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Proximity-enabled control of spin-orbit coupling in phosphorene symmetrically
and asymmetrically encapsulated by WSe2 monolayers
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We analyze, using first-principles calculations and the method of invariants, the spin-orbit proximity effects
in trilayer heterostructures comprising phosphorene and encapsulating WSe2 monolayers. We focus on four
different configurations, in which the top/bottom WSe2 monolayer is twisted by 0 or 60 degrees with respect to
phosphorene and analyze the spin-splitting of phosphorene hole bands around the � point. Our results show that
the spin texture of phosphorene hole bands can be dramatically modified by different encapsulations of phospho-
rene monolayer. For a symmetrically encapsulated phosphorene, the momentum-dependent spin-orbit field has
the out-of-plane component only, simulating the spin texture of phosphorenelike group-IV monochalcogenide
ferroelectrics. Furthermore, we reveal that the direction of the out-of-plane spin-orbit field can be controlled
by switching the twist angle from 0 to 60 degrees. Finally, we show that the spin texture in asymmetrically
encapsulated phosphorene has the dominant in-plane component of the spin-orbit field, comparable to the Rashba
effect in phosphorene with an applied sizable external electric field. Our results confirm that the significant
modification and control of the spin texture is possible in low common-symmetry heterostructures, paving the
way for using different substrates to modify spin properties in materials important for spintronics.
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I. INTRODUCTION

The electron spin can add new functionalities to electronic
devices [1–3]. Although graphene is a promising material for
spintronics applications [4] due to its extraordinary electron
mobility [5], the lack of a band gap restricts its exploitation
in semiconducting spin devices. Besides graphene, different
semiconducting two-dimensional materials [6–8], including
phosphorene [9], have been considered a potential platform
for spintronics.

Electric spin control and manipulation are facilitated by
spin-orbit coupling (SOC) [10,11]. To induce or enhance
SOC in a desired material, different approaches have been
used, such as the electric-field-induced Rashba SOC [12] or
transfer of SOC between materials in van der Waals (vdW)
heterostructures via the proximity effect [13].

In materials with low atomic Z number, and therefore
with weak intrinsic SOC, electrical tuning of SOC is not
very efficient [14,15]. Instead, the proximity effect emerges as
the most viable direction for inducing sizable SOC in low-Z
materials. Using different vdW heterostructures of graphene
and strong SOC/magnetic materials, significant progress to-
wards manipulation of graphene’s spin [16–20] and magnetic
[21–26] properties has been demonstrated. Focusing on phos-
phorene [27–32], a material whose sizable semiconducting
gap [33–36] makes it a promising spintronics material, a

similar approach can be used. The obvious first choice is the
vdW heterostructure made of phosphorene and a transition-
metal dichalcogenide (TMDC) [37] monolayer (ML), due to
the huge spin-splitting in the valence bands of TMDC mate-
rials [38–42]. The low symmetry of the phosphorene/TMDC
heterostructure imposes minimal restrictions on the phospho-
rene spin texture, suggesting there is an immense possibility
for manipulation of the SOC in phosphorene through twisting
and encapsulation.

In Ref. [37] it was shown that the reduced symmetry
of phosphorene from D2h [43,44] to C1v within the 0o/60o

twist angle phosphorene/WSe2 heterostructure triggers two
types of spin-orbit fields in phosphorene holes close to the
� point: the in-plane, which is a consequence of the bro-
ken nonsymmorphic horizontal mirror-plane symmetry, and
the out-of-plane, triggered by the broken rotational symme-
try. Based on the first-principles calculations and symmetry
analysis, we show that phosphorene encapsulated by two
WSe2 MLs can be used to additionally control and manipu-
late the spin texture and SOC strength in phosphorene holes.
More specifically, we demonstrate the increase in the out-
of-plane spin-orbit field by symmetrical encapsulation of the
phosphorene ML, whereas in phosphorene asymmetrically
encapsulated by two WSe2 MLs, a sizable strength of the
in-plane spin-orbit field can be achieved, comparable with
the phosphorene modulated by a strong external electric field
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FIG. 1. Side view of the atomic structure models (a)–(d) of four different WSe2/P/WSe2 heterostructures. We label different heterostruc-
tures as IPJ, I, J = A, B, where I/J corresponds to the top/bottom WSe2 ML, while the label A/B corresponds to the relative twist angle of
0/60 degrees of the WSe2 ML with respect to the phosphorene ML. Furthermore, the x/y direction of the heterostructure corresponds to the
zigzag/armchair direction of the phosphorene ML. In (e) the Brillouin zone with high-symmetry points of phosphorene and A and B WSe2

MLs is given.

[15]. In both cases the encapsulation by WSe2 modifies the
anisotropy of spin-splitting in the phosphorene monolayer.
For symmetrically encapsulated phosphorene, we observe a
giant anisotropy of splitting along the main crystallographic
direction, in contrast to the symmetrical encapsulation, for
which spin-splitting is only slightly anisotropic.

This paper is organized in the following way. Af-
ter a short introduction, in Sec. II we analyze the ge-
ometry of the heterostructure in which phosphorene is
symmetrically/asymmetrically encapsulated by WSe2 MLs
and provide numerical details relevant to the first-principles
calculation of the band structure. Based on the band-structure
calculations in the following Sec. III, we analyze the spin-
orbit coupling of phosphorene holes close to the � point and
extract the relevant SOC parameters for each heterostructure
studied. Finally, in Sec. IV the most important conclusions are
given.

II. ATOMIC STRUCTURE AND AB INITIO
CALCULATION DETAILS

In Figs. 1(a)–1(d) we present side views of the atomic
structure models of the WSe2/P/WSe2 heterostructures with
different relative orientations between the top and bottom
WSe2 MLs and phosphorene. The commensurate heterostruc-
tures were constructed using the CELLMATCH code [45],
containing 20 P, 16 W, and 32 Se atoms. We kept the phos-
phorene unstrained, at the same time straining both WSe2

monolayers by 0.51%. We label the A (B) orientation of WSe2

ML having the twist angle 0o (60o) with the armchair direction
of phosphorene ML. Furthermore, in Fig. 1(e) the relative
orientation of phosphorene’s Brillouin zone (BZ) with respect
to the BZ orientation of A and B WSe2 MLs is given. We
will label the four heterostructures as IPJ, I,J=A,B, where I/J
corresponds to the top/bottom WSe2 ML. We emphasize that
the vertical mirror-plane symmetry, present in both PA and PB
bilayer heterostructures [37], is preserved in the trilayer case,
since putting one more A- or B-oriented WSe2 monolayer
on top of the bilayer heterostructure is compatible with the
bilayer’s symmetry. In all four cases, the vertical mirror-plane
symmetry coincides with the yz plane, where the armchair
(zigzag) direction corresponds to the y (x) direction of the
heterostructure.

Lattice vectors of phosphorene ML are equal to a =
aex, b = bey, where a = 3.2986 Å and b = 4.6201 Å [46],
while the lattice vectors of WSe2 ML correspond to
a1 = aWex, a2 = aW(−ex + √

3ey)/2 (aW = 3.286 Å [47]).
Density-functional-theory (DFT) electronic structure calcula-
tions of the WSe2/P/WSe2 heterostructure were performed
using the plane-wave QUANTUM ESPRESSO (QE) package
[48,49]. The Perdew–Burke–Ernzerhof exchange-correlation
functional was employed [50], combined with the norm-
conserving method [51]. Atomic relaxation was performed
using the quasi-Newton scheme and scalar-relativistic SG15
optimized norm-conserving Vanderbilt (ONCV) pseudopo-
tentials [52–54]. For ionic minimization, the force and
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TABLE I. Average distance db/t
PSe between the bottom/top phos-

phorene and the closest selenium plane in the z direction for the
relaxed APA, APB, BPA, and BPB heterostructures obtained with
different vdW corrections: Grimme-D2 (listed as D2), nonlocal
rvv10, and Tkatchenko-Scheffler. Total energy difference �E with
respect to the minimal one (set to be zero) for each vdW correction
is also given.

het vdW corr db
PSe [Å] d t

PSe [Å] �E [meV/atom]

APA D2 3.34 3.35 1.993
rvv10 3.45 3.45 1.090

TS 3.69 3.69 0.794
APB D2 3.31 3.31 0.034

rvv10 3.42 3.42 0.022
TS 3.66 3.66 0

BPA D2 3.31 3.31 0
rvv10 3.42 3.42 0

TS 3.66 3.66 0.006
BPB D2 3.35 3.34 1.992

rvv10 3.45 3.45 1.091
TS 3.69 3.69 0.795

energy convergence thresholds were set to 1 × 10−4 Ry/bohr
and 10−7 Ry, respectively. Additionally, the Monkhorst-
Pack scheme with 56 × 8 k-points mesh was used, small
Methfessel-Paxon energy level smearing of 1 mRy [55], and
kinetic energy cutoffs for the wave function and charge den-
sity of 80 Ry and 320 Ry, respectively. Since the distance
between the monolayers in the van der Waals heterostruc-
tures plays a key role in the spin-orbit proximity effect, we
have incorporated three different van der Waals corrections:
semiempirical Grimme’s DFT-D2 (D2) [56,57], Tkatchenko-
Scheffler (TS) [58], and the nonlocal rvv10 [59,60]. Finally,
a vacuum of 20 Å in the z direction was used in all cases.
For the relaxed structures, the average distance between the
bottom/top phosphorene and the closest selenium plane in the
z direction is given in Table I. All four configurations have
approximately the same energy. However, the asymmetric
heterostructures are slightly more stable than the symmetric
ones in terms of total energy by about 0.8 − 2 meV/atom,

depending on the vdW correction used, see Table I. In the case
of noncolinear DFT calculations with spin-orbit coupling,
fully relativistic SG15 ONCV pseudopotentials were utilized.
Also, the dipole correction [61] was applied to properly ac-
count for the energy offset due to dipole electric-field effects.
The energy convergence threshold for the noncolinear calcu-
lations was set to 10−8 Ry, while the k-points mesh and kinetic
energy cutoffs for the wave function and charge density were
the same as in the relaxation calculations.

Finally, note that the illustration of the band structure,
unfolded to the Brillouin zone of both MLs, is done using the
DFT Vienna ab-initio simulation package VASP 6.2 [62,63],
using as the input the relaxed structure with D2 vdW correc-
tion from the QE code.

III. BAND-STRUCTURE ANALYSIS

To understand the interaction between the phosphorene and
WSe2 MLs, in Figs. 2(a)–2(d) we present the band structure
of APA, APB, BPA, and BPB heterostructures, unfolded to
the X�Y path of the phosphorene monolayer Brillouin zone.
As can be seen, the band structures are almost identical. This
is not surprising, since twisting the WSe2 ML by 60 degrees
interchanges the K and K’ points [see Fig. 1(e)]. This further
means that the �K/�K′ line of the WSe2 BZ is projected onto
the �X line of the phosphorene BZ for the 0/60-degree twist
angle; in the case of the �Y line of the phosphorene BZ, the
�M line of the WSe2 BZ is projected. However, although the
energies of WSe2 at the �K and �K′ lines are identical, the
corresponding spin-expectation values are swapped. This can
be illustrated in the example of the equal energies at the K
and K’ points, connected by the time-reversal symmetry �

through the relation �E|K+〉 = E|K ′−〉, where |±〉 is the spin-
wave function with sz = ±1/2 spin-expectation value.

To obtain the quantitative estimate of the spin-orbit
proximity effect in phosphorene, we will focus on the spin-
splitting of the top valence band around the � point that
has the dominant phosphorene character. The phosphorene
character can be simply identified as a strong asymmetry of
the band dispersion in different directions around the k = 0
point [64]. Furthermore, the previous analysis shows that two

FIG. 2. In panels (a)–(d), the calculated band structure of APA, APB, BPA, and BPB heterostructures, respectively, unfolded to the X�Y
path of the phosphorene Brillouin zone is presented.
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TABLE II. Extracted SOC parameters λ1/2/3 of the top valence
band of phosphorene around the � point for APA, APB, BPA,
and BPB heterostructures, obtained using different vdW corrections:
Grimme-D2 (listed as D2), nonlocal rvv10, and Tkatchenko-
Scheffler.

het vdW λ1 [meV Å] λ2 [meV Å] λ3 [meV Å]

APA D2 0.00 0.12 −27.68
rvv10 0.00 0.03 −20.27

TS 0.01 0.04 −9.48
APB D2 1.79 −2.27 −0.86

rvv10 0.76 −0.59 −0.48
TS 0.14 −0.07 −0.17

BPA D2 1.72 −2.09 0.82
rvv10 0.79 −0.56 0.46

TS 0.16 0.06 0.16
BPB D2 0.00 −0.19 27.72

rvv10 0.00 −0.27 20.31
TS 0.00 0.01 9.47

qualitative distinct situations occur: in the case of symmetric
encapsulation, APA (BPB), the K (K′) points of the top and
bottom WSe2 ML are positioned on the �X line, while for the
asymmetric encapsulation, APB (BPA), the K point of the top
(bottom) WSe2 ML is followed by the K′ point of the bottom
(top) WSe2 ML.

A. Effective parameters

The influence of different encapsulations on the spin-orbit
proximity effect of phosphorene holes can be quantitatively
described in terms of the effective spin-orbit Hamiltonian
model, consistent with the C1v symmetry of the studied het-
erostructures. As shown in [37], the spin-orbit splitting of
phosphorene holes in the vicinity of the � point can be ex-
pressed in terms of the linear-in-momenta spin-orbit field,

Heff = λ1kxσy + λ2kyσx + λ3kxσz, (1)

where σi, i = x, y, z, represents components of the Pauli ma-
trix operator σ, which is connected to the spin operator S
via the relation S = (h̄/2)σ, while the parameters λ1, λ2, and
λ3 need to be determined for each stacking. In terms of the
spin-orbit field that can be induced via the proximity effect,
one can consider the λ1kxσy + λ2kyσx terms as the in-plane
spin-orbit field, triggered by breaking the horizontal-glide,
mirror-plane symmetry of the phosphorene ML. On the other
hand, the λ3kxσz term represents the out-of-plane spin-orbit
field, present due to the broken twofold out-of-plane rotational
symmetry.

The obtained spin-orbit parameters are gathered in Table II,
obtained by fitting the spin-orbit Hamiltonian model to DFT
data. In more detail, the spin-splitting of the top valence band
of phosphorene around the � point and spin-expectation val-
ues are fitted to the model, assuming the X�, kx ∈ (−κ, 0),
and �Y path, ky ∈ (0, κ ), where κ = 0.009 Å−1. The compar-
ison between the DFT data and the model in the case of the
Grimme-D2 vdW correction is given in Fig. 3, for considered
heterostructures, while the corresponding spin texture of the
lower spin-split branch is given in Fig. 4. Concerning the

lower branch, the spin texture of the upper branch has the
opposite sign, s(k)upper = −s(k)lower, where s(k) represents
the spin expectation values of the operator S, s(k) = 〈S(k)〉,
at a k point of the Brillouin zone.

What can be concluded from the effective spin-orbit
parameters? First, we notice that in symmetric IPI heterostruc-
tures, the in-plane spin-orbit field is strongly suppressed,
while the intensity of the out-of-plane spin-orbit field is
enhanced roughly twice with respect to the P/WSe2 het-
erostructure [37]. Also, giant anisotropy of the spin-splitting
between the �X and �Y directions can be noticed, being
proportional to

√
λ2

1 + λ2
3/|λ2|. On the other hand, in the

asymmetric IPJ heterostructures, the out-of-plane spin-orbit
field is strongly suppressed, whereas the in-plane spin-orbit
field is much stronger than in symmetric IPI heterostructures,
although still a few times weaker than in the P/WSe2 bilayer
[37]. The spin-splitting anisotropy is much less pronounced;
by calculating

√
λ2

1 + λ2
3/|λ2| for Grimme-D2, rvv10, and TS

vdW corrections, we get 0.87, 1.52, and 3.15 in the APB case
and 0.91, 1.63, and 3.77 in the BPA case, respectively. Al-
though the size of the spin-splitting in the asymmetric case is
similar to the Rashba effect of pristine phosphorene [15], the
ratio of the spin-splitting between the �X and �Y directions
in pristine phosphorene in an electric field is equal to 1/3 [15],
showing different trends than in asymmetrically encapsulated
phosphorene.

The above discussion leads to the simple conclusion that
an in-plane spin-orbit field prefers asymmetric encapsula-
tion, whereas an out-of-plane spin-orbit field can be boosted
by symmetric encapsulation. This conclusion is consistent
with the simple argument that the broken horizontal mirror-
plane symmetry triggers the in-plane spin-orbit field and is
a measure of the structural inversion asymmetry in the z
plane, which is the highest in the bilayer heterostructures,
still present in asymmetric encapsulation, and nearly absent in
symmetric encapsulation of phosphorene. On the other hand,
the effective out-of-plane spin-orbit field originates from the
broken out-of-plane rotational symmetry and can be inter-
preted as an effective in-plane electric field in the y direction,
E = Eey, giving rise to the Rashba SOC term (Eey × k) · σ ∝
kxσz. In the case of P/WSe2 heterostructures, it was shown
that the twist angle of WSe2 can control the sign of this term,
changing the value of λ3 from negative to positive with a twist
angle switch from 0o to 60o [37].

One can expect that in a trilayer heterostructure, the sign
and value of λ3 will depend on the relative orientation of the
top and bottom WSe2 layers. In the case of the symmetric
APA (BPB) heterostructure, the overall λ3 should be negative
(positive) with the intensity roughly doubled in comparison to
the P/A (P/B) bilayer heterostructure [37], since both layers
contribute with the same sign (at the same K/K′ valleys). In
the case of the asymmetric IPJ heterostructure, the contribu-
tions to λ3 from the top (K) and bottom (K′) WSe2 layers
should cancel out due to opposite spin polarization at the K
and K′ valleys, giving, in effect, a small overall value of λ3.
This conjecture is confirmed by the spin texture shown in
Fig. 4. For symmetrically encapsulated phosphorene, the sz

spin component is close to 0.5 (in h̄ unit) and takes opposite
values for APA and BPB heterostructures, see Figs. 4(a) and
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FIG. 3. Comparison between the DFT data and the spin-orbit Hamiltonian model with SOC parameters from Table II. More detailed, in
(a)–(c), (d)–(f), (g)–(i), and (j)–(l), spin-orbit induced band splitting �E between the spin-split upper and lower top valence band around the
� point, as well as the corresponding spin-expectation values for the heterostructures APA, APB, BPA, and BPB, correspondingly. In all four
cases, the Grimme-D2 vdW correction is used for the relaxation of the heterostructure, while the k path follows the high-symmetry lines X�

[kx ∈ (κ, 0)] and �Y [ky ∈ (0, κ )], where κ = 0.009 Å−1.

4(d), respectively. The in-plane spin components are almost
zero, except sy for kx ≈ 0. For APB and BPA heterostructures,
Figs. 4(c) and 4(d), sz is close to zero, which is reflected in the
small values of λ3 collected in Table II.

Finally, we notice that the choice of the vdW correction
has a quantitative influence on the obtained results, but the
overall qualitative picture remains intact (see Table II). The
relaxation procedure has revealed that within the three chosen
vdW corrections the Grimme-D2 gives the minimal distance
between the bottom/top phosphorene plane and the closest

selenium plane in the z direction, while in the case of TS vdW
correction, the distances are the biggest. This is straightfor-
wardly reflected on the λ parameters calculated in each case,
since the distance between the phosphorene and selenium
plane has an exponential impact on the virtual transitions
between the phosphorene and bottom/top WSe2 ML, being
the microscopic mechanism of the SOC transfer between the
MLs [65]. Also, it is to be noted that the SOC parameters were
unaffected when the self-consistent calculation was performed
with and without the vdW correction, suggesting the crucial

075305-5
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FIG. 4. Spin textures of the lower spin-split top valence band
branch around the � point [kx/ky ∈ (−κ, κ ), κ = 0.009 Å−1] for
APA (a), APB (b), BPA (c), and BPB (d) heterostructures, obtained
using the data from Table II (D2 case). The in-plane spin texture is
represented by arrows, while the z component of the spin is given by
color scale.

role of vdW correction in the relaxation procedure and the
need for vdW correction benchmarking of ML distances in
various heterostructures important for spintronics application
and beyond.

B. Proximity-induced spin relaxation

Let us now discuss the possible implications of the
proximity-induced SO fields for spin relaxation in phospho-
rene. Pristine phosphorene is characterized by an extraordi-
narily long, nanosecond-range spin lifetime [9,66]. The upper
limit for the lifetime comes from the Elliott-Yafet (EY) mech-
anism [67], while the Dyakonov-Perel (DP) mechanism [68]
is less important, provided that the extrinsic Rashba SO,
induced by the presence of a substrate or an external trans-
verse electric field, is weak [15]. As we have shown above,
encapsulation breaks almost all symmetries of phosphorene
and activates Rashba SO fields, different for different twist
angles. It is thus natural to expect differences in spin re-
laxation for symmetrically and asymmetrically encapsulated
phosphorene.

In the case of symmetric encapsulation, the lack of the
in-plane SO field should lead to long spin coherence for
sz-polarized spins, which usually are unaffected by the out-
of-plane SO field. In the Dyakonov-Perel mechanism, the sz

component dephases via the interaction with the perpendic-
ular components of the extrinsic spin-orbit field �, that is
via �x and �y. The spin dephasing rate can be estimated as
τ−1

s,z ≈ τp�
2
⊥,z, where �2

⊥,z = 〈�2〉 − 〈�2
z 〉 and 〈〉 denote the

Fermi contour average [2], and τp is the momentum lifetime.
As can be seen from Fig. 5(a), �2

⊥,z varies between 10−4 ps−2

and 10−3 ps−2, which translates to DP spin lifetimes between
1 ns and 10 ns, assuming τp = 0.1 ps. This indicates that

FIG. 5. Fermi contour average squared spin-orbit field �2
⊥,i per-

pendicular to the ith spin component, i = {x, y, z}, vs the position of
the Fermi level measured from the top of the valence band: (a) APA
stacking and (b) APB stacking. The heterostructures were relaxed
using the Grimme-D2 vdW correction.

for the APA configuration the EY and DP mechanisms have
comparable contributions to spin relaxation.

The peculiar sz spin texture of phosphorene bands around
the � point, see Figs. 4(a) and 4(d), creates specific condi-
tions for spin scattering under which the spin-texture-induced
spin-relaxation mechanism acts similarly to the EY. It hap-
pens when momentum scattering involves transitions from an
initial state with ψi(kx, ky) to a final state with ψf (−k′

x, k′
y).

Due to the opposite spin polarization of the initial and final
states, momentum scattering is accompanied by a spin-flip,
ψi(kx, ky, σ ) → ψf (−k′

x, k′
y,−σ ). More intense momentum

scattering leads to more effective spin relaxation, and the
spin-relaxation rate τ−1

s follows the momentum relaxation
rate, τ−1

p , τ−1
s ∼ τ−1

p , which is the dependence typical to
the EY mechanism. Scattering between different ky momenta
without a change in kx will not change the spin, reducing
the total spin-flip probability by half on average, assum-
ing isotropic momentum scattering. The effectiveness of this
mechanism, however, can be reduced by applying a small
bias voltage along the ky direction, which should limit the
kx → −kx scattering. The in-plane spin components should
relax incomparably faster than the sz. Due to the large �2

⊥,x/y,
�⊥,x/yτp ≈ 1, and the sx/y spin lifetime is limited by τp.

For asymmetric encapsulation, the typical motional nar-
rowing regime of the DP mechanism applies, since for all
spin-orbit field components �⊥,iτp � 1, assuming τp = 0.1
ps, see Fig. 5(b). In this case the estimated spin lifetimes are
on the order of 0.1 ns, which is an approximately ten-times-
shorter timescale than for the EY mechanism.

IV. CONCLUSIONS

We studied the spin-orbit proximity effect in phospho-
rene symmetrically and asymmetrically encapsulated by two
WSe2 monolayers. Focusing on the phosphorene holes around
the � point, we were able to quantitatively describe its
spin physics using the spin-orbit Hamiltonian model based
on the C1v symmetry of the studied heterostructures. We
show that the overall spin-orbit field, which can be described
as a sum of the in-plane and out-of-plane spin-orbit field,
can be highly tunable using the studied trilayer heterostruc-
tures. Using the symmetric encapsulation, we were able to
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generate the spin texture consisting of the out-of-plane spin-
orbit field solely, mimicking the spin texture of phosphorene-
like group-IV monochalcogenide ferroelectrics. Furthermore,
we have demonstrated the sign switch of the induced out-of-
plane spin-orbit field by changing the twist angle between the
phosphorene and WSe2 monolayer from 0 to 60 degrees. Fi-
nally, we showed that in asymmetric heterostructures, the spin
texture of phosphorene hole bands has the dominant in-plane
component of the spin-orbit field, comparable to the Rashba
effect in phosphorene with an applied sizable external electric
field. We demonstrated significant modification and control
of the spin texture in phosphorene-based heterostructures,
motivating the research of different low common-symmetry
heterostructures as a platform for control of spin, mag-
netic, and/or exciton properties in materials important for
spintronics.
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Acta Phys. Slovaca 57, 565 (2007).

[4] W. Han, R. K. Kawakami, M. Gmitra, and J. Fabian, Nat.
Nanotechnol. 9, 794 (2014).

[5] N. Tombros, C. Jozsa, M. Popinciuc, H. T. Jonkman, and B. J.
van Wees, Nature (London) 448, 571 (2007).

[6] R. Jansen, Nat. Mater. 11, 400 (2012).
[7] R. Fiederling, M. Keim, G. Reuscher, W. Ossau, G. Schmidt,

A. Waag, and L. W. Molenkamp, Nature (London) 402, 787
(1999).

[8] H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Dietl,
Y. Ohno, and K. Ohtani, Nature (London) 408, 944 (2000).

[9] A. Avsar, J. Y. Tan, M. Kurpas, M. Gmitra, K. Watanabe, T.
Taniguchi, J. Fabian, and B. Özyilmaz, Nat. Phys. 13, 888
(2017).

[10] P. Noël, F. Trier, L. M. Vicente Arche, J. Bréhin, D. C. Vaz,
V. Garcia, S. Fusil, A. Barthélémy, L. Vila, M. Bibes, and J.-P.
Attané, Nature (London) 580, 483 (2020).
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[37] M. Milivojević, M. Gmitra, M. Kurpas, I. Štich, and J. Fabian,
Phys. Rev. B 108, 115311 (2023).

[38] Z. Y. Zhu, Y. C. Cheng, and U. Schwingenschlögl, Phys. Rev.
B 84, 153402 (2011).

[39] A. Kormányos, V. Zólyomi, N. D. Drummond, P. Rakyta, G.
Burkard, and V. I. Fal’ko, Phys. Rev. B 88, 045416 (2013).

[40] L. Sun, J. Yan, D. Zhan, L. Liu, H. Hu, H. Li, B. K. Tay, J.-L.
Kuo, C.-C. Huang, D. W. Hewak, P. S. Lee, and Z. X. Shen,
Phys. Rev. Lett. 111, 126801 (2013).

[41] N. Alidoust, G. Bian, S.-Y. Xu, R. Sankar, M. Neupane, C. Liu,
I. Belopolski, D.-X. Qu, J. D. Denlinger, F.-C. Chou, and M.
Zahid Hasan, Nat. Commun. 5, 4673 (2014).

[42] A. Kormányos, G. Burkard, M. Gmitra, J. Fabian, V. Zólyomi,
N. D. Drummond, and V. Fal’ko, 2D Mater. 2, 022001
(2015).

[43] C. Bradley and A. Cracknell, The Mathematical Theory of
Symmetry in Solids: Representation Theory for Point Groups
and Space Groups (Clarendon Press, Oxford, 1972).

[44] P. Li and I. Appelbaum, Phys. Rev. B 90, 115439 (2014).
[45] P. Lazić, Comput. Phys. Commun. 197, 324 (2015).
[46] P. E. F. Junior, M. Kurpas, M. Gmitra, and J. Fabian, Phys. Rev.

B 100, 115203 (2019).
[47] J. A. Wilson and A. D. Yoffe, Adv. Phys. 18, 193 (1969).
[48] P. Giannozzi et al., J. Phys.: Condens. Matter 21, 395502

(2009).

[49] P. Giannozzi et al., J. Phys.: Condens. Matter 29, 465901
(2017).

[50] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

[51] D. R. Hamann, M. Schlüter, and C. Chiang, Phys. Rev. Lett. 43,
1494 (1979).

[52] D. R. Hamann, Phys. Rev. B 88, 085117 (2013).
[53] M. Schlipf and F. Gygi, Comput. Phys. Commun. 196, 36

(2015).
[54] P. Scherpelz, M. Govoni, I. Hamada, and G. Galli, J. Chem.

Theory Comput. 12, 3523 (2016).
[55] M. Methfessel and A. T. Paxton, Phys. Rev. B 40, 3616 (1989).
[56] S. Grimme, J. Comput. Chem. 27, 1787 (2006).
[57] V. Barone, M. Casarin, D. Forrer, M. Pavone, M. Sambi, and A.

Vittadini, J. Comput. Chem. 30, 934 (2009).
[58] A. Tkatchenko and M. Scheffler, Phys. Rev. Lett. 102, 073005

(2009).
[59] O. A. Vydrov and T. Van Voorhis, J. Chem. Phys. 133, 244103

(2010).
[60] R. Sabatini, T. Gorni, and S. de Gironcoli, Phys. Rev. B 87,

041108(R) (2013).
[61] L. Bengtsson, Phys. Rev. B 59, 12301 (1999).
[62] G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).
[63] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
[64] R. Fei and L. Yang, Nano Lett. 14, 2884 (2014).
[65] A. David, P. Rakyta, A. Kormányos, and G. Burkard, Phys. Rev.

B 100, 085412 (2019).
[66] L. Cording, J. Liu, J. Y. Tan, K. Watanabe, T. Taniguchi,

A. Avsar, and B. Özyilmaz, Nat. Mater. (2024), doi:
10.1038/s41563-023-01779-8.

[67] R. J. Elliott, Phys. Rev. 96, 266 (1954).
[68] M. I. Dyakonov and V. I. Perel, Fiz. Tverd. Tela 13, 3581 (1971)

[Sov. Phys. Solid State 13, 3023 (1971)].

075305-8

https://doi.org/10.1103/PhysRevB.93.121405
https://doi.org/10.1038/ncomms14071
https://doi.org/10.1103/PhysRevX.9.011018
https://doi.org/10.1103/PhysRevResearch.5.033223
https://doi.org/10.1103/PhysRevB.108.115311
https://doi.org/10.1103/PhysRevB.84.153402
https://doi.org/10.1103/PhysRevB.88.045416
https://doi.org/10.1103/PhysRevLett.111.126801
https://doi.org/10.1038/ncomms5673
https://doi.org/10.1088/2053-1583/2/2/022001
https://doi.org/10.1103/PhysRevB.90.115439
https://doi.org/10.1016/j.cpc.2015.08.038
https://doi.org/10.1103/PhysRevB.100.115203
https://doi.org/10.1080/00018736900101307
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.43.1494
https://doi.org/10.1103/PhysRevB.88.085117
https://doi.org/10.1016/j.cpc.2015.05.011
https://doi.org/10.1021/acs.jctc.6b00114
https://doi.org/10.1103/PhysRevB.40.3616
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1002/jcc.21112
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1063/1.3521275
https://doi.org/10.1103/PhysRevB.87.041108
https://doi.org/10.1103/PhysRevB.59.12301
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1021/nl500935z
https://doi.org/10.1103/PhysRevB.100.085412
https://doi.org/10.1038/s41563-023-01779-8
https://doi.org/10.1103/PhysRev.96.266

