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Atomic-Layer Controlled Transition from Inverse
Rashba-Edelstein Effect to Inverse Spin Hall Effect in 2D
PtSe, Probed by THz Spintronic Emission

Khasan Abdukayumov, Martin Micica, Fatima Ibrahim, Libor Vojdcek, Céline Vergnaud,
Alain Marty, Jean-Yves Veuillen, Pierre Mallet, Isabelle Gomes de Moraes,

Djordje Dosenovic, Serge Gambarelli, Vincent Maurel, Adrien Wright, Jéréme Tignon,
Juliette Mangeney, Abdelkarim Ouerghi, Vincent Renard, Florie Mesple, Jing Li,

Frédéric Bonell, Hanako Okuno, Mairbek Chshiev, Jean-Marie George, Henri Jaffreés,

Sukhdeep Dhillon,* and Matthieu Jamet*

2D materials, such as transition metal dichalcogenides, are ideal platforms for
spin-to-charge conversion (SCC) as they possess strong spin—orbit coupling
(SOC), reduced dimensionality and crystal symmetries as well as tuneable
band structure, compared to metallic structures. Moreover, SCC can be tuned
with the number of layers, electric field, or strain. Here, SCC in epitaxially
grown 2D PtSe, by THz spintronic emission is studied since its 1T crystal
symmetry and strong SOC favor SCC. High quality of as-grown PtSe, layers is
demonstrated, followed by in situ ferromagnet deposition by sputtering that
leaves the PtSe, unaffected, resulting in well-defined clean interfaces as
evidenced with extensive characterization. Through this atomic growth
control and using THz spintronic emission, the unique thickness-dependent
electronic structure of PtSe, allows the control of SCC. Indeed, the transition
from the inverse Rashba—Edelstein effect (IREE) in 1-3 monolayers (ML) to
the inverse spin Hall effect (ISHE) in multilayers (>3 ML) of PtSe, enabling
the extraction of the perpendicular spin diffusion length and relative strength
of IREE and ISHE is demonstrated. This band structure flexibility makes PtSe,
an ideal candidate to explore the underlying mechanisms and engineering of
the SCC as well as for the development of tuneable THz spintronic emitters.

1. Introduction

During the past two decades, 2D materials
have raised tremendous interest in the
scientific community for the novel and
specific properties as a result of their re-
duced dimensionality and van der Waals
character.'3! In particular, when isolated
to one monolayer (ML), transition metal
dichalcogenides (ITMD) 1H-MX, (with
M = Mo, W and X = S, Se) become direct
bandgap semiconductors with remarkable
optical properties.[**] In addition, inversion
symmetry breaking giving rise to in-plane
electric field combined with strong spin—
orbit coupling (SOC) gives rise to two in-
equivalent K valleys exhibiting spin—valley
locking.!®! This property is at the origin of
unique phenomena such as optical valley
selection by circularly polarized light,”]
large valley Hall and Nernst effects,!®”]
anisotropic spin relaxation,!*! and sizeable
spin—orbit torques.['!] Platinum diselenide
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(PtSe,) is a recent TMD that shows several key properties like
air stability,['?] high carrier mobility,('*! high photoelectrical re-
sponse in the near-infrared (NIR) range,'l and defect-induced
ferromagnetism.['®] By selectively substituting selenium by
sulfur atoms, the polar SePtS Janus material could also be
synthesized.!'®] Moreover, it exhibits a layer-dependent bandgap:
one monolayer of PtSe, is a 1.9 eV bandgap semiconductor while
for layers greater than 3 ML it becomes semi-metallic.'”! Finally,
owing to the large atomic weight of platinum, PtSe, possesses
the greatest SOC among transition metal diselenides making
it an excellent candidate to study spin-to-charge conversion
(SCC) in van der Waals materials. In this respect, it constitutes
a unique system to observe the transition from the inverse
Rashba-Edelstein effect (IREE) in the semiconducting phase to
the inverse spin Hall effect (ISHE) in the semi-metallic phase.
Furthermore, 1T-PtSe, shows crystal inversion symmetry favor-
ing in-plane spin textures at interfaces whereas spins are mostly
locked out-of-plane in 1H-MX, preventing SCC for in-plane
polarized spin currents. Angle and spin-resolved photoemission
spectroscopy measurements have indeed demonstrated the
existence of in-plane helical spin textures in the valence band
of monolayer PtSe,."8] To study SCC in 2D materials, spin
pumping is typically used and has, for example, been used
to measure the strength of IREE.2%) On the other hand, THz
emission spectroscopy has recently become a powerful and
established tool to probe SCC.[2!"23] The associated devices are
known as spintronic THz emitters and were first demonstrated
with metallic ferromagnetic (Co, Fe, etc.)/non-magnetic (Pt, W,
etc.) thin films.[?*-2%] They present several advantages compared
to other THz sources such as broadband THz emission, high
efficiency, and easy control of radiation parameters. To date,
very few 2D materials have been incorporated in THz spin-
tronic emitters(?’% and they all exhibit the 1H crystal structure
which is not favorable to convert in-plane polarized spins into
charge currents. Indeed, the combination of inversion symmetry
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breaking and strong SOC forces the spin of electrons with finite
momentum to be out-of-plane.

In this work, we demonstrate controllable SCC processes in
the unique TMD PtSe,, covering the wafer scale realization of the
complex ferromagnet(FM)/TMD junctions, their structural char-
acterization, and advanced characterization of SCC to simulation
of the different types of conversion processes. We first achieve
the growth of high crystalline quality PtSe, with monolayer con-
trol and well-defined interfaces with a ferromagnet as confirmed
by a full set of characterization techniques. This achievement is
the key to understand the underlying physical phenomena and
extract reliable physical parameters. The quality of the materi-
als and interfaces was poorly addressed by previous works on
spin—charge interconversion in TMDs while it is well admitted
that TMD/metal interfaces are usually of bad quality owing to
the chemical reaction between chalcogen atoms and the metallic
electrode.*!l We further give a comprehensive picture of SCC in
these FM/PtSe, structures using THz spintronic emission. The
key result is the demonstration of the transition from the IREE
to the ISHE with thickness, following exactly the band structure
evolution of PtSe,. This result is supported by first principles cal-
culations. Moreover, the sample quality gives us the opportunity
to derive physical parameters regarding spin transport in PtSe,
such as the sign of SCC, the perpendicular spin diffusion length
and the relative weight of IREE and ISHE. These parameters
open the route for in-depth comprehension of spin transport in
2D TMDs. By comparing the spintronic THz emission from dif-
ferent TMDs (WSe, and VSe,), we also conclude that only the 1T
structure with large SOC atoms enables (in-plane) SCC. Finally,
by using the demonstrated scalable growth techniques (Molecu-
lar Beam Epitaxy-MBE for the TMD and sputtering for the ferro-
magnet), we are potentially able to build large scale, gate control-
lable or more complex vdW spintronic emitters based on TMDs,
permitting to control the THz emission. Indeed, by adjusting the
2D material Fermi level position via gating, which is not possible
with metallic heterostructures, it will be possible to modulate and
enhance the SCC efficiency and hence the spintronic THz emis-
sion. This work is an important progress since TMDs are mostly
studied in the form of micrometer-size exfoliated flakes that are
inherently unscalable. It shows that unique thickness-dependent
electronic structure of PtSe,, which enables to observe the tran-
sition from IREE to ISHE, opens up perspectives for the applica-
tion of these structures to tunable THz spintronics.

2. Results and Discussion

2.1. Sample Growth and Characterization

All the samples are grown under ultra-high vacuum (UHV) con-
ditions in the low 107! mbar pressure range. Substrates are
epitaxial graphene on undoped SiC(0001) thermally prepared
by surface graphitization.??3*] The low spin—orbit interaction in
graphene and SiC ensures negligible SCC. Prior to the growth,
the substrates are annealed at 800 °C for 30 minutes under UHV
to desorb contaminants. The substrate is then maintained at
300 °C during the growth. Platinum is evaporated using an elec-
tron gun at a constant rate of 0.003125 A.s~" for 1 ML PtSe, and
0.00625 A.s~! for the other thicknesses as monitored by a quartz
microbalance. Selenium is evaporated using a Knudsen cell with
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Figure 1. a) RHEED patterns of 10 ML PtSe, grown on Gr/SiC recorded along two different azimuths [100] and [170]. b) Raman spectrum on the same
sample. c,d) AFM images for <1 ML and 3 layers of PtSe,, respectively. In (c), the height profile along the red solid line is shown on the right. €) STM
image showing a portion of uncovered bilayer graphene substrate (labeled BLG), a few domains of the monolayer 1T-PtSe, phase (labeled 1 ML), and
an island of bilayer (labeled 2 ML). Image size: 50 X 20 nm?, sample bias: +1.20 V. f) STS spectra taken on two different 1 ML domains, at locations
indicated by the blue dots of the same color in (e). The setpoint voltage (current) is +1.2 V (0.5 nA). The curves represent the lock-in signal. VBM, E,

and CBM correspond to the valence band maximum, the Fermi level, and the conduction band minimum, respectively.

a vapor pressure of 10® mbar at the sample position. This en-
sures a large Se:Pt ratio greater than 10 necessary to avoid the
formation of Se vacancies in the material. Up to 3 ML of PtSe,,
the growth is performed in this one step whilst for thicker films,
it is achieved in several steps alternating deposition and anneal-
ing at 700 °C under Se to smooth out the surface. At the end of
the growth, all the films are annealed at 700 °C for 15 min to im-
prove the crystal quality. PtSe, grows epitaxially on graphene in
the vdW regimel>7] and typical reflection high energy electron
diffraction (RHEED) patterns are shown in Figure 1a along two
azimuths 30° apart from each other. The observed thin streaks
and anisotropic character demonstrate the high crystalline qual-
ity of PtSe, films, that is, large grain size and good crystalline ori-
entation. As usually observed in van der Waals epitaxy of 2D ma-
terials on graphene, the mosaic spread measured by azimuthal
in-plane X-ray diffraction shows a maximum of +5°.34 Thanks
to the air stability of PtSe,, it is possible to perform ex situ charac-
terization. The Raman spectrum (see Experimental Section) for
10 ML of PtSe, is shown in Figure 1b. We clearly distinguish
the two characteristic vibration modes of PtSe, E, (in-plane) at

Adv. Mater. 2024, 36, 2304243 2304243 (3 of 11)

177.9 cm™ and A,, (out-of-plane) at 206.9 cm™" with typical full
width at half maximum (FWHM) of 4 cm~1.38] Atomic force
microscopy (AFM) images performed on less than 1 and 3 ML
are shown in Figures 1c and 1d, respectively. For partially cov-
ered graphene in Figure 1c, the height profile gives identical
PtSe,/Gr and PtSe,/PtSe, step heights of 0.5 nm correspond-
ing to the c-lattice parameter of bulk PtSe,. Moreover, for 3 ML
in Figure 1d, the AFM image illustrates the quasi-completion
(96.6 %) of the third layer and the layer-by-layer film growth.
This growth mode allows for the fine control of the number of
deposited PtSe, monolayers.

Scanning tunnelling microscopy (STM) and spectroscopy
(STS) measurements were made on a sample grown on bilayer
graphene (BLG). The nominal thickness of the PtSe, film was
1 ML. As shown in Figure le, the sample consists mostly of
the monolayer (1 ML) PtSe,, with small islands of bilayer PtSe,
(2 ML), and patches of the bare BLG substrate. The lateral size of
the 1 ML islands is in the 10 nm range. Figure le is a medium
scale STM image of an area with different semiconducting ob-
jects: a few connected 1 ML PtSe, grains and a 2 MLisland. Larger

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB01 SUOWWOD A1) 8|cedlidde ay) Aq peusenob a1 sjoie YO ‘85N JO S9N 10) ARIq1T BUIUQ A8]IM UO (SUONIPUOD-PUe-SULBY WD A8 |1 ARe.d1joul [U0//:SANY) SUONIPUOD pue swie | 8y} 89S *[Z0z/60/TT] Uo Akeiqiauljuo A|IM ‘9Iqoui eeD Aq £rZy0EZ0Z BWPR/Z00T OT/I0p/W0d A8 imAreIq iUl uo//Sdny Woiy pepeojumod ‘vT ‘vZ0Z ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

scale STM image and height distribution are shown in the Sup-
porting Information. Figure 1f displays spectra taken on two 1
ML grains. The curves are quite similar (this also holds for the
spectra taken on the other grains), and reveal a gap estimated
to be 1.93 eV. The Fermi level E (corresponding to zero sample
bias) is close to the conduction band minimum (CBM), located
at +0.25 V, whereas the valence band maximum (VBM) is found
to be -1.68 eV below Ej.. From a series of measurements on 1 ML
islands on a BLG substrate we find an average gap width of 1.95
+ 0.05 eV, with a CBM (VBM) located 0.24 + 0.03 eV above (1.70
+ 0.05 eV below) the Fermi level. This gap value is similar to the
ones reported in previous papers for 1 ML PtSe, grown on highly
ordered pyrolytic graphite (HOPG), which ranged from 1.8 to
2.00 + 0.10*°) and 2.09 eV.*!] In these reports, the CBM of the 1
ML PtSe, on HOPG substrate is located typically 0.55 eV above
the Fermi level, a value larger than the one we find here for a
BLG substrate. This shift of the CBM is consistent with the differ-
ence in the work functions of BLG and HOPG, which amounts
to approximately 0.20 eV,[“] as expected for a weak Fermi level
pinning at the graphene/TMD interface.l*}] Following the same
argument, the CBM of 1 ML PtSe, grown on monolayer graphene
on SiC(0001) as the one used for THz emission should be located
between 100 and 150 meV above the Fermi level. It results from
the decrease by 100 [*2] to 135 meVI*! of the substrate work func-
tion between monolayer and BLG on SiC(0001). This statement is
supported by experimental data for other semiconducting TMD
grown on epitaxial graphene.[*]

We conclude that the Fermi level of 1 ML PtSe, is systemati-
cally shifted toward the CBM as a consequence of electron trans-
fer from graphene to PtSe,.3**6] This charge transfer is discussed
later from the theoretical point of view and for its consequence
on SCC. Finally, in-plane and out-of-plane X-ray diffraction (see
Experimental Section) on 6 ML PtSe, (not shown) yield the fol-
lowing lattice parameters: a = 3.703 A and ¢ = 5.14 A. It corre-
sponds to an in-plane compression of -0.6 % and out-of-plane
expansion of +1.1 % with respect to bulk PtSe,.*”] The FWHM
of (100) and (110) Bragg peaks are 0.57° and 0.61°, respectively,
close to the instrumental resolution. It reveals the large grain size
of the PtSe, film.

Next, in order to perform THz spintronic emission, we deposit
3 nm of amorphous CoFeB on top of PtSe, covered by 4 nm of
aluminum that transforms into AlO, to protect the ferromag-
netic layer against oxidation. We use soft sputtering conditions
for CoFeB deposition not to damage the PtSe, surface. We set the
argon pressure to 1.25 X 1072 mbar and the deposition rates are
0.319 As~! for CoFeB and 0.265 As~! for Al, respectively. More-
over, the MBE evaporation chamber being connected to the mag-
netron sputtering reactor, all PtSe, films are transferred in situ
under UHV conditions fully preserving the PtSe, surface from
contamination. In Figure 2, we used a full set of characterization
tools to study the impact of CoFeB deposition on PtSe, properties.
In Figure 2a, all the Raman spectra for 1-18 ML of PtSe, exhibit
the two same E, and A, vibration modes demonstrating that the
TMD film retains its crystal integrity after CoFeB deposition. For
10 ML of PtSe,, E, and A, peaks fall exactly at the same positions
with and without CoFeB. We observe an increase of the E /A,
intensity ratio when increasing the thickness as already observed
for pristine PtSe, .1 This result is confirmed by in-plane and out-
of-plane X-ray diffraction as shown in Figures 2b and 2c for 5 ML
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and 15 ML of PtSe,, respectively. First, the radial scans along the
reciprocal directions at 0° and 30° of the substrate SiC(hh0) di-
rections show the diffraction peaks of the substrate and PtSe,.
The anisotropic character indicates that the layers are crystallo-
graphically well oriented in epitaxy with respect to the substrate.
From the Bragg peak positions, we obtain the in-plane and out-
of-plane lattice parameters: a = 3.709 A (respectively a = 3.713 A)
and ¢ = 5.18 A (respectively ¢ = 5.14 A) for 5 ML (respectively 15
ML). They perfectly match the values obtained on 6 ML of PtSe,
without CoFeB. Moreover, the FWHM of in-plane (100) and (110)
Bragg peaks (0.55°, 0.63° for 5 ML and 0.42°, 0.57° for 15 ML) are
comparable to that of PtSe, without CoFeB and confirms the large
grain size. In addition, from the diffraction fringes around (001)
Bragg peaks, we can conclude that the CoFeB/PtSe, interface is
flat at the atomic scale and deduce the film thickness to be 2.4
nm (2.5 nm expected) for 5 ML and 7.0 nm (expected 7.5 nm) for
15 ML.

These results confirm that PtSe, films are not affected by the
deposition of CoFeB. The interface atomic structure and chemi-
cal composition are further investigated by scanning transmis-
sion electron microscopy (STEM) in the high angular annular
dark field (HAADF) mode and in situ X-ray photoemission spec-
troscopy (XPS), respectively. Figure 2d shows in the dark and
bright field modes 8 ML of PtSe, epitaxially grown on Gr/SiC
and covered by CoFeB. We clearly distinguish an atomically sharp
interface with a 0.7 nm gap between the PtSe, and CoFeB. In
Figure 2,f, XPS spectra of Pt 4f and Se 3d core levels are recorded
on 3 ML of PtSe, before and after deposition of 1 nm of CoFeB.
For both elements, the spectra superimpose before and after
CoFeB deposition while the signal decrease after CoFeB depo-
sition is due to the partial absorption of photoelectrons by the
metallic film. To summarize, we can conclude from TEM and
XPS analysis that the PtSe, surface is preserved after CoFeB de-
position.

2.2. THz Spintronic Emission

Measurements of the emitted THz waves from CoFeB/TMD
samples are performed using THz emission time domain spec-
troscopy (TDS) as depicted in Figure 3a. The sample is placed
in a magnetic mount to apply an in-plane magnetic field of ap-
proximately 20 mT, with independent rotation of the sample and
magnetic field. It is excited by a Ti:Sapphire oscillator (15-100
fs pulse length and horizontal polarization) at a wavelength of
800 nm in the NIR range. The average power exciting the sam-
ple is about 300 mW (after modulation by a chopper), adjustable
by a half-wave plate followed by a polarizer. The emitted radia-
tion is collected by a system of parabolic mirrors and the residual
NIR pump is filtered by a Teflon plate. The last parabolic mirror
with a hole in the center superimposes the emitted THz and the
probe NIR pulse and focuses the THz beam on a ZnTe crystal for
electro-optic detection with sensitivity set to horizontal compo-
nent of the THz electric field (E-field). The ultrashort femtosec-
ond laser pulse excites spin polarized electron-hole pairs in the
ferromagnet (CoFeB) creating a net spin accumulation that gen-
erates a spin current into the non-magnetic layer (here the TMD)
to be converted into a transverse charge current by ultrafast SCC.
This results in an emitted electromagnetic pulse with frequencies
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Figure 2. a) Raman spectra of Al/CoFeB/PtSe, /Gr/SiC samples for different thicknesses of PtSe,. The vertical dashed black lines correspond to the peak
positions of Figure Tb. On the right, the intensity ratio Eg/A;, plotted as a function of the PtSe, thickness. b,c) Top: in-plane diffraction radial scans for
5 ML and 15 ML of PtSe,, respectively. The scans were performed along two directions at 0° and 30° of the SiC(110) reciprocal direction. The full width
at half maximum is shown above each PtSe, peak. The grazing incidence was set to an angle 0.5° and 0.6°, respectively, to maximize the intensity of the
PtSe, (110) peak. The thickness of the PtSe, layer and presence of CoFeB overlayer result in an optimum incidence angle slightly above the critical angle
of the substrate. Bottom: specular 8/26 X-ray diffraction scans showing PtSe, (00L) peaks, two major SiC peaks, and many other weak intensity peaks
related to the SiC polytype 4H or 6H. In addition, weak intensity peaks due to K, radiation are not completely removed by the multilayer mirror and the
K filter. At low angles, clearly visible fringes around the PtSe, (001) Bragg peak show the quality of the PtSe, layer and allow to estimate its thickness
reported above. d) STEM/HAADF images in cross-section of 8 ML of PtSe, covered with CoFeB in bright field (left) and dark field (right). Each PtSe,
layer can be individually identified and a 0.7 nm gap is present at the CoFeB/PtSe, interface. e,f) XPS spectra of Pt 4f and Se 3d core levels, respectively.
Red (blue) before (after) CoFeB coverage.

in the THz range. As shown in Figure 3D, we use both transmis-  ence sample, CoFeB/VSe,, CoFeB/W Se,, and CoFeB/PtSe,. VSe,,
sion (from the front and back sides) and reflection modes, which ~ WSe,, and PtSe, are all 10 ML thick. The epitaxial growth of VSe,
are used to show the spintronic origins of the THz emission.  and WSe, on graphene are detailed in Refs. [37, 48], respectively.
In Figure 4a, we first compare spintronic THz emission from  As shown in Ref. [37], VSe, is not magnetic but a metallic TMD.
different samples: Gr/SiC bare substrate, CoFeB/Gr/SiC refer-  First, we clearly see that only CoFeB/PtSe, gives an enhanced

100 fs laser
Jortwn » b Transmission mode Reflection mode
15n) @ 76 MHz ;
Beamsplitter 1/4 R/IT N
) Avenuator Flip mirror#* = 21 N Pumping from the front Pumping from the back Pumping from the front
i
’ (: 7 2 Magnetization
L — N . A
Balanced detector  Delay line Spin current \‘}\‘,\Nw
‘ /4 ZnTe .
nTe
) s —N\ ] / |
2 = | T MNWM" e v-v\ [ ‘.,VMW'I'I'I'I..&_ V\.\f \/‘ .M\M.MW'.'W
T Ultrash ort
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4~ =t 1 7 laser pulse
Iris \. Lan B % Polanser
1 CoFeB L
\ e A P PtSe
A\S 4 urged box :

Figure 3. a) Schematics of the THz setup. b) The three different measurement geometries: transmission mode with pumping from the front and the
back sides and reflection mode. CoFeB is in grey and PtSe, in yellow. The red (green) arrow corresponds to the CoFeB magnetization (injected spin
current).
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Figure 4. a) THz E-field emitted by CoFeB/10 ML PtSe, (red), CoFeB/10 ML WSe, (blue), CoFeB/10 ML VSe, (green), CoFeB/Gr reference sample
(grey), and bare Gr/SiC substrate (pink). The arrows indicate the position of the first THz E-field peak: positive for PtSe, and negative for WSe,, VSe,,
and reference sample. All the measurements were carried out in reflection mode with a 15 fs laser pulse and 1 mm ZnTe detector and with a fixed 20
mT (B+) applied magnetic field. b) THz emission for 5 nm of Pt and 5 nm (10 ML) of PtSe, measured in the same conditions and magnetic field. They
show the same sign but the Pt signal is seven times larger than the one of PtSe,. The measurements were carried out in transmission mode from the
backside with a 100 fs laser pulse and a 2 mm ZnTe detector. c) THz emission of 10 ML PtSe, measured in transmission mode with a 15 fs laser pulse
and 1 mm ZnTe detector. The sample was pumped from the back (front) side with positive magnetic field in grey (red) and negative magnetic field in

green (blue). d) Fourier transform of the four previous spectra.

THz signal with respect to the reference sample. Moreover, the
Gr/SiC substrate adds no background signal. Next, CoFeB/VSe,,
CoFeB/WSe,, and the reference sample exhibit the same THz
emitted signal in sign and amplitude. We thus conclude that
the origin of SCC is the same in all three samples. The com-
mon feature between the three samples being the AlO, /CoFeB
interface, we believe that the THz signal comes from the SCC
at this interface through the inverse Rashba—Edelstein mecha-
nism and/or from the self-emission of CoFeB due to unbalanced
spin flips at both interfaces. It also demonstrates that SCC in
Gr/SiC, VSe,, and WSe, is negligible. This can be justified by
the low SOC of Gr/SiC and 1T-VSe, whereas spin—valley lock-
ing favors out-of-plane spin polarization in 2H-WSe, which par-
tially prevents SCC when in-plane spins are injected. By look-
ing at the first E-field maximum of each sample (indicated by
arrows in Figure 4a), we notice that it is opposite for PtSe, point-
ing out another SCC mechanism taking place in PtSe,, oppo-
site to the Rashba—Edelstein effect at the AlO, /CoFeB interface.
In the following, we focus on THz spintronic emission from
PtSe,. In Figure 4b, we first compare the THz signals for pure
Pt (5 nm) and PtSe, (10 ML, 5 nm) with the magnetic field ap-
plied in the same direction (B+). The SCC in Pt and PtSe, have
the same sign and the magnitude is seven times higher in Pt.
Then, to verify the magnetic character of THz emission, we ap-
ply the magnetic field in two opposite directions (B+ and B-)

Adv. Mater. 2024, 36, 2304243 2304243 (6 of 11)

and record the THz E-field in transmission mode by optically
pumping the sample from the front and the back sides as shown
in Figure 4c. The opposite signs for B+ and B- and between
front and back side pumping indicate the magnetic nature of
the emission due to SCC in PtSe,. The overall signal being less
when pumping from the front side, it proves that SiC partially
absorbs THz waves. Finally, in Figure 4d, we plot the Fourier
transform of the four spectra shown in Figure 4c and find the
same broad band emission in the 0—4 THz range which is com-
parable to other THz spintronic emitters.[*"] In order to study the
influence of the ferromagnetic layer and deposition technique
on THz emission, we performed the same measurements using
3 nm of cobalt deposited in situ on 10 ML of PtSe, by electron
beam evaporation (see Supporting Information). We find very
similar results showing that the ferromagnetic layer and depo-
sition method have almost no influence on THz emission from
PtSe,.

We then study the magnetic field angle (9) dependence in the
geometry shown in Figure 5a where a horizontal linear polarizer
is introduced between the sample and the detector. Along a full
0°-360° rotation as shown in Figure 5b, we obtain a typical cos(6)
emission pattern with a phase reversal for opposite magnetic field
directions (B+ at 0° and B- at 180°) which is a clear experimen-
tal evidence of SCC process in PtSe,. No sizeable asymmetry
in the emission lobes is observed meaning that non-magnetic
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Figure 5. a) Geometry used to measure THz emission angular dependence. The polarizer selects only in-plane polarized THz waves. 6 is the angle
between the vertical axis and the applied magnetic field of 20 mT. The magnetization M of CoFeB is along the field direction because of its soft magnetic
character. ¢ is the angle between the sample and horizontal axis. b) 6 dependence of the THz peak amplitude. The + and — signs correspond to the

phase of the THz E-field. The sample was fixed and the measurements were performed in reflection mode with a laser pulse of 15 fs and a 1 mm
Eg, —Eg.

ZnTe detector. c) ¢ dependence of the THz peak amplitude. The magnetic field was fixed. d) Laser power dependence of (red open circles).

The measurements were performed in transmission pumped from the backside with a laser pulse of 100 fs and a 2 mm ZnTe detector. e) Thickness
Eg,—E

dependence of & (red open circles) after normalization by laser and THz absorption by PtSe, (see Supporting Information). The measurements
were performed in transmission pumped from the backside with a laser pulse of 100 fs and a 2 mm ZnTe detector. The grey (green) solid lines are fits
to the experimental data using Equation (1) and /s =3 nm (I =2 nm). f,g) Schematics of the SCC in PtSe, from one layer (IREE) to multilayers (IREE
+ ISHE), respectively. White curve: profile of j (z). j;(0) is the effective spin current injected in PtSe, from optically pumped CoFeB.

contributions to the THz signal are negligible in this material.
Regarding the sample angle (¢) dependence in Figure 5c, we ob-
serve an isotropic signal with respect to the azimuthal crystalline
orientation as expected for SCC like ISHE or IREE.’"l Moreover,
the linear dependence of the THz signal (E; ,-E; _)/2 on the laser
pump power in Figure 5d is another experimental evidence of
SCCin PtSe,.
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2.3. SCC Mechanism in PtSe,

In order to study the origin of SCC in PtSe,, we performed
thickness-dependent measurements as shown in Figure 5e. For
this, we pumped the magnetic layer from the backside and mea-
sured the THz signal in transmission mode. We took into ac-
count the absorption of the laser and THz waves by PtSe, to

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB01 SUOWWOD A1) 8|cedlidde ay) Aq peusenob a1 sjoie YO ‘85N JO S9N 10) ARIq1T BUIUQ A8]IM UO (SUONIPUOD-PUe-SULBY WD A8 |1 ARe.d1joul [U0//:SANY) SUONIPUOD pue swie | 8y} 89S *[Z0z/60/TT] Uo Akeiqiauljuo A|IM ‘9Iqoui eeD Aq £rZy0EZ0Z BWPR/Z00T OT/I0p/W0d A8 imAreIq iUl uo//Sdny Woiy pepeojumod ‘vT ‘vZ0Z ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

normalize the signal (see Supporting Information). The curve ex-
hibits a two-step behavior that we interpret as IREE for thin PtSe,
coverage (first step) and ISHE for thicker PtSe, (second step). In-
deed, the second step appears at the semiconductor (SC) to semi-
metallic (SM) transition of PtSe, as given by electrical van der
Pauw measurements (see Supporting Information). This is illus-
trated in Figures 5f and 5g, respectively, where we assume that
IREE takes place in the PtSe, monolayer in contact with graphene
due to the presence of an interface electric field (see the discus-
sion later) and ISHE in the semi-metallic bulk PtSe,.

In the semiconducting regime (thickness <3 ML), the gen-
erated interface electric field is not screened and thanks to the
strong SOC of PtSe,, it creates Rashba spin splitting. We thus
believe that the first step in the THz signal is due to IREE fol-
lowing this effect. At the second step (>3 ML), PtSe, is semi-
metallic and we assume that the dominant SCC mechanism is
ISHE in this thickness range. This is confirmed by spin pump-
ing measurements on 10 ML of PtSe, showing a clear ISHE sig-
nal (see Figure S5, Supporting Information). Based on these as-
sumptions, we use a simple spin diffusion model to fit the exper-
imental data. First, we assume that the spin current generated
by optical excitation in CoFeB is completely absorbed in PtSe,
(spin sink model). We denote dy, Ly, ji, Oy, and 0; as the PtSe,
thickness, spin diffusion length in PtSe,, the spin current at the
CoFeB/PtSe, interface, the spin Hall angle of PtSe,, and effective
spin Hall angle at the PtSe, /Gr interface, respectively. We use the
following equations.

Js(2)/5i(0) = exp(=z/ly)

dy 1)
Tn(dn)/j(0) = /0 Ji(2)/j(0)dz = L (1 — exp(—dy /L)

to describe the spin current j(z) at a depth z from the
CoFeB/PtSe, interface and the layer-integrated spin current in
PtSe, Jy(dy)- The profile of j (z) is depicted in Figure 5f,g. The
total charge current generated by IREE and ISHE can be writ-
ten as: I, = H(z — d})0j(dy)d}, + H(z — d5)0y]y(dy), where H
is the unit step function and d}, (respectively dS) the PtSe, thick-
ness for which IREE (respectively ISHE) sets in. The Rashba—
Edelstein length is then defined as: Ajgg; = 6,d]; and we assume
0, to be independent of dy. The best fit to the experimental data
gives the following parameters: dj, = 0.35 nm; df, = 1.7 nm; I
between 2 nm (green fitting curve in Figure 5e) and 3 nm (grey
fitting curve in Figure 5e), and 6,/6; ~2. d}; is comparable to 1
ML of PtSe, (0.27 nm) in agreement with IREE and df, corre-
sponds to 3—4 ML of PtSe, at the transition from semiconduc-
tor to semi-metal in good agreement with ISHE. We find a short
spin diffusion length between 2 nm (4 ML) and 3 nm (6 ML). The
equivalent platinum thickness (corresponding to the Pt amount
in 2 and 3 nm of PtSe,) is between 0.65 and 0.975 nm demon-
strating that the spin-flip rate with flow along the normal to the
film plane is larger in PtSe, than in Pt. This finding raises the
question of spin diffusion with flow along the normal in lamel-
lar systems. In particular, the role of van der Waals gaps needs
to be taken into account. The short spin diffusion length could
be explained if vdW gaps act as effective tunnel barriers in spin
transport: during the tunnelling time between two PtSe, layers,
in-plane spin flips occur within individual PtSe, layers limiting
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the vertical spin transport. This would deserve further investi-
gation and the development of a more general theory which is
out of the scope of the present work. Finally, we find that IREE
and ISHE have the same sign and IREE is twice more efficient
than ISHE.

To be more quantitative, we use the comparison between the
THz emission from 5 nm of Pt and the one from 5 nm (10
ML) of PtSe, in Figure 4b. The THz E-field is seven times less
for PtSe, than for Pt. Considering that the absorption length
at the pump laser wavelength (4 = 800 nm) of Pt (respectively
PtSe,) is 10 nml*! (respectively 5 nm,52%3]) we can deduce
04115 (P1) /01 (PtSe,) = 3.5. By spin pumping (see Figure S5, Sup-
porting Information), we find Ogy,5 (Pt) /05y (PtSe,) = 9. The dif-
ference probably comes from the different spin injection pro-
cesses: hot electrons are injected by the laser pump in THz spin-
tronic emission whereas electrons are injected at the Fermi level
by spin pumping. For instance, at the Co/Pt interface, majority
electrons are transmitted more than minority electrons at the
Fermi level whereas this spin transmission contrast decreases
above the Fermi level.[?’] Assuming 6 ~ 10 % for Pt, we can es-
timate 8y, & 3 % for ISHE in PtSe, even though this is a rough
estimation since the optical and THz settings may not be exactly
the same. Using the fitting parameters we found by adjusting
the thickness dependence of the spintronic THz signal, we can
deduce: Ajzgp ~ 20 pm which is a low value that THz spintronic
emission can detect.

To support our interpretation and understand the mecha-
nisms responsible for the THz spintronic emission, we have
performed first principles calculations based on the projector-
augmented wave (PAW) method®* as implemented in the VASP
packagel®>>>7] using the generalized gradient approximation of
Perdew-Burke—Ernzerhof (PBE)[*® and including SOC.

It is important to note that by performing standard DFT cal-
culations with generalized gradient approximation of PBE, we
underestimate the bandgap of monolayer PtSe, by about 0.5 eV
compared to the experimental value. However, as for instance re-
ported recently by Guan et al.,[*°! the band structure of the 1 ML
PtSe, /Gr heterostructure calculated using PBE and HSE06 hy-
brid functionals results in shifting the PtSe, valence bands by
about -0.5 eV whereas the energy position of the conduction
bands is much less affected. Thus, using the hybrid functional
mainly results in a “rigid-band”-like shift with a minor effect on
the PtSe, bands character. This implies that while the number
of bands falling in a particular energy window might change,
the Rashba splittings induced by spin—orbit interaction shall still
hold. We confirm this in Figure S6, Supp. Info., where we cal-
culated the spin-projected band structure of 1 ML PtSe, /Gr us-
ing both the PBE and the HSE06 functional. The spin texture
is remarkably similar, with the only difference being the afore-
mentioned -0.5 eV shift of the valence bands. Thus, we believe
that using PBE functionals results in reliable spin textures and
Rashba splittings at the PtSe, /Gr interface.

The PtSe,/Gr heterostructure was constructed by matching
2 x 2 supercell of 1T-PtSe, with 3 X 3 supercell of graphene
on top so that to minimize the lattice mismatch to less than
1.5%. A sufficient vacuum layer of 20 A thickness was added
to the heterostructure. The atomic coordinates were relaxed un-
til the forces became smaller than 1 meV A~'. A kinetic en-
ergy cutoff of 550 eV has been used for the plane-wave basis
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Figure 6. Rashba effect at PtSe,/Gr interface. a) Band structure of a freestanding PtSe, monolayer calculated by including spin—orbit coupling. In the
shown crystal structure, the grey (green) balls represent the Pt (Se) atoms, respectively. b) Calculated 2D spin textures for the blue CB band in (a) at an
energy cut E = E¢ + 1.4 eV corresponding to the black dashed line. c) Spin textures for the red VB in (a) at an energy cut of E = Ez — 1 eV. The arrows
in the spin texture plots represent the S, and S, spin projections while the color code corresponds to the S, component. d) Calculated band structure
of monolayer-PtSe, /Gr heterostructure. The charge transfer occurring at the interface can be depicted on the crystal structure by red (blue) clouds
corresponding to charge depletion (accumulation) taken at an isosurface value of 1074 ¢/A3. e,f) Spin textures in PtSe,/Gr heterostructure calculated
for the CB (at an energy cut E = E¢ + 1.25 eV) and VB (at an energy cut E = Ex — 1.1 eV) chosen as in (b, c). The Rashba spin splitting is clearly visible

in the VB.

set and a I'centered 15 X 15 X 1 k-mesh was used to sam-
ple the first Brillouin zone. To describe correctly the interaction
across the interface, van der Waals forces were used with Grimme
type dispersion-corrected density functional theory-D2.1°1 The
2D spin textures were calculated for a 10 x 10 I'-centered 2D
k-mesh and the PyProcar package!®! was used to plot them. In
Figure 6a,d, we compare the calculated band structures for a free-
standing PtSe, and that of monolayer-PtSe, /Gr heterostructure.
The relaxed interlayer distance between PtSe, and Gr is found
to be 3.29 A which induces charge transfer across the interface
depicted by the charge clouds in the inset of Figure 6d. We es-
timate a charge transfer of about 0.04 e transferred from the
graphene to the PtSe,; a relatively small value that is consistent
with the weak vdW interaction type. This is also reflected through
the preserved band structure features of pristine graphene and
PtSe, in the heterostructure which is consistent with previous
theoretical reports.?] To assess the potential Rashba effect at
PtSe,/Gr interface, the calculated spin textures for monolayer
PtSe, and PtSe, /Gr heterostructure are compared. Two represen-
tative bands are chosen: one in the conduction band (CB) and the
other in the valence (VB) that are highlighted in blue and red in
Figure 6a, respectively. The corresponding 2D spin textures dis-
played for the CB (VB) in Figure 6b,c, show two contours with op-
posite spin helicities, however, they are degenerate with no split-
ting. This is implicit since there is no source of inversion symme-
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try breaking in a freestanding PtSe, monolayer. In this respect,
the spin textures observed in Refs. [18,19] can only be explained
by the presence of an interface electric field. Interfacing PtSe,
monolayer with graphene breaks the symmetry due to the inter-
facial dipole and thus induces a Rashba splitting of those bands
as can be seen from the spin textures in Figure 6e,f. Indeed, the
band splitting is found to be larger for the VB with an estimated
Rashba parameter ay ~ —195 meV.A and can be explained by its
orbital character which is mainly contributed by the p-orbitals of
Se whereas the CB is dominated by Pt d-orbitals. Despite the fact
that Pt has larger spin—orbit strength, the Se atoms are positioned
at the interface which makes their bands more sensitive to the in-
terfacial dipole effect. Although often neglected in the transition
metal systems owing to the reduced hole velocity in the VB, the
first step in THz emission (Figure 5e) most probably originates
from IREE in this valence band where spin polarized hot holes
are injected from CoFeB. However, it is difficult to estimate the
fraction of hot holes reaching this band since the position of the
Fermi level altered by CoFeB deposition is unknown. ISHE in
multilayers PtSe,, corresponding to the second step in THz emis-
sion (Figure 5e), can be of extrinsic or intrinsic origin and further
investigation would be required to identify its exact mechanism.
Nevertheless, as shown in the Supporting Information (Figure
S7), we already observe avoided band crossings in the VB of 3 ML
PtSe, that are supposed to contribute to intrinsic ISHE.
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3. Conclusion

In conclusion, we have realized large area and high quality 2D
PtSe, on graphene by molecular beam epitaxy, on which in situ
grown CoFeB is sputtered to study SCC phenomena by THz spin-
tronic emission. By performing a careful and extensive charac-
terization of PtSe, layers before and after CoFeB deposition, we
find that the 2D material retains its structural and chemical prop-
erties. For SCC, we performed spintronic THz emission spec-
troscopy and find THz emission from PtSe,, whereas VSe, and
WSe, give negligible signals owing to low SOC and 1H crys-
tal symmetry, respectively. From the PtSe, heterostructures, we
clearly demonstrate the magnetic origin of the THz signal and
unveil the physical origin of the SCC through a PtSe, thickness
dependence study. The emitted THz electric field as a function of
the number of PtSe, monolayers exhibits a clear two-step behav-
ior, which reflects the transition from the IREE in semiconduct-
ing thin PtSe, (<3 ML) to ISHE in thicker semi-metallic PtSe, (>3
ML). We also deduce the vertical spin diffusion length in PtSe,
to be 2-3 nm and find that IREE is twice as efficient compared
to ISHE for SCC. Our conclusions are supported by first prin-
ciples calculations showing the existence of Rashba SOC at the
PtSe, /Gr interface. The unique band structure flexibility of PtSe,
makes it an ideal candidate as a THz spintronic 2D material to
explore the underlying mechanisms and engineering of the SCC
for tunable THz emission.

4. Experimental Section

Raman Spectroscopy: ~ For Raman measurements, a Renishaw INVIA 1
spectrometer with a green laser (532 nm) and a 1800 gr mm~" grating
was used. The microscope objective magnification was X100 and the nu-
merical aperture 0.9. The laser power was <150 uW um~2. All the spectra
corresponded to the average of at least three spectra recorded at different
locations on the samples.

X-Ray Diffraction:  The grazing incidence X-ray diffraction (GIXD) was
done with a SmartLab Rigaku diffractometer equipped with a copper ro-
tating anode beam tube (K, = 1.54 A) operating at 45 kV and 200 mA.
Parallel in-plane collimators of 0.5° of resolution were used both on the
source and detector sides. The out-of-plane XRD measurements were per-
formed using a Panalytical Empyrean diffractometer operated at 35 kV and
50 mA, with a cobalt source (K, = 1.79 A). A PIXcel-3D detector allowed
a resolution of 0.02° per pixel, in combination with a divergence slit of
0.125°. Both diffractometers were equipped with multilayer mirror on the
incident beam and K filter on the diffracted beam.

Transmission Electron Microscopy: STEM measurements were per-
formed using a Cs-corrected FEI Themis at 200 kV. HAADF-STEM (high-
angle annular dark field) images were acquired using a convergence angle
of 20 mrad and collecting electrons scattered at angles higher than 60
mrad. STEM specimens were prepared by the focused ion beam (FIB) lift-
out technique using a Zeiss Crossbeam 550. The sample was coated with
protective carbon and platinum layers prior to the FIB cut.

X-Ray Photoemission Spectroscopy: XPS was performed in situ using a
Staib Instruments spectrometer. An aluminum anode with K, emission
operating at 300 W was used. The signal was optimized on the Se LMM
Auger spectra at a binding energy of 184 eV. The Cl1s line was used to set
the binding energy scale.
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