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Terahertz Electronic and Spin Currents in Wafer-Scale Van
der Waals Bi,Se; /WSe, Heterostructures and Polymorphs

M. Micica, A. Wright, S. Massabeau, S. Ayari, E. Rongione, M. Oliveira Ribeiro, S. Husain,
R. Sharma, T. Denneulin, R. E. Dunin-Borkowski, J. Mangeney, J. Tignon, R. Lebrun,
H. Okuno, O. Boulle, A. Marty, F. Bonell, F. Carosella, H. Jaffrés, R. Ferreira,

J.--M. George, M. Jamet,* and S. Dhillon*

Van der Waals heterostructures and polymorphs have promised the realization
of artificial materials with multiple physical phenomena such as giant optical
nonlinearities, spin-to-charge interconversion in spintronics and topological
carrier protection, through an infinitely diverse set of 2D quantum materials
and their stacking order in a single layered device. However, their exploitation
for the terahertz range has been limited with most investigations based around
the optical domain, owing to the use of exfoliated material that inherently limits
both the dimensions of the materials and the scalability for applications. Here,
the combination of terahertz electronic and spin currents is demonstrated
through the realization of large area complex crystalline heterostructures

of topological insulators, transition metal dichalcogenides (TMDs)

and ferromagnets. This is demonstrated through down-conversion of optical
beams into coherent terahertz currents, where the terahertz phase permits
the decoupling of the physical phenomena, and bringing novel functionalities
beyond those achievable in simple homostructures. In particular, the role of
different TMD polymorphs (stacking orders - 1T’, 2H, and 3R) is shown with the
simple change of one atomic monolayer of the material stack entirely changing
the terahertz responses — both electrical and magnetic - of the artificial
material. This allows to highlight ultrafast phenomena that combine both the
electronic- and spin-based processes in these structures. The importance of
the crystal symmetry on the magnetic properties through proximity effects is
further demonstrated, showing a nonlinearity of magnetic origin as a result of
the 1T’ polymorph. As well as control of the terahertz currents through different
polymorphs, this scalable integration of a set of highly diverse materials
establishes a platform for next-generation 2D heterostructures that integrate
photonic, electronic, and spintronic properties into device architectures.

1. Introduction

The potential of van der Waals (vdW)
heterostructures!!=! is vast with the pos-
sibilities of combining a myriad of phys-
ical phenomena such as superconductiv-
ity, valleytronics, giant optical nonlinear-
ities, proximity effects and spintronics, in
a single artifically created material. It can
be achieved through the design and real-
ization of quantum interfaces and struc-
tures by combining materials as diverse
as graphene, 2D transition metal dichalo-
genides (IMD) and their polymorphs, topo-
logical insulators (T1Is), 2D ferromagnets,
2D ferroelectrics and many more. This has
led to the term of atomic-scale Lego that is
facilitated by the absence of dangling bonds
in vdW materials. Nevertheless, the vast
majority of works that have been performed
are based on exfoliation from bulk crys-
tals and manual stacking of individual lay-
ers. This inherently inhibits scalability and
applications of complex vdW heterostruc-
tures. However, recent developments in epi-
taxial growth of TMDs have shown that
large area 2D crystalline materials are start-
ing to become available,*®! opening up
new possibilities of complex heterostruc-
tures. In this work, we show wafer scale
epitaxially grown heterostructures of TIs,’!
2D TMDI! polymorphs and ultrathin
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ferromagnets. This opens up exciting prospects of combining
multiple effects in the same 2D stack. Here we demonstrate the
control of the material’s ultrafast transport and terahertz (THz)
properties through polymorph dependent optical nonlinearities,
ultrafast spin-to-charge conversion (SCC), magnetic proximity ef-
fects and anisotropic charge properties over macroscopic surface
areas with sensitivity to the monolayer limit.

Regarding the state-of-the-art, over the last decade, layered 2D
materials such as TIs,[®) Rashba materials(*! and TMDs(!%! and
their corresponding quantum interfaces have taken a central role
in the range of condensed matter phenomena including, but not
limited to:

i) Spin-to-charge interconversion (SCC) where the harvesting
of strong spin-orbit coupling (SOC) in quantum interfaces has
been applied to a diverse range of applications. In particular, SCC
in TT interfaces have demonstrated a rich physics playground ow-
ing to their exotic bandstructure properties,['*13 where their elec-
tronic band dispersion is composed of a ‘bulk’ insulating form
and Dirac-like topologically-protected conducting surface states
within the gap. Recent studies have also investigated ultrafast
SCC through THz emission studies where TI/ferromagnet junc-
tions are optically excited to generate a spin current in the ferro-
magnet and converted into a charge current in the TL.* Sim-
ilarly, TMDs with large spin-orbit coupling have been studied,
with the layer-by-layer control permitting to engineer and control
the SCC processes.[2]

i) Magnetic proximity effects that have recently emerged,
which provide a unique method of engineering 2D materials.2!]
Here the inherent compatibility of 2D materials permits a strong
interfacial interaction between two entirely different 2D materi-
als i.e non-magnetic and magnetic, modifying each of the layer
properties. This permits, for example, to induce magnetic phe-
nomena in the non-magnetic material and has shown, for ex-
ample, proximity-induced magnetism at the interface between
a topological insulator and a ferromagnet, probed using mag-
netic nonlinearities.!?”] This has allowed prospects in the control
of magnetic ordering, spintronics and valleytronics without the
need of magnetic doping or the use of defects that can negatively
impact the crystal structure of 2D materials.

iii) Giant optical nonlinearities, where a wide range of work has
been applied to second harmonic generation (SHG) in 2D TMDs,
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such as WSe,,[?32*1 MoS,,|’] MoSe,,?*! and more.[??8] These
materials have shown considerable advances with their elec-
tronic, optical and nonlinear properties controllable by the num-
ber of layers, as well as the layer polymorph of the material.[?]
Indeed, the layer polymorph, corresponding to the stacking order
of the 2Ds layer has shown to be an important parameter in the
control of SHG. This has been demonstrated in, for example, the
2H or 3R stacking in typical TMDs or in ReS, with distinct differ-
ences between 1T’ and non-centrosymmetric 2H-polymorphs.°!
Note that in SHG experiments usually only the intensity is mea-
sured (accessing phase information requires more complex het-
erodyne detection methods,332)) while the THz emission exper-
iments are inherently resolved in amplitude and phase.

However, the majority of these studies, especially those with
TMDs, have been limited to small individual crystals or exfoli-
ated materials, constrained to one single phenomena, and limit-
ing the reproducibility at scale despite considerable progress in
centimetre scale exfoliated materials.[*3*] This has also restricted
the study of these materials mostly to the visible/infrared regions
of the electromagnetic spectrum. Exfoliated material and rela-
tively large areas can be used for THz experiments, such as recent
demonstrations of THz nonlinearities in thick vdW layers (for ex-
ample in NbOI,**!) but have not been extensively applied to com-
plex heterostructures with multiple heterostructure control. Such
effects on large surface areas have been limited owing to the re-
quirement of high quality epitaxial growth of monolayers (MLs).
Recent work, however, has shown that the field is progress-
ing rapidly, with demonstrations of polymorph control,?¢! ultra-
fast photocurrents!*’-*! and carrier dynamics,[“*#!l mid-infrared
detection,!*?] layered controlled THz spintronic emission!?’] and
mid-infrared harmonic generation.[*34*]

In this work, we show the combination of 2D giant op-
tical nonlinearities, THz spintronics and magnetic proximity-
induced effects in epitaxal large area TI/TMD/FM heterostruc-
tures. After demonstrating the epitaxial growth of TI[/TMD/FM
(Bi,Se;/WSe, /Co) with a varying thickness of the WSe, layers at
the atomic level, we report on combined physical phenomena in
the 2D stack: i) ultrafast spin-to-charge conversion from optically
excited spin current in the FM to the TI and the TMD; ii) THz
nonlinear current generation through optical nonlinearities from
the TI and TMD; and iii) how the TMD polymorph can be used
to control the nonlinearities, the anisotropic response, and the
proximity-induced magnetic properties at the ML level. Previous
work on TI/TMD grown heterostructures is limited and has been
focused primarily on the growth of large area domains.I**! No in-
vestigations have shown on their electronic and photonic prop-
erties that can be controlled layer-by-layer, the nature of the poly-
morphs or the use of mis-cut substrates for grain alignment. Fur-
ther no magnetic-based phenomena have been demonstrated.

Figure 1a shows the schematic of our approach. Here, a fem-
tosecond near infrared laser, Ey;;, is used to excite a 2D het-
erostructure of the FM, TMD and TI quantum layers at normal
incidence. The FM permits the generation of an ultrafast spin
polarised current (j,) that is converted into a charge current (j.) at
the surface of TI, whilst both the TMD and TI possess photoex-
cited nonlinear currents owing to their second order nonlineari-
ties y@. Both these effects result in a radiating electromagnetic
pulse through the down-conversion of the optical beam to the
THz region E,,. Figure 1b,c shows schematically the effect of
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SCC- -

“WSe, - 2H (1 ML)

Figure 1. Schematic of TI/TMD/FM heterostructure a) A femtosecond laser pulse excites the whole structure and generates THz radiation by i) SCC at

the Tl interface and in the TMD, owing to the flow of spin current j; from FM and the generation of j, and ii) by the second order nonlinearities )(t(ozt)al

Equation (3)) possessed by both the surface states of the Tl and the TMD. The TMD also possesses a magnetic dependent nonlinearity ;(6(2) induced by
its proximity with the FM (see Equation 3). The heterostructure is on a sapphire substrate that is rotated around its azimuthal angle ¢ independently of
the fixed external magnetic field B. (b-c) Shows an illustration of azimuthal dependence of emitted THz pulse with the different physical contributions,

(see

nonlinear (red/blue) and magnetic (black) origin, for different polytypes of WSe,, 2H and 1T’ with 1 ML and 2 ML, respectively.

isotropic (1 ML) and anisotropic (2 ML) WSe, response, respec-
tively, with the expected azimuthal dependence of the generated
THz field from the nonlinearity, where the symmetry of the WSe,
plays a crucial role (red/blue curves, see below), and the spin-to-
charge conversion (black curve). The WSe, layer, as well as pre-
serving the surface states of the TL,[*>174647] 3ls0 acts as a tunnel
barrier in analogy of spin injection studies on metallic spintronic
layers.[*8]

A key point of this work is on the crystal structure of the TMD
structure over large surface areas and its role in the nonlinear
and magnetic properties of the heterostructure. Indeed, TMDs
are known to have different polymorphs that can effect their op-
tical, electronic and multiferroic responses.[*-2] Table 1 shows
the typical polymorphs observed in the TMD WSe, and the ex-
pected nonlinear and magnetic response with azimuthal angle.
The structural representation of 1T’, 2H and 3R TMD polytypes
together with their atom coordination are shown. (The numbers
indicate the number of layers in the unit cell and the letters stand
for trigonal, hexagonal and rhombohedral, respectively. 1T" is a
result of the structure distortion of the 1T polymorph). For the 3R
polymorph, the structure is non-centrosymmetric and a second
order intrinsic nonlinearity ;(i(z) is expected no matter the number

of layers.>3] For the 2H (1T’) polymorph, the )(;.(2) is only present
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for odd (even) number of layers owing to even (odd) layers being
centrosymmetric.l>*) The form of the second order polarization as
a function of azimuthal angle, ¢ is shown in the 5th row. In the
case of 3R and 2H, in the presence of a ;(i(z), the expected form
corresponds to a sixfold rotation symmetry, owing to the three-
fold symmetry of a typical TMD (reduced point group D, for 2H
and C;):

2" = dyscos 3¢ (1)

where d corresponds to the non-zero nonlinear tensor for this
polymorph. However, for the case of 1T”, in the presence of a )(i(z)
(even layers), the expected symmetry changes drastically to 2-fold
owing to the reduced symmetry of the space group C?.[5*

Zi(Z) =dy, cos’ ¢ + (dy, + 2dy6) cos ¢ sin’ ¢ @)

The details of the calculated nonlinear susceptibility using DFT
simulations is given in the Supporting Information The mag-
netic response (THz emission of spin origin, 6th row) with az-
imuthal angle is expected to be isotropic at the TMD or T1 surface
for each of the polymorphs, as the origin is from spin-to-charge
conversion (through the Inverse Spin-Hall or Edelstein Effects).

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Table 1. Comparison of different polytypes 2H, 3R and 1T’ of WSe,. The first and second row show the struture of the layers (top and side views), the third
and fourth show the behavior of second order nonlinearity y? for different number of layers, the fifth row shows the calculated azimuthal dependence
of the real part of the nonlinearity (red = positive, blue = negative values). The sixth row shows the expected magnetic response of the stack with the
azimuthal dependence of the SCC (black) and magnetic dependent nonlinearity (red/blue curve).
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However, owing to proximity effects between the ferromagnetic
and the TMD layer a small magnetic field nonlinearity is induced
with a similar azimuthal response to the nonlinear ;( ) response,
as shown in Table 1, but with a non-trivial response with number
of atomic layers. Indeed the total nonlinearity }G(Qaz is given by:

2 2
22 = aPap? (3)

where y”! is the magnetic nonlinearity, referred to as c-type that
reverses sign when the magnetic field is reversed. Typically i-type
is orders of magnitude larger than c-type, and therefore the mag-
netic nonlinearity is often neglected. However, recent work has
shown that the c-type nonlinearity can have a important contri-
bution to the total nonlinearity in 2D materials,>>>°]
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Note that in such semiconducting TMDs the electronic band
structure changes with the layer thickness, with a direct bandgap
for ML TMDs to an indirect bandgap for greater number of
MLs.57] For WSe, 2H and 3R stacked bilayers, the bandgap en-
ergy is ~1.8 eV and 1.3 eV = for bulk,*®%! respectively. For the
1T’ polymorph, reports have shown small bandgap energies of
around 100 meV!®*%!l for 1 ML or semi-metal behavior. The band-
structures of each polymorph are presented in the Supporting
Information

2. Growth and Structural Characterization of
Epitaxial TI/TMD/FM Heterostructures

All the Bi,Se;(10QL)/WSe, (tryp) heterostructures were grown
by molecular beam epitaxy (MBE) on large area c-cut sapphire
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Figure 2. Structure and polymorph characterisation of TI/TMD/FM heterostructure. a—h) RHEED patterns recorded along two azimuths [100] and
[170] of 10 QL of Bi,Se; and 1-3 ML of WSe,. i) STEM cross-section image of Bi,Se; (7QL)/WSe, (1ML)/Co(10nm)/Al(3nm). (This stack had a
thinner Bi,Se; and a thicker Co layer than that tested for the THz measurements). j) Corresponding elemental chemical analysis by EDX of the
Bi,Se; (7QL)/WSe, (1IML)/Co(10nm) /Al(3nm) stack: aluminum (dark grey), cobalt (blue), selenium (green), tungsten (white) and bismuth (red). k)
Atomic scale STEM cross section image of Bi, Se; (10QL)/WSe, (3ML)/Co(3nm)/Al(3nm) showing the vdW gaps, Co/WSe, and WSe, /Bi,Se; interfaces.

substrates, with the details provided in the Methods section (QL
- quintuple layers). These substrate types have shown the pos-
sibility of oriented TMD epitaxial growth for wafer scale single
crystal films owing to their miscut nature.l®?] £, corresponds to
the WSe, layer thickness (1, 2, 3, and 4 MLs). A low growth tem-
perature was chosen to favor the presence of multi-polymorphs
of WSe,. 3 nm of cobalt (Co) and aluminum (Al) were then evap-
orated by e-beam at room temperature at 0.1 and 0.5 As™" rates,
respectively. The aluminium oxidises to provide a AlO, protective
insulating layer of the heterostructure.

The reflection high energy electron diffraction (RHEED) pat-
terns are shown in Figure 2a—h. The two distinct patterns along
[100] and [110] azimuths demonstrate the single crystalline char-
acter of the layers. We also clearly see the epitaxial relation-
ship between the successive layers and the presence of thin
streaks indicates the atomically flat character of the films as
expected for the layer-by-layer growth of 2D materials. Co and
Al are polycrystalline with RHEED patterns exhibiting rings.
Regarding the different possible polymorphs of WSe,, in the
RHEED patterns recorded along the [100] direction, we observe
faint lines in-between the first order diffraction lines resem-
bling a (x2) surface reconstruction. This diffraction pattern is
characteristic of the presence of the 1T’ polymorph of WSe,
at the surface of the film.[%%6364] The low growth temperature
promotes the formation of this polymorph and is also neces-

Adv. Mater. 2026, 38, €0603 1 e06031 (5 of 13)

sary to avoid damaging the Bi,Se, layer that starts decompos-
ing above 300°C. The presence of the 1T” polymorph is more
visible for 2 ML of WSe, as highlighted in Figure 2e,f. Scan-
ning transmission electron microscopy (STEM) images in cross
section are shown in Figure 2ik for 1 ML and 3 ML of WSe,,
respectively. We can clearly observe van der Waals gaps be-
tween the Bi,Se; QLs and WSe, MLs. Moreover, as shown in
Figure 2k, Co/WSe, and WSe,/Bi,Se, interfaces are atomically
sharp and appear as quasi-vdW gaps in the STEM image. Re-
garding other stacking orders, the 2H polymorph is observed
for 2 MLs and a mixture of 3R and 2H polymorphs for lay-
ers greater than 2 MLs. The details about the stacking of WSe,
layers are given in the Supporting Information In Figure 2j,
the elemental chemical analysis by energy dispersive x-ray spec-
troscopy (EDX) corresponding to the STEM image of Figure 2i
confirms the absence of atomic intermixing at the Co/WSe, in-
terface and the role played by WSe, as a diffusion barrier between
the ferromagnet and the TTI avoiding selenium diffusion into the
cobalt layer.

To summarise, 1T’ is present in all samples, 2 MLs has a 2H
polymorph and thicker layers shows a mixture of 3R and 2H poly-
morphs. Raman spectroscopy was also performed to verify the
monolayer nature and thickness of the deposited WSe, spacer
(see Supporting Information). The evolution of the Raman shifts
are in close agreement with the literature on WSe, layers.[®] The

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Evolution of THz amplitude for nonlinear and spintronic processes with WSe, barrier thickness. a) THz emission from Bi,Se;/Co/AlO, and
Bi,Se; /WSe, (3ML)/Co/AlO, compared to W/CoFeB/Pt at two opposite magnetic field polarities Bx. The curves for each sample are shifted in time for
clarity. b) THz spectrum from the Bi,Se;/Co/AlO, and Bi,Se;/WSe, (3ML)/Co/AlO, samples showing a bandwidth of approximately 3 THz (detection
limited). c) Evolution of the total (black), S_(M) (red) and S, (NL) (blue curve) contributions from Bi,Se;/WSe, (trp)/Co/AlO, as a function of the
WSe, number of layers, tr\p, ranging from 0 to 4 ML. All stacks had 10 QLs of Bi,Se;, 3 nm of Co and 3 nm of AlO,.

Supporting Information also shows the large area uniformity
on microscopic and macroscopic surface areas of the realised
samples.

3. Coherent Current Transport via THz Emission
Spectroscopy

We now move to down-conversion in these Bi,Se;/WSe,/Co
heterostructures through coherent THz emission spectroscopy
where an ultrafast optical excitation is downconverted to the THz
range via ultrafast currents through two particular phenomena:

i) Optical nonlinear conversion where a resonant or non-
resonant optical excitation results in second order nonlinearities
for ultrafast current generation through optical rectification for
THz generation, similar to SHG:

2 s
Epp, )(t(ot)ul(d’) ENIRENIR (4)

where Epy,, is the emitted THz field and Ej, corresponds to the
electric field of the optical excitation, and

ii) Spintronic THz emission that relies on the ultrafast demag-
netization of the thin ferromagnetic layer and transient SCCin a
strong spin-orbit coupling material via

. M
Ery, x 6 X — 5
TH scc(] |M|> )
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where j; is the spin current, M is the magnetization vector and
Oy is the spin-Hall angle for structures where the spin-Hall ef-
fect occurs,1*% such as in heavy metals. The latter is replaced
by the inverse Rashba-Edelstein length (4,zg;) for SCC by the in-
verse Rashba-Edelstein effect (IREE) in, for example, the surface
states of TIs.[16:17:19.67.68]

Note that coherent THz emission spectroscopy measures
directly the amplitude and phase of the generated pulses
(unlike SHG) and has become a powerful non-contact tech-
nique to probe the current and spin-injection properties
in complex spintronic heterostructures,®® including 2D
structures!®! to the examples above. In the studied het-
erostructures, the THz spintronic emision occurs owing to
SCC at the TI interface and the TMD layer, and the THz
nonlinear emission is a result of both the Bi, Se; and W Se, layers.
The THz emission of our samples was measured on ytterbium
based OPA system (780 nm) with ZnTe electro-optic detection.
An electromagnet was used to align domains in ferromagnetic
layer (see Supporting Information for more information). All
measurements were performed at room temperature.

We first present in Figure 3a the THz electric field emission
from Bi, Se;/Co and Bi,Se; /W Se,/Co compared to an optimised
metallic spintronic structure of W/CoFeB/Pt (2/1.8/2 nm thick) to
highlight the behaviour of nonlinear and magnetic response. Two
set of curves for each sample is shown, corresponding to flipping
of the applied magnetic field direction. For the metallic struc-
ture a change in sign of the THz phase is seen between opposite
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Figure 4. Example of extraction of magnetic S_(M) and nonlinear S, (NL) a,b) THz signal for sample Bi,Se; /WSe, (2ML)/Co sample at two azimuth
angles (0° and 180°). c,d) Extracted and decomposed into S_(M) and S, (NL) signals at the two angles using Equation (6).

magnetic directions, indicating a spin-charge conversion process
and is entirely of magnetic origin. Compared to W/CoFeB/Pt, the
THz phase obtained from Bi,Se;/Co is i) the same for a given
magnetic field polarity, demonstrating an interconversion sign
identical to the spin Hall effect sign of Pt, and ii) does not fully
reverse with the magnetic field, i.e. the absolute value of the E-
field amplitudes are not identical, which indicates the influence
of the additional nonlinear optical contributions to the measured
THz signal. The THz emitted signal from Bi, Se, /W Se, (3ML)/Co
shows the opposite extreme where no sign change in phase is
observed and the signals for opposite applied magnetic fields are
almost equal, indicating a small magnetic and large nonlinear
component. The typical spectra for vdW structures are shown in
the Figure 3(b), showing a bandwidth of ~ 3 THz limited by the
optical excitation and detector. As discussed below, the nonlinear
behaviour is enhanced in the heterostructures with WSe,.

The nonlinear S, (NL) and magnetic S_(M) contributions to
the time domain signal can be extracted(!*] through the sum and
difference, respectively, of the measured phase resolved THz sig-
nals at +B and -B applied magnetic field. (By changing the po-
larity of the magnetic field, the magnetization of Co follows the
applied field direction owing to its soft magnetic character) i.e.:

St (+B) + Sty (—B)
2

_ Sual+B) = Suis(=B)
2

and

S.(NI) =

S_(M) (6)

An example of the typical extraction of the nonlin-
ear and magnetic components is shown in Figure 4 for
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Bi,Se;/WSe,(2ML)/Co sample. Figure 4a,b shows the ac-
quired time domain signal for two different azimuthal angles,
and Figure 4c,d shows the extracted magnetic contribution and
the nonlinear contribution for each angle. Note the difference in
phase of nonlinear emission between these particular azimuthal
angles, whilst the THz emission of magnetic origin remains
almost identical. From this extraction, Figure 3c shows peak-
to-peak nonlinear and magnetic contributions as a function of
the WSe, inset thickness, ranging from 0 to 4 ML, for their
maximum measured values with sample azimuthal rotation (see
below). The figure shows that the magnetic component S_(M)
drops rapidly with WSe, layers as it acts as a spin barrier, while
the nonlinear component S, (NL) increases with number of lay-
ers as each layer contributes to the nonlinear signal. Regarding
the nonlinear component, the contribution of the TI itself is
small, and a result of the second order nonlinearity of the TI
surface states.”%’!! The nonlinear signal becomes dominated by
the WSe, as a result of the enhanced second order nonlinearity
of the interband excitations as highlighted by SHG investiga-
tions (e.g.),!***! and the calculated nonlinearity (see Supporting
Information). Photon drag or surface field effects should not be
observable owing to excitation at normal incidence, that is also
highlighted through the measured and calculated azimuthal
dependence (see below).

Beyond absolute values of the THz field, the effect of the
WSe, polymorph on the emission symmetries of both mag-
netic S_(M) and nonlinear S, (NL) components were investi-
gated by measuring the THz peak-to-peak field as a function of
the crystallographic azimuthal angle ¢. (Rotating the polariza-
tion of the pump beam also can show nonlinear processes and
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Figure 5. Peak-to-peak total amplitude in absolute values of emitted THz pulses from Bi,Se; /WSe, /Co heterostructures for thicknesses of WSe, ranging
from 0 to 4 MLs (a-e) as a function of azimuthal angle rotation for two opposite orientations of the external magnetic field B+. The azimuth angle of the

samples is oriented arbitrary, with positive lobe as origin.

symmetries).’®72] The results are reported in Figure 5 showing
the peak-to-peak THz field values for two opposite magnetic field
directions. Large changes are seen in the symmetries when tran-
sitioning from 0 ML to 4 MLs of inserted W Se,. To decouple the
magnetic and nonlinear components of the signals, we followed
the same procedure as above (Figure 4 and Equation (6)) to com-
pare the THz signals with opposite applied magnetic fields with
the results shown below.

First, on the nonlinear contributions S, (NL) (Figure 6), we ob-
serve that on Bi,Se;/Co without the WSe, layer, the symmetries
of the nonlinear contributions S, (NL) are sixfold with a small
asymmetry between adjacent lobes, in agreement with previous
studies of SHG from Bi,Se; whose origin is from the surface
states.l”") The red and blue points correspond to positive and neg-
ative values of the THz field respectively (see Supporting Infor-
mation). The magnetic component is isotropic with rotation, as
expected for spintronic emission (see Figure 8a). When a WSe,
monolayer spacer is inserted in Figure 6, the nonlinear contri-
bution is changed considerably owing to the WSe, high second-
order electric susceptibility y® ~ 5 nm.V~! determined through
SHGI?3 For increasing tpy, we observe that the nonlinear con-
tributions increases compared to Bi,Se;/Co, presenting a six-
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fold symmetry for 1, 3, and 4 ML. This corresponds to the ex-
pected three-fold symmetry for 2H and 3R polymorphs of WSe,,
as observed for SHG, noting that up to 2 MLs, WSe, shows a
2H form and increasing thicknesses show a mix of 2H and 3R
polymorphs. As discussed above, space-inversion symmetry as
a function of the parity of the WSe, ML thickness plays an im-
portant role. Indeed, for the 2H polymorph, an even number of
MLs presents space-inversion symmetry (point group D,;) and
an odd number of MLs, WSe, breaks space-inversion symmetry
(point group Dy;,), whilst for the 3R case, space-inversion sym-
metry is always broken, as reported previously in refs. [23,73].
Therefore, a six fold optical emission response based on optical
nonlinearities is expected for any 3R form and only for odd num-
ber of layers for the 2H polymorph. However, for WSe, (2ML),
not only a strong second order response is observed but the sym-
metry drastically changes to twofold, which would be incompati-
ble with nonlinearities for 2H geometries and for an even num-
ber of WSe, layers. This second order effect is therefore solely
owing to the 1T” polymorph observed in these layers that is ex-
pected to give a twofold symmetry (see Table 1). In 1T" form, the
trend of layer dependent SHG is opposite to that in 2H phase
i.e., even layers of 1T” with inversion symmetry breaking display
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Figure 6. Peak to peak amplitudes of the nonlinear components of the THz signal S, (NL) decomposed by Equation (6)), for samples with different
number of WSe, layers, a—e) corresponding to 0 — 4 ML. The color of lines represents positive (red) and negative (blue) polarity (see Supporting

Information).

significant SHG while odd layers with inversion symmetry show
negligible SHG.[237# Note that 4 MLs W Se, sample shows a three
fold symmetry as the 3R polymorph is dominant and where the
2H polymorph is expected to give a zero nonlinearity owing to
the symmetry. Therefore, this works shows how the THz non-
linearities in these junctions can be controlled at the monolayer
level through the structural polymorphs of WSe, and stacking or-
der. We emphasize that the thickness-dependent THz emission
(down-conversion) is reported here for the first time where all
previous works have been on SHG, showing the high crystalline
quality of the material, highlighted by the fact that the nonlin-
earities are present over large areas (THz spot size &~ 1000 um).
This shows also that THz emission spectroscopy and its inherent
polarization sensitivity can be an powerful probe to determine
the thickness parity and symmetries of 2D materials on macro-
scopic scales.

The 2 ML nonlinear form can be further analysed to extract
the exact contribution of the WSe, layers by removing the con-
tribution from the TI. Figure 7a shows the THz emission of
the 2 ML sample on a cartesian plot. Here, removing from the
raw data the nonlinear contribution from the Bi,Se; layers as
cos (3¢) (grey dashed curve), results in the nonlinear contribution
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of WSe, (orange curve). The data is plotted in polar coordinates
in Figure 7b, that shows a clear twofold geometry as expected
for a 1T polymorph of WSe, (see Table 1) and can be fitted with
Equation (2). Note that although 1T WSe, likely grows in three
domains, oriented every 120° on Bi,Se;, the observed twofold
symmetry demonstrates that one domain orientation dominates.
This preferential domain orientation is due to the vicinal char-
acter of the sapphire surface that appears to favor one domain
orientation.*®! Indeed the miscut axis has been found along ¢
~ 150° by x-ray diffraction which is orthogonal to the anisotropy
axis experimentally observed in the nonlinear THz component of
Figure 6c.

Regarding the magnetic contribution of the THz signal
(Figure 8), this can be correlated to the efficiency of the spin in-
jection and spin-charge conversion processes. First, the decrease
of the magnetic contribution with WSe, thickness is a result of
the formation of an energy barrier,[®l which prevents an efficient
spin-injection from Co to Bi, Se; where interfacial conversion oc-
cur. For 4 MLs WSe,, the signal from the magnetic component
stops decreasing, suggesting that the emission comes from the
self emission of the ferromagnetic layer!”>! and that no spin cur-
rent is injected through WSe, layers. (Although the magnetic
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Figure 7. Nonlinear Contribution of 1T" WSe, a) THz amplitude as a function of azimuthal angle ¢ for the Bi,Se;/WSe, (2ML)/Co heterostructure
showing the acquired nonlinear behaviour (black), the Tl contribution (grey dash), and the extracted contribution for WSe, only (orange). b) Polar plot
of WSe, emission showing only a two lobe patten as expected for the 1T’ polymorph - Table 1. The dotted line is a fit to the data from Equation (2) with

grey (black) corresponding to positive (negative) values.

contributions reduce as WSe, acts as a barrier, this can be over-
come through the growth of 2D ferromagnets on top of the T1, fol-
lowed by the TMD growth such that both the TMD and TI emis-
sion can contribute additionally). Second, Figure 8 also shows
that the magnetic contribution is not entirely isotropic for 1 and
2 ML of WSe,, which is not the case of the sample without W Se,
layers or for the 3 ML and 4 ML WSe, samples (see Supporting
Information), and suggests another magnetic phenomena in the
measured THz field. This is highlighted by subtracting the mean
value of the THz field from the magnetic contribution, as shown
in Figure 8, with the colors showing positive (red) and negative
(blue) values. As can be observed in the 1 ML and 2 ML WSe,
structures, the symmetry appears to resemble the form observed
for the 2 ML nonlinear contribution but with opposite phase and
without a contribution of Bi, Se; (Figure 7). This suggests that the
form is related to the 1T’ phase of WSe, and its high anisotropic
nature but of magnetic origin. Indeed the curves can be fitted
with Equation (2) that corresponds to the 1T’ polymorph. The
treatment of the data through Equation (6) of the magnetic com-
ponent removes the intrinsic part of the nonlinearity. With the

constant part removed, this leaves only the magnetic nonlinear-
ity %), As the form is exactly the same as the intrinsic nonlin-
earity ;(i(z) and that WSe, is not itself magnetic, this suggests that
the magnetic properties are induced by the proximity of the TMD
with the FM most likely as a result of spin-dependent exchange
coupling between the two layers, leading to a net magnetic mo-
ment on the TMD.[?27¢] Further, the opposite phase of the mag-
netic component suggests that a positive magnetic field gives a
slightly smaller nonlinearity than negative fields i.e. 5 (+B) is
negative and y” (-B) is positive. The measured difference in mag-
netic and non magnetic nonlinearity is approximately an order
of magnitude giving therefore a magnetic nonlinearity ten times
smaller. Interestingly the sixfold symmetry from the 2H or 3R
polymorph are not observed, highlighting that the nonlinearity
of this polymorph is considerably smaller. This highlights the ap-
plication of THz phase-resolved measurements to probe subtle
magnetic nonlinear effects and the relevance of the polymorph
on the magnetic nonlinearity. Although relatively small in this
first THz demonstration, recent proposals highlight that mag-
netic nonlinearities can become comparable to electronic ones

Bi_Se,/WSe,(#)/Co Bi,Se,/WSe_(1ML)/Co Bi_Se,/WSe_(2ML)/Co
(a) 23 2 273 2 —Total © 273 2 —Total
90° . 90° .
120° ——Anisotropy 120° 15 —— Anisotropy
i 22— —Fit

150° 150°

180° 0° 180°

210° 330° 210°

240° 300° 240°
270°
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0° 180° = x 14 0°
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Figure 8. Peak to peak amplitudes of the magnetic components of the THz signal S_(M) decomposed by Equation (6)) for a) all samples with different
number of WSe, layers. b,c) Comparison of anisotropic component of magnetic signal for 1 and 2 ML obtained by removing the isotropic part (i.e.,
average value of green curve). The dotted line is a fit to the data from Equation (2) with grey (black) corresponding to positive (negative) values).
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in 2D materials with the role of stacking order, polymorph, and
spin-orbit coupling being important.l’”]

Note that the observed behavior could be considered as an
extra spin-to-charge conversion process in the anisotropic 1T
polymorph of WSe,. Indeed, a considerable body of work has
shown that with materials of reduced symmetry such as the
1T" investigated here demonstrate an anisotropic response in
their spintronic properties (as well as optical, electrical, mag-
netic etc).[”?] This has been concentrated on spin-to-charge con-
version in the Te family (e.g., WTe, and MoTe,) that has a dis-
torted crystal structure as in 1T WSe,. For example, junctions
of WTe,/FM have shown that charge conductivity, spin conduc-
tivity, and spin-to-charge conversion is anisotropic and differs
from the isotropic states of topological insulators.[”>-82] However,
owing to the symmetry of the structure, a rotation of 180° of
the sample would lead to exactly the same sign of the gener-
ated current. Therefore, a cos*(¢$) type dependence would be ex-
pected if there was an anisotropic spin-to-charge conversion con-
tribution, rather than the cos(¢p) observed here. Although there
could be other spin-to-charge phenomena, in this current work,
these appear quite weak, possibly owing to the WSe, acting as a
spin barrier. Nonetheless, the 1T’ anisotropy clearly leads to mag-
netic dependent nonlinearity as a result of proximity effects with
the FM.

Conclusion

We have demonstrated the realization of complex heterostruc-
tures of vdW materials and their polymorphs, showing high-
quality large-area growth, where multiple physical phenomena
can be combined over macroscopic surface areas. This is demon-
strated in their giant nonlinearities, THz spintronics in topolog-
ical insulators, and magnetic proximity effects in reduced sym-
metry materials. Each of these magnetic and nonlinear contri-
butions could be extracted using the THz phase resolved emis-
sion nature of the experiment, highlighting multiple THz gen-
eration phenomena within a heterostructure stack. The current
work demonstrates the principle of this scalable approach of com-
bining different materials through growth techniques. In princi-
ple, there is no limitation to grow any TMD/TI bilayer system
since, in the van der Waals epitaxy regime, lattice matching re-
quirement between epilayers is alleviated, although growth or-
der may vary. A wide range of perspectives from this base of
vdW heterotructure engineering will be possible with the first
steps in more complex heterostructures with, for example, mul-
tiple periods to enhance the effects and combination with 2D
ferromagnetics.8384 Longterm this work can be combined with
other phenomena, such as the coupling with ferroelectricity,
phononics and coherent current control to the effects already
observed, which could be further manipulated either by a gate
or through the excitation wavelength. Further, spatially resolved
nanoscale terahertz emission spectroscopy!®! would be of inter-
est to show the role of single crystal domains and its relevance
to macroscopic effects, as well as highlighting further the unifor-
mity of the samples. This work opens up important prospects of
new types of interfaces and devices on technological relevant lev-
els, where the entire properties of the material can be artificially
designed and controlled.
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