the
HM layer, which is typically on the order of 10-100 fs. These hot
electrons subsequently cool down via electron-electron scattering
(sub-picosecond) and electron-phonon interaction (few to tens of
picoseconds).”” SSE is then either detected by THz emission” [Figs.
4(a)-4(c)] or Kerr rotation™® [Figs. 4(d)-4(f)]. In the former case, THz
radiation originates from the transient charge current that was con-
verted from the SSE spin current via ISHE. For example, in this
study,”® THz radiation originating from SSE is proved by (i) a THz
electric field, which is linearly polarized and oriented perpendicular to
M [Fig. 4(a)], (ii) the sign of the THz signal is reversed when the mag-
netization M is reversed [Fig. 4(b)], and (iii) the signal does not
depend on the pump polarization. It is worth noting from the last
point that optical spin injection or demagnetization depends on the
polarization stage of the optical beam (circular or linear) and the inde-
pendence of the pump polarization indicates that the pump only acts
as a heat source. This implies that contributions from the anomalous
Nernst effect, the photo-spin-voltaic effect, and optically induced mag-
netization can be safely neglected. In these measurements, THz emis-
sion is generated from a transient charge current converted from the
spin current via ISHE, which requires the use of a heavy metal with

scitation.org/journal/apl

strong spin-orbit coupling, such as Pt, whereas in TR-MOKE mea-
surements of SSE, Cu is used owing to its long spin diffusion length
and long spin-relaxation time as seen in Figs. 4(d)—4(g).48’35 On the
other hand, the Kerr rotation signal is not based on the charge current
via ISHE but instead originates from spin accumulation at the surface
of the metal layer, which strongly depends on the spin diffusion length,
I;, and hence, the species and thickness of the HM. Indeed, the spin
diffusion length of Pt is much shorter (~7-10nm) than that of Cu
(~350-500 nm) at room temperature. Furthermore, Cu supports large
electron temperature excursions during laser pulse heating because of
the weak electron—phonon interaction in this metal allowing most of
the spins to diffuse toward and accumulate at the metal surface when
Cu is used, which is suitable for MOKE signal detection.” " Besides
the Cu metal layer, Au and Ag can also be used in SSE experiments
utilizing TR-MOKE to detect spin accumulation, although the diffu-
sion lengths of these metals are smaller compared to Cu.”

OPTICALLY CONTROLLED MAGNETISM IN
2D MATERIALS

As mentioned earlier, light can be used as an additional knob to
control room temperature magnetism in V-doped TMD monolayers
(e.g., V-WS,, V-WSe,),”® which opens up opportunities to control
ultrafast SSE by light. The origin of the light-controlled magnetism in
that study’® was assigned to an excess of holes due to the capture of
electrons by V-doped ions. However, the carrier and spin dynamics
over short timescales have not yet been explored in this system.
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FIG. 4. SSE probed by THz radiation [(a)—(c)] and TR-MOKE [(d)—(f)]. (a) A femtosecond laser pulse is absorbed by a metal layer generating a transient temperature gradient.
Ultrafast spin current Js by SSE is converted into a charge current J, by ISHE, and the THz emission comes from transient J;. (b) THz emission waveform for opposite direc-
tions of magnetization M. (c) Time-dependent extracted spin current density (red), simulated electronic temperature of Pt (orange), and calculated SSE response function
(blue). Reproduced with permission from Seifert et al., Nat. Commun. 9, 1 (2018). Copyright 2018 Springer Nature.* (d) Schematic of TR-MOKE to detect SSE in the HM/YIG
system with a HM having a long spin diffusion length like Cu or Au. (f) Hot electron generated by a fs pulse and decay via phonon interaction from the YIG layer. (g) Time-
dependent spin accumulation in Cu via Kerr rotation signal (open circles) and calculated temperature difference (red dashed curve). Reproduced with permission from Kimling

et al., Phys. Rev. Lett. 118, 057201 (2017). Copyright 2017 American Physical Society.*”
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Ultrafast magneto-optical studies are sorely needed to probe charge
and spin dynamics that can elucidate the origin of light-induced mag-
netism as the spin properties of TMDs may affect the SSE. Therefore,
studies on the spin dynamics of the TMD layer itself will provide
important insight into the spin transport and relaxation phenomena
that form the dynamics of spin-charge conversion in SSE.
Semiconducting TMD monolayers exhibit intriguing spin-valley
polarization properties owing to their strong spin-orbit-coupling and
broken central symmetry. The unique spin-valley coupling in TMDs
presents opportunities to use valleys and light to manipulate spins,
such as valley-specific optical selection rules depicted in Fig. 5(a).”
Upon the photoexcitation of left-handed or right-handed circularly
polarized light (LCP or RCP) near the first excitonic resonance, certain
spin-polarized electrons can be excited into a corresponding valley.
For instance, in a MoS, monolayer, RCP excitation with photon
energy near the A exciton transition promotes spin-up electrons in the
conduction band of the K valley, and vice versa. It is worth noting that
MoS, is a non-magnetic material.

Kerr rotation spectroscopy has successfully monitored the spin
population, coherence, and relaxation under circularly polarized light
excitations in n-type MoS,,” """ WS,,°*" and p-type WSe,”*** mono-
layers with long spin lifetimes ranging from a few to hundreds of
nanoseconds at low temperature, which is much longer than that of an
exciton lifetime. The origin of long spin lifetimes was attributed to resi-
dent electrons and holes™****" and long-lived spin valley-polarized
dark trions.”"** When increasing temperature, optically induced Kerr
rotation signals and spin relaxation times were significantly reduced
and almost disappeared at temperatures above 40K for the case of
MoS,.””%" As presented in Fig. 5(b), the sign of the optically induced
rotation switched when the opposite handedness of circularly polar-
ized light was used for excitation, which indicates that opposite spin
carriers were optically injected into different valleys of the MoS,
monolayer. Yang et al. further resolved the spin coherence with a
Larmor precession frequency that is linear with an applied transverse
external magnetic field as seen by the solid curves in Fig. 5(b).””
Interestingly, under an external magnetic field, the Kerr rotation signal
dropped within 100 ps because of the out-of-plane spin-orbit field on

PERSPECTIVE scitation.org/journal/apl

the spin precession as well as rapid intervalley scattering. The small
coherent spin precession that persists for longer times is attributed to
localized or trapped electrons that were not subject to fast intervalley
scattering. The above-mentioned experiments were mostly conducted
on n- or p-doped semiconducting monolayers. Meanwhile, the contri-
bution of excitons into spin properties remains unexplored largely due
to strong exciton binding energies and their short lifetimes. Strong
exciton binding energies could also hamper spin transport and spin-
charge conversion in SSE. The introduction of magnetic dopants (e.g.,
V-doped TMDs) is particularly interesting because it offers tunable
magnetism and increases screening, which results in a lower exciton
binding energy as well as excessive charges. Spin injection into a TMD
semiconducting monolayer from the above studies was achieved by
photo-excitation using circularly polarized light. Manipulation of mag-
netism can also be obtained with ultrafast heating by light. Very
recently, light-induced demagnetization has been observed in a few
layers of a ferromagnetic semi-insulating Cr,Ge,Tes nanoflake using
time-resolved Faraday rotation in Fig, 5(c). In this study,” an intensive
laser pulse induces spin temperature in a short timescale leading to a
demagnetization; hence, a change in the magnitude and the direction
of the magnetization from its equilibrium direction occurred. Two life-
time constants for recovering the magnetization were found, which
were 400 ps and 8 ns and attributed to energy relaxation processes by
optical phonons and acoustic photons, respectively.

Unambiguously, TR-MOKE and THz spectroscopies are capable
of measuring the ultrafast SSE in bulk systems with timescales from
picosecond to nanosecond. These techniques are particularly suited
for the investigation of the SSE in heterostructured systems that incor-
porate a 2D-TMD buffer layer in between HM and FM layers as they
can independently investigate physical processes involved in each
material [see Fig. 6(a)]. Since the first observation of the SSE in 2008,
we have witnessed a surge in studies of this exotic effect over a wide
range of materials and structures. Despite the large body of SSE studies
in bulk materials, there remains a lack of ultrafast SSE studies in the
above-mentioned 2D/3D heterostructures. No doubt this is because of
the difficulty behind quantifying the SSE coefficient from TR-MOKE
and THz spectroscopies as a rigorous calibration method would be
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FIG. 5. Spin dynamics of the TMD monolayer. (a) K and K’ valleys in the Brillouin zone of TMD monolayers with circularly polarized light excitations. (b) Optically induced Kerr
rotation with (solid curves) and without (dotted curves) an applied in-plane magnetic field using right- or left-handed circularly polarized light (RCP or LCP) for the MoS, mono-
layer. Reproduced with permission from Yang et al., Nano Lett. 15, 8250 (2015). Copyright 2017 American Chemical Society.” (c) Normalized laser-induced magnetization
dynamics of Cr,Ge,Teg for different external magnetic fields using time-resolved Faraday rotation. Inset: magnetlzatlon dynamics for the first 10 ps with a time resolution of
1.2 ps. Reproduced from Zhang et al., Appl. Phys. Lett. 116, 223103 (2020). Copyright 2020 AIP Publishing.”
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required to quantify the effect. Nonetheless, we propose below that the
second harmonic generation technique is capable of measuring and
quantifying the spin Seebeck coefficient. Being a second-order nonlin-
earity, SHG is highly sensitive to a central symmetry breaking. In the
presence of a perturbation, such as a DC field, SHG is strongly
enhanced via a four-wave-mixing process, and this is the so-called
electric field induced second harmonic generation (EFISH) as seen in
Fig. 6(b).°>°° Therefore, it is an excellent probe for detecting SSE
voltage. Then, to quantify the amount of generated voltage, the SHG
intensity is measured as a function of an externally applied field/
voltage in the absence of the pump pulses.

Most of the above-mentioned methodologies to detect SSE are
indirect measurements that either measure charge current or voltage
in the HM layer via ISHE or by spin accumulation. Direct detection of
a pure spin current is quite challenging because there is no net charge
current, nor a net magnetization involved. It has been predicted that a
longitudinal spin current has peculiar symmetry properties in which
the motion of electrons along the spin current direction is a chiral phe-
nomenon.”” These exotic properties result in a chiral optical nonline-
arity that induces second harmonic generation if circularly polarized
light is incident and, therefore, it is a well-suited technique to detect
pure spin current. Indeed, soon after this theoretical prediction, an
experimental work verified SHG induced by pure spin currents in a
GaAs sample.”' Besides the TR-SHG created by electric field-induced
SHG, an observation by Werake et al.’' suggests that SHG is a useful
tool to probe pure spin current directly from the SSE, and details of
this have yet to be explored in the context of opto-spin-caloritronics.

Finally, we recall the roadmap for 2D van der Waals magnet-
based spin-caloritronics and opto-spin-caloritronics (Fig. 1). It is
worth mentioning that the large SSE has recently been predicted to
occur in intrinsic 2D ferromagnetic systems, such as in monolayers of
Crl;% and CrPbTe;,"” as well as their van der Waals heterostructure
Crls/NiCl,.”" An extremely large SSE value of 1450 uV K" can be
achieved for monolayer Crl; and 13204V K™' for monolayer
CrPbTe; at low temperatures (<100 K). In contrast, much smaller SSE
values (~18 nV K ') have been experimentally reported for CrGeTes/
Pt and CrSiTes/Pt.”" A similar trend has also been experimentally
observed for CrBrs/Pt.” Further studies are, therefore, needed to
resolve the significant deviation between the theoretically predicted

P2w) = £,x® (2w; 0, w, w)Essp (0)E3 ()

scitation.org/journal/apl

FIG. 6. Schematic illustration of ultrafast
opto-spin-caloritronics in a heterostruc-
ture. A femtosecond laser pulse (the
pump) generates a temperature gradient
as the source of the LSSE. (a) The charge
current (converted from the spin current)
in the Pt layer can be detected by THz
radiation. Spin accumulation and spin pre-
cession can be detected by Kerr rotation
of the probe pulse, or Faraday rotation.
The magnetization of the 2D layer can be
controlled by the polarization stage of the
pump pulse. (b) SSE generates a traverse
DC field (Essg), which can be mixed with
the probe field via a four-wave-mixing pro-
cess generating a second harmonic sig-
nal, P(2w), the process so-called electric
field induced second harmonic generation
(EFISH).

and experimentally obtained SSE values. Since these intrinsic 2D mag-
nets are air-sensitive, careful attention must be paid to the effect of oxi-
dation on the magnetization and, hence, the spin to charge conversion
efficiency in these heterostructures. On the other hand, 2D-TMD
semiconductors (e.g., WSe monolayer) have been shown to reduce the
conductivity mismatch and boost the SSE in HM/FM (Pt/YIG)
bilayers.”” The findings of room-temperature ferromagnetism in 2D-
TMD semiconductors through magnetic doping (e.g., V-WS, and V-
WSe, monolayers)'’"'* have the potential to transform the fields of
van der Waals spintronics and spin-caloritronics, as well as to establish
the subfield of “opto-spin-caloritronics” in which the SSE voltage can
be controlled by varying intensity of light, which has been demon-
strated to mediate the magnetization of a magnetic TMD monolayer.”*
Exploring ultrafast magnetism and ultrafast opto-spin-caloritronics in
these TMD monolayers and heterostructures will become a very excit-
ing research area. The rich thermal- and opto-mediated magnetism
showcased so far in this unique class of 2D dilute magnetic semicon-
ductors sets the stage for further experimental and theoretical research
that should be performed in the near future to draw out all of these
exciting possibilities.
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