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Hydrostatic pressure control of the spin-orbit proximity effect, spin relaxation,
and thermoelectricity in a phosphorene-WSe2 heterostructure
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Effective control of interlayer interactions is a key element in modifying the properties of van der Waals
heterostructures and the next step toward their practical applications. Focusing on the phosphorene-WSe2

heterostructure, we demonstrate, using first-principles calculations, proximity-induced amplification of the
spin-orbit coupling in phosphorene by applying vertical pressure. We simulate external pressure by changing
the interlayer distance between bilayer constituents and show that it is possible to tune the spin-orbit field
of phosphorene holes in a controllable way. By fitting effective electronic states of the proposed Hamiltonian
to the first-principles data, we reveal that the spin-orbit coupling in phosphorene hole bands is enhanced
more than two times for experimentally accessible pressures up to 17 kbar. Correspondingly, we find that the
pressure-enhanced spin-orbit coupling boosts the Dyakonov-Perel spin relaxation mechanism, reducing the spin
lifetime of phosphorene holes by factor 4. We further explore the role of the lateral shift on the spin-orbit field
and reveal that the spin-orbit strength of phosphorene holes can be sizably modulated when strong pressure is
applied. We also found that the thermopower is governed mainly by the phosphorene and pressure reduces the
overall thermoelectric efficiency of the heterostructure.

DOI: 10.1103/PhysRevB.110.085306

I. INTRODUCTION

Van der Waals (vdW) heterostructures [1–5] represent a
unique class of materials and devices created by stacking
together individual layers of two-dimensional materials held
together by weak van der Waals forces. Using different com-
binations of materials, each with distinct properties, it is
possible for one material to inherit the properties of the other
via the proximity effect [6,7].

In the field of spintronics [8–12], focusing on the manip-
ulation of an electron’s spin, it has been shown that vdW
heterostructures can be used to modify sizably the spin-orbit
coupling strength [13–17] and induce magnetism [18–22]
into the material of interest using the proximity effect. Phos-
phorene [23–29], a single layer of black phosphorus, is a
semiconducting material with a sizable gap [30–33] and
the potential to overtake graphene [12] in future spintronics
devices, provided that a sizable spin-orbit coupling and/or
magnetism can be induced in a system.

*Contact author: marko.milivojevic@savba.sk; milivoje-
vic@rcub.bg.ac.rs

†Contact author: martin.gmitra@upjs.sk

Quite recently we have shown that combining materials
with different crystal structures provides an excellent platform
for the engineering of exotic spin texture in a low-symmetry
[34,35] or symmetry-free [36] environment. Specifically, in
a mixed-lattice heterostructure made of phosphorene and
WSe2, a material with giant spin-orbit coupling [37,38], we
have shown that the sizable spin-orbit coupling can be in-
duced in phosphorene holes, with the strengths exceeding
the values when phosphorene is subjected to the perpen-
dicular electrical field [39,40]. Furthermore, we have shown
that by symmetrical and asymmetrical encapsulation of phos-
phorene [35] by WSe2 monolayers, one can tune both the
strength and the type of spin texture induced in phosphorene
holes.

In this paper, we investigate another knob for the fine-
tuning of the spin-orbit proximity effect, namely, the hydro-
static pressure. It has been demonstrated to be a promising
approach for the modification of interactions between the
vdW heterostructure constituents, resulting in a series of novel
phenomena predicted theoretically [41–43] and experimen-
tally [44–51]. Also, it was shown that the spin-orbit proximity
effect depends on the interlayer distance between the het-
erostructure constituents [52], and is tunable with hydrostatic
pressure. Here we study electronic properties of the zero
twist angle phosphorene-WSe2 heterostructure showing that
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the spin-orbit coupling increases more than two times when
assuming pressures up to 17 kbar. We note that such pressures
are nowadays achievable in experimental setups [51]. We also
show that the tunability of the spin-orbit field by the pressure
can be traced to the decreased spin relaxation times for the
phosphorene holes. This represents an experimentally acces-
sible way [29,53] to trace the spin-orbit strength engineered
by pressure indirectly.

It has been predicted that both phosphorene and WSe2

possess excellent thermoelectric properties [54–58], making
them promising candidates for advanced energy conversion
applications. The effective handling of thermoelectric materi-
als is crucial in converting temperature gradient into electrical
energy and vice versa, which is essential for sustainable and
efficient energy solutions. Optimal thermoelectric properties
of materials are highly desirable for future energy harvest-
ing and environmentally friendly reasons [59], such as the
development of portable, solid state, passively powered elec-
tronic systems. Figure of merit ZT , a dimensionless thermal
to electric conversion quantity, can be enhanced through
quantum confinement effects [60]. These effects have been
demonstrated on several phosphorene nanostructures [61,62],
including nanorings that show high thermopower performance
on the order of ∼5000 µV/K [63]. Among the wide appli-
cations of black phosphorus, the wide tunability of its band
gap [64] makes it suitable for thermoelectric applications
such as thermal energy scavenging near room temperature.
For naturally hole-doped bulk black phosphorus, the See-
beck coefficient at room temperature is about 335 µV/K
[65], and it can be further enhanced by ion gating [66].
This tunability makes black phosphorus an excellent ma-
terial for fine-tuning thermoelectric properties to optimize
performance under various conditions. The anisotropic elec-
trical and lattice thermal conductance properties of black
phosphorus [67–70] further enhance its suitability for thermo-
electric applications. These properties result in pronounced
directional dependencies, leading to orthogonal conducting
directions [71] which can be utilized to maximize thermoelec-
tric efficiency. Studies on strain effects have revealed that both
black phosphorus and phosphorene are potential materials
for medium- to high-temperature thermoelectric applications
[72,73]. Furthermore, in semiconducting nanostructures, the
breakdown of the Wiedemann-Franz law allows for the pos-
sibility of exceeding the conventional upper limit of ZT
[74], thereby boosting the potential of vdW heterostructures
for practical thermoelectric applications. Motivated by these
findings, in the final section, we will also explore thermoelec-
tric properties of the phosphorene-WSe2 under hydrostatic
pressure.

This paper is organized as follows. In Sec. II we present
the geometry of the phosphorene-WSe2 heterostructure, in-
troduce the notion of the vertical pressure applied to the
heterostructure, and provide all the relevant numerical de-
tails for the performed first-principles calculations. In Sec. III
the effect of applied pressure on electronic bands of the
phosphorene-WSe2 heterostructure is discussed with a partic-
ular emphasis on the spin-orbit coupling, spin relaxation of
phosphorene holes close to the � point, and thermoelectric
properties. Finally, Sec. IV summarizes the most important
findings.

(a) (c)

(b) (d)

FIG. 1. Side (a) and top (b) view of the phosphorene-WSe2 het-
erostructure subjected to the vertical pressure. The heterostructure
is constructed in such a way that its x/y direction corresponds to
the zigzag/armchair edge of the phosphorene ML. In (c) and (d),
the Brillouin zones of phosphorene and WSe2 MLs, respectively, are
shown, with marked high-symmetry points.

II. ATOMIC STRUCTURE AND FIRST-PRINCIPLES
CALCULATION DETAILS

In Figs. 1(a) and 1(b), we present top and side views of
the atomic structure models of the phosphorene-WSe2 het-
erostructure subjected to hydrostatic pressure P. The supercell
of the considered heterostructure contains 20 phosphorene
(5 unit cells), 8 tungsten, and 16 selenium atoms and was
constructed using the CellMatch code [75]. Since we fo-
cus on the properties of phosphorene, we keep its lattice
vectors unstrained. A minor strain of 0.51% was applied
to WSe2 to satisfy the commensurability condition required
by the periodic simulation cell. Lattice vectors of the phos-
phorene monolayer (ML) are equal to a = a ex, b = b ey,
where a = 3.2986 Å and b = 4.6201 Å [76], while the lat-
tice vectors of the WSe2 ML correspond to a1 = aWex, a2 =
aW(−ex + √

3ey)/2 (aW = 3.286 Å [77]). The corresponding
Brillouin zones (BZs) of the heterostructure constituents are
depicted in Figs. 1(c) and 1(d). First-principles calculations
of the phosphorene-WSe2 heterostructure were performed us-
ing the plane wave QUANTUM ESPRESSO (QE) package
[78,79]. The Perdew-Burke-Ernzerhof exchange-correlation
functional was employed [80]. Atomic relaxation was per-
formed using the quasi-Newton scheme and scalar-relativistic
SG15 optimized norm-conserving Vanderbilt (ONCV) pseu-
dopotentials [81–84]. For ionic minimization, the force and
energy convergence thresholds were set to 1 × 10−4 Ry/bohr
and 10−7 Ry, respectively. Additionally, the Monkhorst-
Pack scheme with a 56 × 8 k-point mesh was used, small
Methfessel-Paxton energy level smearing of 1 mRy [85],
and kinetic energy cutoffs for the wave function and charge
density 80 Ry and 320 Ry, respectively. We performed our
calculations using three different van der Waals corrections:
Grimme’s DFT-D2 (D2) [86,87], nonlocal rvv10 [88,89], and
Tkachenko-Scheffler (TS) [90]. In all cases, a vacuum of 20 Å
in the z direction was employed. For the relaxed structures,
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TABLE I. The modifications of the vertical pressure and the
percentage changes of the in-plane dimensions of the heterostruc-
ture cell in the x and y directions, δx and δy, upon reducing the
vertical distance dp. We performed relaxation calculations using
three different vdW corrections: Grimme-D2, nonlocal rvv10, and
Tkachenko-Scheffler.

vdW dp (Å) P (kbar) δx (%) δy (%)

D2 0.1 2.59 0.71 −0.42
0.2 5.57 0.77 −0.31
0.3 9.02 0.86 −0.17
0.4 12.59 0.95 −0.02
0.5 16.50 1.04 0.18

rvv10 0.1 2.04 0.96 −0.19
0.2 4.69 1.02 −0.10
0.3 7.94 1.10 −0.02
0.4 11.55 1.18 0.17
0.5 15.68 1.28 0.36

TS 0.1 1.28 0.67 −0.72
0.2 2.56 0.70 −0.69
0.3 4.07 0.73 −0.65
0.4 4.95 0.74 −0.66
0.5 7.99 0.84 −0.52

the average distance between the bottom phosphorene and the
closest selenium plane in the z direction is equal to 3.31 Å,
3.41 Å, and 3.66 Å for the vdW corrections D2, rvv10, and
TS, respectively. Application of the hydrostatic pressure af-
fects mostly the interlayer distance between the phosphorene
and WSe2. The calculation procedure we adopted is as fol-
lows: we started from the equilibrium structure and reduced
the vertical distance between phosphorene and WSe2 mono-
layer by dp. Next, we relaxed both the lattice parameters
and atomic positions while fixing the z components of the
outermost phosphorene and selenium atoms. In this way, the
relaxation of lateral lattice parameters lowers the in-plane
stress in the heterostructure. Constraining the thickness by fix-
ing the outermost atoms, a pressure with a dominant vertical
component arises.

In the case of noncollinear density functional theory (DFT)
calculations with spin-orbit coupling, the k-point mesh and
kinetic energy cutoffs for the wave function and charge den-
sity were the same as in the relaxation calculations. We used
fully relativistic SG15 ONCV pseudopotentials and increased
the energy convergence threshold to 10−8 Ry. In all cases,
the dipole correction [91] was taken into account to prop-
erly determine the energy offset due to dipole electric field
effects. Finally, we have performed a series of noncollinear
DFT calculations with a nonzero electric field applied per-
pendicular to the heterostructure plane. The presence of such
a field was modeled by a zigzag potential that changes its
slope in the vacuum region, with strengths from −1 V/nm to
1 V/nm [91].

III. ANALYSIS OF THE PRESSURE-MODULATED BAND
STRUCTURE

In Table I we present the calculated pressure values for dp

ranging from 0.1 Å to 0.5 Å. Since lateral lattice parameters

are free to change, we also present the relative changes δx and
δy of the in-plane dimensions of the heterostructure cell in the
x and y directions. Note that for the minimal unit of phos-
phorene, the changes in the x and y direction correspond to δx

and δy/5, respectively. The pressure increases roughly linearly
when reducing the heterostructure’s effective thickness, with
values in the range of the experimental setups (18 kbar in the
graphene-WSe2 heterostructure [51]).

The discrepancies in the calculated pressure using different
vdW corrections come solely from the unequal initial inter-
layer distances of the relaxed heterostructure using D2, rvv10,
and TS vdW corrections. Thus, although the absolute change
of the heterostructure thickness is the same for all three vdW
corrections, the relative change is not the same. That is why
the calculated pressure in the heterostructure relaxed using
the TS vdW correction, having the sizable larger interlayer
distance when compared to the D2 and rvv10 cases, is much
lower than in the other two cases.

To analyze the changes induced by pressure on the elec-
tronic properties of the phosphorene-WSe2 heterostructure, in
Fig. 2, we present the band structure unfolded to the X�Y path
of the Brillouin zone of phosphorene in four distinct cases (we
assume D2 vdW correction in all 4 cases): (a) heterostruc-
ture without pressure, (b)–(d) heterostructure subjected to the
pressure of 2.59, 9.02, and 16.50 kbar, respectively. The most
prominent effect of the applied pressure is the increase of the
direct band gap at the � point, which suggests a weakening of
the interaction between the valence and conductance bands.
The top valence phosphorene band dispersion around the �

point remains almost unchanged. The K valley band of WSe2

maps along the �X direction, and the � valley band forms
the lower-lying valence band. Under pressure, the lower-lying
valence band moves closer to the top valence phosphorene
band. Therefore, one can expect an increased spin-orbit cou-
pling proximity effect in phosphorene holes. Hybridization of
the K valley WSe2 band and phosphorene hole band at about
−0.4 eV is responsible for transferring the z component of
spin to the phosphorene.

To get a quantitative insight into the changes in the spin-
orbit proximity effect due to the applied pressure, in what
follows we will analyze the spin-orbit field of phosphorene
holes around the � point and compare it to the values obtained
for the fully relaxed heterostructure configuration [34].

A. Effective parameters

The spin physics of phosphorene holes around the � point
can be well described in terms of the effective spin-orbit
coupling Hamiltonian compatible with the C1v symmetry of
the heterostructure [34,35],

Heff = λ1kxσy + λ2kyσx + λ3kxσz. (1)

The Hamiltonian (1) includes terms linear in momenta, as
well as the Pauli spin operators σi, i = x, y, z, which are
connected to the spin operators Si through the relation Si =
h̄/2σi. Whereas the λ1kxσy + λ2kyσx part of the total spin-
orbit field corresponds to the in-plane spin components and
can be created simply by applying the perpendicular electric
field, the out-of-plane component λ3kxσz is a signature of
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FIG. 2. Comparison of the hydrostatic pressure influence on the band structure in the phosphorene-WSe2 heterostructure with the fully
relaxed one (a), unfolded to the X�Y path of the phosphorene Brillouin zone. In panels (b)–(d), the phosphorene-WSe2 heterostructure was
exposed under the hydrostatic pressure equal to 2.59 kbar, 9.02 kbar, and 16.50 kbar, respectively. In all cases, the heterostructures were relaxed
using the QE code and the Grimme-D2 vdW correction.

the mixed-lattice heterostructure that triggers the effective
in-plane electric field into the phosphorene monolayer.

Although the effective form of the spin-orbit coupling
Hamiltonian can be deduced from symmetry, the spin-orbit
coupling parameters λ1, λ2, and λ3 need to be determined by
fitting the model (1) to the DFT data. This was done in the
following way: for each studied configuration, the DFT data
about the spin splitting energy and spin expectation values of
the top valence band around the � point were fitted to the
spin-orbit coupling Hamiltonian model. For the fitting, we
considered the X� and �Y paths, up to the distance 0.009 Å−1

away from the � point. The obtained spin-orbit coupling pa-
rameters as a function of the dp for phosphorene holes are
given Figs. 3(b)–3(d). The pressure dependence on dp, given
in Table I, is also plotted in Fig. 3(a). Comparing the spin-orbit
coupling parameters values to the zero-pressure case (dp = 0)
[34] one sees that the pressure enhances the spin-orbit cou-
pling λ parameters by a factor of 3. This is expected since
the acquired spin-orbit coupling of phosphorene holes comes
due to the proximity effect, which depends on the interlayer
distance [34]. Thus, the presence of vertical pressure de-
creases the distance between the constituent MLs (strengthens
the interlayer hopping) and at the same time increases the
proximity-induced spin-orbit coupling. The controllability of
the distance between the MLs through the vertical pressure
suggests that pressure can be used as an experimentally ac-
cessible fine-tuning knob for the control of the spin physics
in proximitized phosphorene. Although demonstrated in the
example of phosphorene-WSe2 heterostructure with zero twist
angle, the obtained results can be easily extended to the
60◦ twist angle case. As shown in [34], the dominant dif-
ference in the spin texture of phosphorene holes around the
� point in the case of zero and 60◦ twist angle lies in the
sign change of the λ3 parameter only due to the discovered
[34] valley-Zeeman nature of the spin-orbit field kxσz. Our
results also suggest that the vertical pressure does not lead
to a qualitative change in the type of spin texture induced due
to the proximity effect. Thus, the tunable increase of the spin-
orbit proximity effect can be expected in phosphorene-based

trilayer heterostructures, in which phosphorene is sym-
metrically or asymmetrically encapsulated by two WSe2

monolayers [35].
Finally, we discuss and compare the fine-tuning of the

spin-orbit proximity effect using hydrostatic pressure with
the electric field tuning of the spin-orbit coupling. As known
from Ref. [39], the Rashba effect in phosphorene leads to the
appearance of the in-plane spin texture only, triggered by the
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FIG. 3. Dependence of the pressure (a) and spin-orbit coupling
parameters of phosphorene holes [(b)–(d)] around the � point on the
interlayer distance change dp for three considered vdW corrections.
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FIG. 4. Dependence of spin-orbit parameters of the model
Hamiltonian (1) on the transverse electric field amplitudes for three
considered vdW correction types.

broken inversion symmetry. Besides that, in the phosphorene-
WSe2 heterostructure, there is an additional possibility to tune
the out-of-plane spin-orbit field with the electric field. By per-
forming a series of calculations for the relaxed heterostructure
using the D2 vdW correction and the electric field strengths
from −1 V/nm to 1 V/nm in steps of 0.4 V/nm, we have
determined the λ parameters in all the studied cases, obtained
after fitting the spin-orbit Hamiltonian model (1) to the DFT
data; see Fig. 4. The calculations show that the negative elec-
tric field increases all the components of the spin-orbit field,
although not as efficiently as when the vertical pressure is ap-
plied. Thus, pressure represents a promising alternative to the
traditional approaches of modulating the spin-orbit coupling
strength in proximitized materials, such as the electric field
tuning utilizing the Rashba effect.

B. Pressure-modulated spin relaxation time of phosphorene
holes

Spin relaxation times represent an experimentally measur-
able quantity that is dependent on the spin-orbit coupling
strength. While in pristine phosphorene the upper limit of
spin relaxation times [29,53] comes from the Elliot-Yaffet
mechanism [92], the proximity-induced spin-orbit coupling in
phosphorene on a WSe2 monolayer triggers the Dyakonov-
Perel (DP) spin relaxation mechanism [93]. Within the DP
regime, the spin relaxation time τi can be calculated using the
relation

τ−1
i = �2

⊥,iτp, (2)

where �2
⊥,i = 〈�2〉 − 〈�2

i 〉 corresponds to the Fermi surface
average of the squared spin-orbit field component �2

k⊥,i that

is perpendicular to the spin orientation i = {x, y, z}, while τp

is the momentum relaxation time. From the first-principles
calculations, one can directly extract the spin-orbit field �k,i

for the spin-split top valence band of phosphorene at the given
k point of the BZ using the relation [94]

�k,i = �so

h̄

si

|s| , (3)

in which the �so corresponds to the spin splitting value, while
si is equal to the expectation value of the spin-1/2 operator at
k. Using the Fermi contour averaging formula

〈�2
i 〉 = 1

ρ(EF )SBZ

∫
FC

�2
k,i

h̄|vF (k)| , (4)

in which SBZ represent the Fermi surface area, ρ(EF ) corre-
sponds to the density of states per spin at the Fermi level,
vF (k) is the Fermi velocity, while the integration goes over
an isoenergy contour, one can calculate �2

⊥,i for different
hydrostatic pressure values, and correspondingly, analyze the
influence of the hydrostatic pressure on DP spin relaxation.
Results of such calculations for the top valence band and three
spin components are shown in Fig. 5. First, we notice that
the spin relaxation times in all three directions are on the same
timescale, which can be rationalized by the same energy scale
of the λ parameters given in Fig. 3.

For weak hole doping, when crystal momenta are relatively
close to the � point, the ratio �2

⊥,i(dp = 0.5 Å)/�2
⊥,i(dp =

0 Å) is roughly 4 for all spin directions. It can be connected
to factor 2 increase of λ parameters with pressure, since
�2

k,x/y/z ∼ s2
x/y/z ∼ (λ2/1/3)2. Increasing the doping to EF ≈

30 meV, the ratio �2
⊥,i(dp = 0.5 Å)/�2

⊥,i(dp = 0 Å) reduces
to approximately 3. One could explain this modification with
the increased influence of the higher in k order corrections
to the spin-orbit field when moving from the � point, which
is not included in (1). Thus, we have established a clear cor-
respondence between the increase in the spin-orbit coupling
strength and the decrease of τi. We believe that this correspon-
dence can be exploited as a simple tool for the detection of the
hydrostatic-pressure-induced effects on spin-orbit coupling.

C. Influence of the lateral shift on the spin-orbit proximity effect

As a next step, we investigate the influence of the lat-
eral shift between the phosphorene and WSe2 MLs on the
proximity-induced spin-orbit effect in phosphorene. To com-
pare the result with the case of the zero shift, we will analyze
the lateral change in the y direction that is compatible with the
C1v symmetry of the heterostructure. Thus, we can investigate
the lateral shift effect by comparing the changes in λ param-
eters of phosphorene holes around the � point. Concretely,
we have analyzed the lateral shifts rs from 0 Å to 2.4 Å in
steps of 0.4 Å, where 2.4 Å roughly corresponds to half of
phosphorene’s lattice parameter b in the y direction. Further-
more, in all the calculations, D2 vdW correction was assumed.
To investigate the combined role of the hydrostatic pressure
and the lateral shift, besides the case of zero pressure, we
have analyzed the cases of three different interlayer distance
changes dp, 0.1 Å, 0.3 Å, and 0.5 Å.

The changes of spin-orbit parameters due to the lateral shift
can be well understood using the average spin-orbit coupling
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FIG. 5. Calculated average spin relaxation rate τ−1
i of phosphorene hole states for spin components i = {x, y, z}, in units of momentum

relaxation time τp (ps), versus the position of the Fermi level EF , measured from the top of the valence band, and for different values of
hydrostatic pressure, given in kbar units. In all studied cases, the phosphorene-WSe2 heterostructure was relaxed using the Grimme-D2 vdW
correction.

strength λaver
i = 〈λi(rs)〉, i = 1, 2, 3, and its error bar �λi, de-

fined as the mean square deviation �λi = √〈[λaver
i − λi(rs)]2〉

from the mean value λaver
i . The results are gathered in Fig. 6,

showing the negligible variation of spin-orbit parameters for
zero and weak pressures, whereas for significantly strong
vertical pressure strength there is a notable variance of λ

parameters. The nontrivial correlation between the hydrostatic
pressure and the relative shift between phosphorene and WSe2

monolayer can be explained by much stronger repulsion be-
tween the bottom phosphorene and top Se atoms when their
relative distance is minimized due to the lateral shift.

D. Thermoelectric effects

Furthermore, we show that not only spin but also thermo-
electric properties of the phosphorene-WSe2 heterostructure,

FIG. 6. Influence of the lateral shift in the y direction on the spin-
orbit coupling parameters λ1/2/3. The height of the bars corresponds
to the mean value of the parameter amplitude while the error bars
are mean square deviations calculated for a set of mutual lateral
shifts of phosphorene with respect to WSe2. The phosphorene-WSe2

heterostructure was relaxed using the Grimme-D2 vdW correction in
all studied cases.

being dependent on the electronic structure of the studied sys-
tem, can be successfully tuned with the hydrostatic pressure.
In Fig. 7, we present the figure of merit, ZT , at 300 K for
phosphorene-WSe2 heterostructure as a function of hole dop-
ing under various hydrostatic pressures. The dimensionless
figure of merit, ZT , characterizes the thermoelectric efficiency
and is defined by the equation ZT = S2σT/(κe + κl ), where
σ is the electrical conductivity, S is the Seebeck coefficient

FIG. 7. Calculated figure of merit (ZT ) as a function of hole
doping for various hydrostatic pressures given in kbar units at room
temperature. The inset shows ZT values for electron doping. The
zero point of the Fermi level is aligned with the top of the valence
band for hole doping and the bottom of the conduction band for
electron doping. The carrier concentration ranges from 2 × 1012 to
6 × 1013 cm−2, corresponding to the minimum and maximum dop-
ing values shown in the figure for both electrons and holes.
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or thermopower, T is the absolute temperature, κe is the elec-
tronic contribution to the thermal conductivity, and κl is the
lattice contribution to the thermal conductivity. The higher
ZT represents the higher efficiency of energy conversion. The
Seebeck coefficient, electrical conductivity, and electronic
thermal conductivity were calculated using Boltzmann trans-
port theory as implemented in the BoltzTraP code [95].

The phonon relaxation time for the flexural phonon mode
(z-direction acoustic mode, ZA) for phosphorene has a minor
contribution to the thermal conductivity attributed to the puck-
ered hinge-like structure of phosphorene [67]. The stacking
fault for the bulk WSe2 reduces the thermal conductivity,
affecting the group velocities, and limits the mean free path of
the out-of-plane phonon modes [96] via phonon localization
and softening [97]. Detailed measurements of disordered bulk
WSe2 have reported a reduction of the thermal conductivity
on the order of 1 W/(m K) and interfacial thermal conduc-
tance 2.95 W/(mm2 K) [98]. We note that the κl ranges from
10 to 360 W/(m K), depending on the specifics of the cal-
culations [68–70,99–102]. Using micro-Raman spectroscopy
the anisotropic thermal conductivities due to the anisotropic
phonon dispersions were confirmed for few-layer black phos-
phorus and equal to ∼10 W/(m K) and ∼20 W/(m K) for
zigzag and armchair directions, respectively [103]. Therefore,
we assume fixed value κl = 15 W/(m K) based on reported
values. For the momentum relaxation time, we use the exper-
imental value τp = 136 fs [29].

As shown in Fig. 7, ZT initially decreases with increasing
hole doping level up to about 0.2e. Since the temperature and
κl are fixed in our calculations, the only parameters affecting
ZT are the Seebeck coefficient, electrical conductivity, and
electronic thermal conductivity. The electrical and electronic
thermal conductivity increase with rising doping levels, but
they do so at similar rates, such that their ratio remains
constant (results not shown here). Therefore, the Seebeck
coefficient is the primary factor influencing ZT with doping.
It is accepted that the enhanced thermoelectric performance
in 2D materials is mainly attributed to the increased See-
beck coefficient induced by the quantum confinement effect
and reduced lattice thermal conductivity arising from strong
phonon-phonon scattering [104]. In 2D materials, carriers are
confined to a plane, leading to a Seebeck coefficient that
differs from that in bulk materials. For 2D semiconductors, the
Seebeck coefficient can be described by S2D = 2π3k2

BT
3eh2 ( m∗

n ),
where kB, h, n, and m∗ are the Boltzmann constant, Planck
constant, carrier concentration, and effective mass around the
Fermi level, respectively [60,105,106]. Here S2D is inversely
proportional to n, highlighting a competition between n and
m∗. As doping increases, the carrier concentration rises, lead-
ing to a decrease in the Seebeck coefficient and, consequently,
a reduction in ZT . The turning point at a doping level of
about 0.2e is attributed to the contribution of phosphorene
bands. As seen in Fig. 2, shifting the Fermi level to negative
values initially intersects the WSe2 bands. Further increases
in energy toward the valence band incorporate contributions
from phosphorene, which alters the Seebeck coefficient and
results in the observed behavior in ZT . This effect can be
explained by considering the difference in band curvature
between phosphorene and WSe2. Phosphorene has a flatter
band structure compared to WSe2, which implies a larger

effective mass for charge carriers. The larger effective mass
in phosphorene leads to a higher density of states near the
Fermi level, which enhances the Seebeck coefficient. This
increased Seebeck coefficient from phosphorene contributions
compensates for the reductions from the WSe2, leading to
the observed turning point in the Seebeck coefficient and
thus in ZT . The calculated amplitudes of the ZT for zero
pressure are similar to the calculations for bare phosphorene
[107] suggesting a minor effect of the WSe2. Furthermore,
increasing hydrostatic pressures from 0 to 16.50 kbar initially
results in a less pronounced decrease in ZT with increasing
doping. This suggests that at lower doping levels, higher pres-
sures can mitigate the reduction in thermoelectric efficiency.
However, for doping levels beyond 0.2e, this trend reverses,
and we observe that the structure under no pressure exhibits
higher ZT values compared to those under high pressure. This
indicates that at higher doping levels, the beneficial effects of
pressure on the materials’ thermoelectric properties diminish,
and pressure may even become detrimental to ZT .

A reverse trend is observed for electron doping, as shown
in the inset of Fig. 7. Here, ZT initially increases with in-
creasing doping levels due to the enhanced contribution of
phosphorene bands (Fig. 2). This behavior also remains un-
changed under different hydrostatic pressures, indicating that
the thermoelectric properties of electron-doped systems are
less sensitive to pressure changes. However, under the high-
est hydrostatic pressures, ZT is observed to be the lowest.
This can be attributed to the upward shift of the phospho-
rene conduction bands caused by the applied pressure, which
reduces the effective density of states available for thermo-
electric transport, thereby lowering the ZT . Moreover, it is
noteworthy that the applied hydrostatic pressure does not af-
fect the anisotropy of the Seebeck components, Sxx/Syy, which
is about 0.9 for electrons and 0.8 for holes at 300 K.

The calculated relative change in Seebeck coefficients (1 −
SP/SPWSe2 ), where SP is the Seebeck coefficient of the phos-
phorene layer alone (obtained by removing the WSe2 layer)
and SPWSe2 is the Seebeck coefficient of the phosphorene-
WSe2 heterostructure, as a function of doping for various
hydrostatic pressures at room temperature is shown in Fig. 8.
At low hole doping levels (up to about 0.2e), the relative
change is negative, suggesting that the Seebeck coefficient
of the phosphorene layer alone is greater than that of the
phosphorene-WSe2 heterostructure. Beyond 0.2 e, the relative
change becomes positive. This indicates that SP is smaller than
SPWSe2 in this doping range, which aligns with the increased
contribution from phosphorene bands to the overall thermo-
electric performance of the heterostructure. The positive value
suggests that the heterostructure’s Seebeck coefficient is now
dominated by the effects of the combined layers, with phos-
phorene playing a crucial role in enhancing the thermoelectric
properties. The increase of SPWSe2 with respect to SP oc-
curs exactly at the point where the phosphorene bands start
contributing significantly to the heterostructure Seebeck coef-
ficient, as shown in Fig. 7. For electron doping the observed
behavior of the Seebeck coefficient relative change also con-
firms the trends seen in the figure of merit ZT . Specifically,
the enhancement of ZT with increased electron doping is
consistent with the positive value of the relative change at low
doping levels.
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FIG. 8. Calculated Seebeck coefficient relative change (1 −
SP/SPWSe2 ) as a function of hole doping for various hydrostatic pres-
sures given in kbar units at room temperature. The inset shows the
relative change for electron doping.

IV. CONCLUSIONS

We studied the influence of the vertical pressure in a mixed-
lattice heterostructure made of phosphorene and a WSe2

monolayer, which is a promising platform for the transfer of
spin-orbit coupling from WSe2, a strong spin-orbit coupling
material, to phosphorene, via the proximity effect. We focused
on the spin physics of phosphorene holes around the � point,
for which we have extracted the parameters of the model
spin-orbit Hamiltonian, compatible with the C1v symmetry
of the phosphorene-WSe2 heterostructure, for several values
of the hydrostatic pressure. We showed that for experimen-
tally accessible pressure values, the increase in the spin-orbit
coupling strength reaches a factor of 2 and is much more ef-
ficient than the prevalent electric-field tuning of the spin-orbit

interaction. Finally, we have calculated the spin relaxation
times of phosphorene holes related to the DP relaxation
mechanism and showed that the gradual tuning of spin-orbit
coupling strength by the hydrostatic pressure transfers to the
tunable decrease of spin relaxation times, offering a simple
route for indirectly determining the hydrostatic-pressure in-
fluence on the spin-orbit field in phosphorene using the spin
relaxation times, an experimentally available quantity in het-
erostructures based on phosphorene. Finally, our investigation
of the thermoelectric properties reveals that the thermoelectric
figure of merit, ZT , reduces with increasing pressure, and
it is sensitive to hole and electron doping levels at 300 K.
Specifically, ZT decreases with increased doping, primarily
due to changes in the Seebeck coefficient of phosphorene.
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