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We report a giant Rashba-type spin splitting in two-dimensional heterostructure PtSes/MoSes with first-

principles calculations. We obtain a large value of spin splitting energy 110 meV at the momentum offset
ko=0.23 A~ around I' point, arising from the emerging strong interfacial spin-orbital coupling induced by

the hybridization between PtSes and MoSey. Moreover, we find that the band dispersion close to valence
band maximum around I' point can be well approximated by the generalized Rashba Hamiltonian H (k) =

2.2
- Z:l” +ck)|+agrd- (EII x 7). Tt is found that the generalized Rashba constant ng = ¢+ ar in PtSes /MoSe; is
as large as 1.3 eV-A, and importantly 1z can be effectively tuned by biaxial strain and external out-of-plane
electrical field, presenting a potential application for the spin field-effect transistor. In addition, with the
spin-valley physics at K/K’ points in monolayer MoSes, we propose a promising model for spin field-effect
transistor with opto-valleytronic spin injection based on PtSes/MoSey heterostructure.

Finding materials with strong spin-orbit coupling
(SOC) is at the heart of the research field of spin-
orbitronics.! For example, the Datta-Das spin field-effect
transistor (SFET)? requires the channel material with
large Rashba-type spin splitting and electrically tun-
able Rashba constant® to effectively modulate the elec-
tron current by steering the spin precession. The origi-
nal Rashba Hamiltonian for two—dimensional (2D) elec-

tron gas is given by Hr = :I: L+ apd - (EH X Z), in
which the Rashba constant aR represents the strength
of SOC and & the vector of Pauli matrices. In the
past decades, considerable theoretical and experimen-
tal efforts have been devoted to finding Rashba SOC at
interfaces or surfaces. The Rashba-type spin splitting
was observed in III-V semiconducting heterostructure
InGaAs/InAlAs* with tiny Rashba constant (ap=0.001
eV-A). The surface states of heavy metals (e.g., Au,®
Bi,07 Ir,® PbY) and topological insulator BizSez!%!! ex-
hibited large Rashba-type spin splittings. In addition,
surface alloys, by doping heavy atoms at the surface
of metals (e.g., Bi/Ag(111)'?) or semiconductors (e.g.,
Bi/Si(111)'3 and Cs/InSb(110)4), provided an effective
strategy to generate giant Rashba-type spin splitting.
Typically, these observed Rashba-type surface states are
accompanied with trivial surface states and spin degen-
erate bulk states, which hinders their practical applica-
tions. Recently, giant Rashba-type spin splitting is also
observed in bulk BiTeI'® and GeTe.'®'7 However, it is
unclear whether these effects can survive when the bulk
materials are downsized to a few atomic layers.'® After
the discovery of graphene, 2D materials and their van
der Waals heterostructures!®2! offer new opportunities
to search for materials with Rashba SOC.! For exam-
ple, the Rashba effect was predicted in the monolayer
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FIG. 1. (I) The top and (II) side view of the heterostructure
PtSez/MoSez. (III) The corresponding Brillouin zones for the
PtSea/MoSes2 heterostructure and their constituent monolay-
ers.

LaOBiS,2?? and BiSb23. By stacking BisSes; ultrathin
film on MoTe, substrate, Wang et at.?* predicted a wide-
range Rashba electron gas. The Rashba effect was also
predicted in other van der Waals heterostructures.?3:2°
Despite these important progresses, challenges still ex-
ist in these predicted systems, such as the accompany-
ing non-Rashba states, weak tunability of Rashba con-
stant and small Rashba energy Er (for example, 8 meV
in BipSesz/MoTes?*, 5 meV in BiSb/AIN?3.). Therefore,
further efforts are required to search for appropriate ma-
terials with tunable Rashba SOC and large spin splitting.

Very recently, the semiconducting T-phase transition
metal dichalcogenide (TMDC) PtSe; monolayer has at-
tracted much attention due to its superior transport
properties.26:27 Moreover, Yao et al.?® observed the spin-
layer locking phenomena??3? induced by local dipole
field in this material, which manifests the significant
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FIG. 2. Band structures of (I) monolayer MoSe2, (II) monolayer PtSe2, and (III) hetrostructure PtSes/MoSez without (purple)
and with (green) SOC. (IV) Layer-projected band structure for PtSes/MoSes, in which the red and blue circles represent the
respective contributions from MoSez and PtSez. The charge densities of VBE around I' point for (V) monolayer MoSez, (VI)
monolayer PtSez, (VII) heterostructure PtSes /MoSez, and (VIII) at K point for PtSez/MoSes. The isosurface values of 0.005
and 0.0005 electron/ A3 are adopted for monolayers and heterostructure, respectively.

role of SOC. However, the spin degeneracy protected
by inversion symmetry in PtSe; impedes its applica-
tions to SFET. To lift the degeneracy the structural
inversion asymmetry should be introduced, for exam-
ple, by substitutional doping.?! However, we note that
building van der Waals heterostructure is more favor-
able in experiment compared to the doping method. On
the other hand, monolayer H-phase TMDCs, such as
MoSes, have been exfoliated successfully and also possess
strong SOC.32:33 Therefore, the heterostructure stacked
by T-phase and H-phase TMDCs monolayer, with bro-
ken inversion symmetry, provides a promising platform
for studying spin physics. In this work, we investigate the
electronic properties of the heterostructure PtSes /MoSes
through first-principles calculations. We demonstrate
that a generalized Rashba-type electron system can be
formed and effectively tuned by exerting biaxial strain
and external out-of-plane electrical field, providing a
promising material for SFET application.

All the calculations are performed with density func-
tional theory (DFT) by the projector-augmented wave
(PAW) method implemented in the Vienna Ab initio
Simulation Package (VASP)34. The generalized gradi-
ent approximation as parameterized by Perdew, Burke,
and Ernzerhof (PBE)?® is employed. The kinetic energy
cutoff 460 eV and a I'-centered 6 x 6 x 1 k-mesh in 2D
Brillouin zone have been used for the convergence of total
energy with a criterion of 1x107% eV per atom. The SOC
is not included during the geometry optimization but is
added in the electronic structure calculations. The lattice
constants of monolayer MoSes and PtSes are 3.286 A and
3.780 A, respectively. To minimize the artificial internal

strain caused by lattice mismatch, the heterostructure is
built from v/3 x v/3 x 1 supercell of PtSe, and 2 x 2 x 1
supercell of MoSez, as shown in FIG.1 (I). A vacuum
space of 20 A is adopted to avoid the interaction between
two periodic slabs along [001] direction. The DFT-D336
method has been applied to simulate the van der Waals
interaction between MoSes and PtSes (see TABLE S1 in
the supplement for more structural information).

In FIG.2 (I-IIT), we present the band structures for
monolayer MoSes, PtSes, and their heterostructure with-
out/with SOC. The Fermi level is set to valence band
maximum (VBM) in all band structures. As shown
in FIG.2 (I)-(II), the pristine monolayers MoSe23” and
PtSe»2% are direct and indirect semiconductors, respec-
tively. When SOC is considered, the bands of mono-
layer MoSez (PtSes) are split (not split) along M-K-T'
k-path due to the absence (presence) of inversion symme-
try. Because the heterostructure PtSe;/MoSes is formed
by the interlayer van der Waals interaction which is rel-
atively weaker than intralayer bonding, therefore, the
band structure of PtSe;/MoSes should preserve most
of the characteristics of its constituent monolayers. As
expected, the heterostructure PtSes/MoSes retains the
semiconducting nature with an indirect band gap 0.89
eV when SOC is considered, as shown in FIG.2 (III). In
addition, the heterostructure also preserves the large spin
splitting (181 meV) at K point with a slight reduction in
comparison with that in monolayer MoSe, (186 meV as
seen in FIG.2 (I)).

Interestingly, an emerging spin splitting around T°
point is observed, which does not appear in the mono-
layer MoSes and PtSes. To unveil its physical origins,
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FIG. 3. (I) The two highest valence bands. The upper band
between 0 eV to -0.1 eV around I" point can be described by a
generalized Rashba Hamiltonian (red dashed line). (II)-(IV)
Spin components around I' point for a constant energy cut
(blue dotted line in (I)).

we firstly investigate the layer-projected band structure,
as shown in FIG.2 (IV). The contribution from the layer
MoSes and PtSes are indicated by red and blue circles,
respectively. From the projected band structure, we find
an important hybridization from two constituent mono-
layers at the valence band edge (VBE) around I' point.
Compared to previous studies of bilayer MoSs and het-
erostructure MoSe; /MoS238 49 in which the hybridiza-
tion around T" point is dominated by Mo-d orbitals (see
FIG.S2 in the supplement.), the observed hybridization
around I’ point in PtSey/MoSe, displays a distinct fea-
ture: it is mainly contributed by Mo-d orbitals in MoSes
and Se-p orbitals in PtSes;. Furthermore, to capture
more details of the band splitting around I' point, the
band decomposed charge densities are plotted, as shown
in FIG.2 (V-VII). For monolayer PtSe; and MoSes, the
charge density around I" point has an equal contribution
from top and bottom Se layers. Therefore, the total ver-
tical electrical field acting on the electrons is canceled
and no band splitting can be observed. However, for
PtSes/MoSey heterostructure as shown in FIG.2 (VII),
the charge density around I' point, mainly contributed
by d,2 of Mo in MoSe; and p, of Se in PtSes, displays an
asymmetric feature due to the interlayer hybridization,
resulting in an effective vertical electric field to induce
strong SOC at the interface. As for the band splitting at
K point, almost no hybridization between two monolayers
is found and the contribution is dominated by d,, /522
orbitals of Mo atoms, as shown in FIG.2 (IV) and (VIII).

By zooming in the two highest valence bands in FIG.3
(I) (marked by the black rectangular box in FIG.2
(IIT)), we note that our results around I’ point ex-
hibit close resemblance to the Rashba-type spin splitting
in semiconductor quantum wells and surfaces of heavy
metals.* #1213 To confirm that the observed band split-
ting is Rashba-type, we calculate the spin components
sz, Sy and s, at a constant energy cut, indicated by the

blue dotted horizontal line in FIG.3 (I). As illustrated
in FIG.3 (II)-(IV), the spin polarizations are mainly in-
plane: s, and s, are much larger than s.. Because the
blue dashed line is crossing the upper splitting band, the
inner contours show the same helical spin polarization
as the outer contour, as shown in FIG.3 (II) and (III).
These spin projections display the iconic features of the
Rashba effect. The small out-of-plane spin component
s, in FIG.3 (IV) is owing to the small in-plane poten-
tial gradient, which is also responsible for the hexagonal
shape of the outer contour.”f

As one can find in FIG.3 (I), there are two key proper-
ties at VBE around I" point: (1) the shape of the band is
very close to parabolic; (2) the spin texture is almost that
given by original Rashba Hamiltonian. Therefore, a gen-
eralized Rashba Hamiltonian is proposed to capture the
physics for energies close to VBE around T" point (from
about —0.1 eV to 0 eV), as indicated by the red dashed
line in FIG.3 (1),

hk? .

H(kH):_TmH'FCkH+aRE'(kII X 7), (1)
where the first two terms gives rise to the so-called ”som-
brero hat” dispersion?! (see the purple line around I' in
FIG.2(IIT)). Here, ¢ and apr characterize the strength
of the spin-independent interaction with crystal field
and Rashba-type SOC, respectively. Based on Eq.1 the
states close to VBE are suitable for the application of
SFET (see the supplement). We introduce a generalized
Rashba constant ngp=c+apr which determines the differ-
ential phase shift?. Importantly, ng can still be estimated
by np=2FRr/ko with Eg the generalized Rashba energy
and ko the momentum offset. From FIG.3 (I), we obtain
nr=1.3 eV-A by reading Er=150 meV and ky=0.23 A~
The obtained g for PtSes/MoSes heterostructure is one
of the largest among the Rashba constants observed in
previous studies.* 81213 Moreover, the spin splitting en-
ergy at the momentum offset kg of VBM around I" point
is giant, as large as 110 meV. In addition, by calculat-
ing the whole family of PtXy/MX,; (M=Mo, W; X=S,
Se, Te) heterostructures, we find the PtSes/MoSes is the
most promising candidate for SFET application (see the
supplement).

Next, we investigate the tunability of electronic proper-
ties of PtSes/MoSey heterostructure under biaxial strain
and external electric field. At first, we impose biaxial
strains from 0=—1.5% (compression) to +1.5% (tension)
on the heterostructure, in which the strength of the strain
is defined as 6 = (a — ag)/ag with ag the original lattice
constant. For different strains, the electronic structures
are calculated after all atoms are fully relaxed. In partic-
ular, we investigate the generalized Rashba constant np
and the relative energy shift AE = EL 5., — EEy,, be-
tween the VBMs around I' point and at K point, as shown
in FIG.4 (I). It is found that the generalized Rashba con-
stant ng (in blue squares) is changed from 1.62 eV-A to
1.00 eV-A as ¢ is changed from —1.5% to +1.5%. In the
meanwhile, AF can be increased to +0.1 eV by apply-
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FIG. 4. (I-II) The generalized Rashba constant nr and the
relative energy shift AFE versus the biaxial strains and exter-
nal electric fields. (IIT) The schematic illustration of proposed
SFET.

ing +1.5% tensile strain. Thus, imposing tensile strain
provides an efficient approach to generate an available
energy interval lived by only Rashba-type states. When
applying an external electric field from —1.5 V/nm to 1.5
V/nm along 7 direction, the ng and AFE are reduced at
the same time, as shown in FIG.4 (II), which means the
external electric field also can promote the VBM near I"
point above that at K point. Furthermore, the general-
ized Rashba constant ng exhibits a notable change (24%)
from 1.46 eV-A to 1.18 eV-A when the external electric
field is changed from —1.5 V/nm to 1.5 V/nm, indicating
that the spin precession can be effectively tuned with a
gate voltage. Since the difference of spin precession angle
is given by>*2 A@ = 2mAngL/h? (Ang represents the
change of the generalized Rashba constant, and L the
distance between spin injector and detector), the appre-
ciable tunability of ng is crucial for SFET application.
Note that the spin precession angle is independent of
energy,? the upper split band (from —0.1 eV to 0 eV)
around I" point can be utilized to realize the SFET with
a light hole doping. The competing states from K point
for the upper split band can be reduced by tensile strain.

Finally, based on the tunable giant Rashba-type spin
splitting in PtSes/MoSes heterostructure and the valley
physics from H-phase monolayer MoSe,, we propose a
SFET with PtSey/MoSes as illustrated in FIG.4 (III).
Similar to the SFET designed by Luo et al.,*? the val-
ley polarization at K/K’' points in MoSes is utilized to
achieve spin injection, the spin manipulation is achieved
with Rashba SOC in PtSey/MoSe; and finally a ferro-
magnetic contact is used to detect the spin. We estimate
the minimum channel length (7.1 nm) of the SFET with
two different electric fields (£1.5 V/nm) under 1.5% ten-
sile strain.**

In summary, we investigate the electronic properties of

the PtSes/MoSes heterostructure through density func-
tional theory calculations. A giant Rashba-type spin
splitting (110 meV at the momentum offset ky=0.23 A-t
around I' point) near Fermi level is predicted, arising
from the emerging strong interfacial SOC. A general-
ized Rashba Hamiltonian is introduced to describe the
Rashba-type physics at VBE around I" point. We demon-
strate that both biaxial strain and external electrical
field can be utilized to achieve a 2D Rashba electron
system. Furthermore, the generalized Rashba constant
nr in PtSey/MoSes is as large as 1.3 eV-A, and can be
tuned effectively by the external electrical field. Combin-
ing the tunable giant Rashba-type spin splitting around
I point in PtSes/MoSes and the valley-physics from H-
phase monolayer MoSe,, we propose a potential applica-
tion for SFET.

SUPPLEMENTARY MATERIAL

The supplementary material contains four sections: (I)
the structure information of all heterostructures; (II) the
generalized Rashba Hamiltonian; (III) the orbital hy-
bridization properties of different heterostructures; (IV)
the estimation of channel length.
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I. STRUCTURE INFORMATION

§(%) |ao(A)|di(A)
Pth/MOSQ 2.8 16.268|3.206

PtSea/MoSes | 0.4 6.534 |3.228
PtTes/MoTea| 2.0 16.979|3.505
PtS2/WSs 2.7 16.274|3.203
PtSey/WSes | 1.7 [6.531|3.246

PtTey/WTes | 2.2 |6.981(3.514

TABLE S1. Lattice mismatch, relaxed lattice constant ag and interlayer distances d; for all six

heterostructures PtXy/MXy (M=Mo, W; X=S, Se, Te).

All six heterostructures PtX;/MX, (M=Mo, W; X=S, Se, Te) are built with v/3 x v/3 x 1
R30° PtXy monolayer and 2 x 2 x 1 MX, monolayer, respectively. For completeness, we
list the information about lattice mismatch, relaxed lattice constant and layer distance in

TABLE S1.

II. GENERALIZED RASHBA HAMILTONIAN

We notice that the valence band maximum (VBM) around I' point show the so-called
sombrero hat dispersion’ before switching on the SOC (see the purple line in FIG.S1 (I)),
which is different from the typical parabolic dispersion of two-dimensional electron gas. This
feature is caused by the spin-independent interaction with crystal field. To well describe this

feature, we can introduce the spin-independent Hamiltonian:

R+ k)
- Y 2 2

The band for H, with k, = 0 is shown below by the black dashed line in FIG.S1 (II), which
shows a good approximation for the VBM around I' point without SOC in PtSe;/MoSes.
Taking the Rashba SOC into account, then the Hamiltonian reads:
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M

FIG. S1. (I) Band structures of the heterostructure PtSes/MoSes without (purple) and with
(green) SOC. (II) Band structures without SOC (dashed line) and with SOC obtained from the

generalized Hamiltonian Hy and H with k, = 0, respectively.

h? (k2 4 k2
H:_M_Fc‘/k§+k§+aR(ax-ky—ay'/€z) (82)

2m

The dashed band in FIG.S1 (II) is split to the upper (red) and the lower (blue) band,
in which the red upper band also shows a good approximation for the upper spit band in
PtSey/MoSey. This Hamiltonian is referred as generalized Rashba Hamiltonian. In analogy
with Datta and Dass original proposal, we provide some further derivation to show how the
upper split band described by the generalized Rashba Hamiltonian can also be utilized in
SFET. From the generalized Rashba Hamiltonian H it is easy to obtain two sub-bands by
solving the corresponding eigenvalue problem:

R (k2 + k2
ElZ_M‘l’(C‘l’aR)\/k:%‘f‘k; (S3)

2m
R? (k2 + k2) a—
EQI—Ty—i‘(C—aR) kg—i—kz (84)

Here E; and E, represents the upper and lower sub-bands in the two-dimensional k,-k,

plane, respectively. Correspondingly, the eigenvectors are

[hy) = 21 and  [ihy) = (35)

in which 6, = tg*IZ—z reflects the spin-momentum locking property. In the following, we

focus on the upper sub-band since it shows similarity to that given by original Rashba
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Hamiltonian. In the following, we define a generalized Rashba constant ng = ¢ + ag.
Without loss of generality, we will consider the transport along z-axis (k, = 0). When the
Fermi level crosses only the upper sub-band, the two modes with +y and y polarized spins,
traveling along +xz direction, are marked by the respective black dot and circle in FIG.S1

(IT), and the corresponding wave-vectors are obtained as

mng m2nr?  2m

ko =+ 2 B R2 Ep (S6)
MR m2ng®  2m

Ly [T s7)

Then a differential phase shift is introduced between two modes when traveling through the

device:
2mnrL
2

where L is the distance between spin injector and detector. If we suppose the injected spin

AG = (kpr — ko) L = (S8)

is along 4z direction, which can be represented as a linear combination of the above two

transport modes with +y and —y spin polarizations:

1 el 1 |—2

2 [y| T2 (59

I 1,
= 2 lt) — 5l =
When the two spins arrived at the detector, the mode with |1);") goes through a phase
01 = k,1 L, while the mode with [¢)]) acquires a phase 6, = k.o L. Now the final state is:
1 |il| . 1| —i| | 1 [0 i
— e _ — iy _ — ‘ 02 (810)
2t |1 2t |1 20 | gir0 _ 1
Here the differential phase shift is A0 = 0, — 0 = 2mnrL/h*. If we take A = 7, the final

state becomes

0
e

1

02

with —z spin polarization, which means the spin is flipped. It is worth noticing that the
differential phase shift is proportional to ng, which is caused by both SOC as well as crystal
field. It is different from the original idea of Datta and Das based on two-dimensional
electron gas.

For PtSes/MoSes, the generalized Rashba constant ng can be tuned effectively by electric

field and strain. Therefore, the energy interval from 0 eV to -0.1 eV around I' point in
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PtSey/MoSe; is suitable for SFET application. In particular, ng can still be estimated by
2FER/ko with Er the generalized Rashba energy and ko the momentum offset, as shown in

FIG.S1 (II).

If the Fermi level goes below —0.1 eV in PtSes/MoSe, then two problems will appear:
(1) states at the valence band edge around K points will fall into this energy range; (2) the
strong energy dependence of Af. Therefore, the states below —0.1 eV are not utilized in

the proposed SFET based on PtSes/MoSes.

IIT. ORBITAL HYBRIDIZATION

In FIG.S2, we compare the features of orbital hybridization around I' point for the atomic-
orbitals in bilayer MoSy, MoSes/MoSs and PtSe; /MoSe,. It is found that the hybridization
in bilayer MoS, and MoSe; /MoSs, is dominated by the Mo-d orbitals from different layers,
as shown in FIG.S2 (I-a), (I-c), (II-a) and (II-c). However, the hybridization around I" point
in PtSes/MoSe; is mainly contributed by Mo-d orbitals in MoSe, layer and Se-p orbitals in
PtSes, which shows a distinct feature compared to bilayer MoSy; and MoSs/MoSe;. This
emerging hybridization results in the giant Rashba-type spin splitting in PtSes/MoSe,, as

discussed in the main manuscript.

In FIG.S3 and FIG.S4, we present the band structures and features of orbital hybridiza-
tion for the PtXy/MoX, and PtX, /WX, (X=S, Se, Te), respectively. As shown in FIG.S3
(I) and (II), we observe similar hybridization features for PtSs/MoS,; and PtSes/MoSes,
but the band splitting around I' point in PtS;/MoSs is much smaller due to the weaker
spin-orbit coupling in S atom. While for PtTe; /MoTey shown in FIG.S3 (I1I), almost no p-d
hybridization and no band splitting around I' point is observed at VBE. Substituting Mo
atoms with W atoms in these heterostructures will bring about two main changes to their
band structures, as shown in FIG.S4. Firstly, the band splitting of VBE at K point become
larger due to the stronger SOC in W atom than that in Mo atom. Secondly, the energy
levels of VBE around I' point are suppressed compared to those at K point. However, the

orbital hybridizations in PtX;/WX, are almost the same as in PtX;/MoXs.
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(I-a) Mo—d (I-b) S—p (I-c) Mo—d (I-d) S—p

M K r M MK ' M MK r M MK r ™M
(II-a) Mo d (II-b) Se—p (II-c) Mo—d (II-d) S—p

v

A YZN/

r M MK ' M MK r M

(Il-a) Mo—d (I-b) Se—p (Il-c) Pt—d (IT-d) Se—p

FIG. S2. Band structures of (I) bilayer MoSy, (II) MoSes/MoSy and (III) PtSes/MoSey het-
erostructures with projections to the corresponding atomic orbitals for the bands near Fermi level.
Here the size of circles represents the contribution of atomic orbitals. The red and blue colors

represent two constituent layers. In the following, we adopt the same convention.

IV. CHANNEL LENGTH

The two band structures with + 1.5 eV/nm under 1.5% tensile strain is utilized to

estimate the minimum channel length. The magnitude of average effective mass for valence
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(II-a) Mo—d (II-b) Se—p

N2 N2>

M M K I M MK r ™M

FIG. S3.  The band structures of (I) PtSe/MoSs, (II) PtSes/MoSes and (III) PtTey/MoTes
heterostructures with projections to the corresponding atomic orbitals for the bands near Fermi

level.

band edge around I' point is m = 0.81m,.. And the generalized Rashba constant ng for —1.5
V/nm and +1.5 V/nm are 1.098 eV-A and 0.890 eV-A, respectively. If we set A = 7, then

channel length is calculated as:

_ AoR?
© 2mAng

=T7.1nm
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FIG. S4. Band structures of (I) PtSo/WS,, (II) PtSea/WSes and (I1T) PtTey/WTey heterostruc-

tures with projections to the corresponding atomic orbitals for the bands near Fermi level.
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