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Achieving nonvolatile and multistate manipulation of charge-spin conversion, including the Edelstein effect
(EE) and spin Hall effect (SHE), is crucial for high-density spintronic memory. Here, we propose a mechanism
to simultaneously control both EE and SHE in two-dimensional ferroelectric bilayers, where interlayer-
parallel and interlayer-antiparallel polarization configurations can coexist. Symmetry analysis shows that in the
interlayer-parallel states, reversal of the total polarization switches the sign of the EE, whereas changing to an
interlayer-antiparallel configuration suppresses the EE to zero, enabling electrically switchable current-induced
spin accumulation among three distinct states that could be used for ternary logic operations. Meanwhile,
the magnitude of the SHE can be tuned by switching between two different classes of polarization configu-
rations (interlayer-parallel and interlayer-antiparallel). Using first-principles calculations, we demonstrate this
mechanism in bilayer metallic ferroelectric PtBi2, where both interlayer-parallel and interlayer-antiparallel
polarization configurations are energetically stable. The EE coefficient χyx in interlayer-parallel states, which
reaches 109–1010 h̄/(A cm) near the Fermi energy and can be reversed by polarization switching, arises from
competing electron- and hole-pocket contributions near the Fermi surface. The intrinsic SHE coefficients, which
are in the range of 100–1000 (h̄/e)(S/cm) near the Fermi energy, originate from spin Berry curvature that can
be reshaped by polarization configuration variation and Fermi-level tuning. Our results establish ferroelectric
bilayers as an all-in-one platform for electrically programmable charge-spin conversion.
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I. INTRODUCTION

Charge-spin conversion is a fundamental phenomenon in
spintronics [1], enabling the mutual coupling between charge
currents and spin degrees of freedom and thus playing an
essential role in achieving all-electric control with low energy
consumption [2]. It is typically manifested in two representa-
tive effects: the Edelstein effect (EE) [3,4], which describes
current-induced nonequilibrium spin accumulation in non-
centrosymmetric systems [5–21], and the spin Hall effect
(SHE) [22], which denotes the transverse spin current gen-
erated by a longitudinal charge current. Quantitatively, the
EE can be described by δSi = χi jE j [4,23], where an applied
electric field Ej induces a nonequilibrium spin accumulation
δSi along the i direction. Meanwhile, the SHE can be de-
scribed by Ji

j = σ i
jkEk [22,24], where an applied electric field

Ek generates a spin current flowing along the j direction with
spin polarization along the i direction, with i, j, and k being
mutually orthogonal.

An important frontier in this field is the realization of
nonvolatile electrical control of charge-spin conversion, which
is essential for reconfigurable spintronics applications, includ-
ing spin logic [25–28] and neuromorphic computing [29].
Ferroelectric materials provide a promising platform for this
purpose, because their electrically switchable spontaneous
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polarization can couple to spin-orbit-coupled electronic struc-
tures and thereby modulate charge-spin conversion [30,31].
Consequently, charge-spin conversion in ferroelectric materi-
als has attracted growing attention as a route to electrically
switchable spin-orbit phenomena.

In many ferroelectric systems, polarization reversal is gen-
erally equivalent to a spatial inversion operation, resulting
in a reversal of the sign of the EE. Such ferroelectrically
switchable EE has been demonstrated in several systems
based on ferroelectric semiconductors [32–38], including
GeTe [32,38], In2Se3 [34], graphene/In2Se3 heterostructure
[39], and CsGeX3 (X = I, Br, Cl) [37].

A significant milestone was achieved with the discov-
ery that two-dimensional (2D) metals, despite electrostatic
screening, can exhibit not only polarizations (predicted for
bulk crystals [40] and observed in LiOsO3 [41]) but also
ferroelectric switching, which was recently proposed [42,43]
and experimentally demonstrated in the 1T’ phase of few-
layer WTe2 [40]. Ferroelectric control of EE, without external
doping, has been studied theoretically in bilayer 1T’-WTe2

[35] and monolayer PtBi2 [44], predicting efficient switchable
EE. In these studies, ferroelectric switching reverses the sign
of the EE, thereby enabling binary-state control.

If a ferroelectric system could realize nonvolatile control
among multiple polarization states by an electric field, it
would provide an opportunity for multistate modulation of
the EE. For example, such a system could simultaneously
achieve sign reversal and magnitude tuning of the EE, or
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enable switching among opposite EE signs and an on-off state,
thereby allowing higher information storage density. Nev-
ertheless, multistate manipulation of the EE in ferroelectric
systems remains elusive.

A related challenge concerns the nonvolatile control of
the SHE. But in contrast to the EE, the SHE conductivity
is invariant under spatial inversion. As a result, polarization
reversal, which is usually equivalent to a spatial inversion
operation, cannot by itself modulate the SHE. Thus, various
efforts have been devoted to manipulating the SHE in ferro-
electric systems with alternative mechanisms. For instance,
the SHE can be strongly modified by changing the atomic con-
figuration from a ferroelectric phase to a paraelectric phase,
which may be achieved by increasing the temperature [45,46].
However, such a transition cannot be realized nonvolatilely by
an electric field, because the paraelectric phase is generally
not stable under an external electric field. In addition, several
studies have suggested nonvolatile electrical control of the
SHE in heterostructures consisting of a ferroelectric substrate
and a nonmagnetic metal [47–49]. In these systems, the two
states with opposite polarizations are generally not related
by any symmetry operation, thereby allowing distinct SHE
responses between opposite polarization states. Nevertheless,
lattice mismatch at the interface of such heterostructures in-
evitably introduces defects, which may lead to uncontrolled
deviations in the SHE behavior. Therefore, it is highly desir-
able to identify new physical mechanisms in intrinsic polar
systems that enable nonvolatile electrical control of the SHE.

In this work, we propose a differentapproach that enables
simultaneous nonvolatile and multistate manipulation of both
the EE and SHE in ferroelectric systems. We consider a bi-
layer 2D ferroelectric system, in which the polarization state
can be switched not only between interlayer-parallel config-
urations with opposite total polarizations but also between
interlayer-parallel and interlayer-antiparallel configurations.
We show that in such a ferroelectric bilayer system, switching
between two distinct interlayer-parallel states with opposite
total polarizations reverses the sign of the EE while leav-
ing the SHE unchanged. In contrast, switching between an
interlayer-parallel state and an interlayer-antiparallel polariza-
tion state not only enables on-off switching of the EE but also
realizes nonvolatile modulation of the SHE. We demonstrate
this mechanism in bilayer PtBi2, where switching among
distinct polar states leads to modulation of both the EE and
SHE. For EE in polarization-parallel states, its value reaches
109 ∼ 1010 h̄/(A cm), and shifting the Fermi level upward
would cause the sign reverse of EE. For SHE, it reaches the
value of 100–1000 (h̄/e) (S/cm) and its magnitude can be
modified by tuning the Fermi level due to the reshape of spin
Berry curvature. Our findings provide further insight into the
nonvolatile manipulation of charge-spin conversion and may
be useful for future spintronic devices.

II. RESULTS AND DISCUSSION

A. Design principle

In a single-layer 2D ferroelectric system with out-of-
plane polarization, an external electric field can switch the
polarization between the up and down states, which are

FIG. 1. The design principle of multistate-tunable charge-spin
conversion. (a) Schematic illustration of four polarization configu-
rations in a bilayer ferroelectric systems. (b) The behavior of EE
and SHE under distinct polarization configurations. Here, X denotes
the magnitude of EE, while σ1, σ2, and σ3 denote three different
magnitudes of SHE.

related by spatial inversion operation. Upon such polariza-
tion switching, the EE reverses its sign while retaining the
same magnitude, whereas the SHE remains unchanged. The
situation becomes more versatile when two layers of a 2D
ferroelectric material are stacked to form a homobilayer, as
illustrated in Fig. 1(a). In such a ferroelectric bilayer, both
parallel and antiparallel alignments of the electric dipoles in
the two layers are, in principle, allowed, giving rise to four
polarization states: interlayer-parallel up-up (UU), interlayer-
antiparallel up-down (UD), interlayer-antiparallel down-up
(DU), and interlayer-parallel down-down (DD). Among these
states, the interlayer-parallel ferroelectric-like configurations
UU and DD possess finite polarizations with equal magnitude
and opposite sign. Since they are related by spatial inversion
operation, they host EEs with equal magnitude but opposite
sign, while their SHEs are identical, as shown in Fig. 1(b).
In contrast, the interlayer-antiparallel antiferroelectric-like
UD and DU states are inversion-symmetric and therefore
forbid a net EE. Meanwhile, because no symmetry op-
eration relates the UU, UD, and DU states, their SHEs
are not constrained by symmetry to be identical and can
therefore differ from one state to another, as shown in
Fig. 1(b).

Based on the above analysis, one can infer that (1) switch-
ing the polarization between the two interlayer-parallel UU
and DD states enables sign reversal of the EE, and (2) switch-
ing between the two classes of interlayer configurations,
interlayer-parallel states (UU and DD) and the interlayer-
antiparallel states (UD and DU), provides an effective route
to realize both on-off control of the EE and nonvolatile mod-
ulation of the SHE. These results highlight the potential of
2D ferroelectric bilayers as an all-in-one platform for the
nonvolatile manipulation of charge-spin conversion.

B. Basic structural and electronic properties

Now we demonstrate the above design principle using 2D
trigonal PtBi2 as a representative example. Bulk trigonal PtBi2

is accessible experimentally [50–53], and a previous theoreti-
cal study has predicted that monolayer PtBi2 can be exfoliated
from bulk trigonal PtBi2 and can exhibit an intrinsic metal-
lic ferroelectric state with electrically reversible out-of-plane
polarization [42]. Moreover, the C3v point-group symmetry
of monolayer PtBi2 allows the EE component χyx = −χxy,
whose sign can be reversed by ferroelectric switching [44]. By
considering different alignments of the electric polarization
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FIG. 2. Structure and electronic properties of bilayer PtBi2. (a)–(d) denote the bilayer PtBi2 with four distinct polarization configurations,
namely, interlayer-parallel up-up (UU), interlayer-antiparallel up-down (UD), interlayer-antiparallel down-up (DU), and interlayer-parallel
down-down (DD). The black arrow denotes the direction of electric polarization in each monolayer. (e)–(g) denote the band structure of
bilayer PtBi2 in UU, UD, and DU configuration, respectively. In (e) the Rashba-like band splittings at the � point are indicated in the circles.
Note that the central atoms in the upper and lower layers of the unit cell “climb” up (down) when the layer permanent dipole points up (down).
As a result, the interlayer distance between Bi atoms in the upper and lower layers changes significantly (Appendix A), leading to distinct SHE
values in the UD and DU configurations.

in each layer, four bilayer configurations can be constructed:
two interlayer-parallel states with opposite net polarizations,
namely, UU and DD, which possess noncentrosymmetric C3v

symmetry and therefore allow the existence of the EE; and two
interlayer-antiparallel states without net polarization, namely,
UD and DU, which possess centrosymmetric C2h symmetry
and therefore forbid the EE. By evaluating the transition path-
ways among these states (see Fig. 7 in Appendix B), we find
that the interlayer-parallel UU and DD states are energetically
favored, whereas the interlayer-antiparallel UD and DU states
are metastable configurations that can be accessed from the
UU or DD states under an external electric field. Quantita-
tively, the calculated energy barriers for transforming from the
UU-DD state to the UD and DU states are approximately 0.36
and 0.44 eV for each unit cell, respectively, while the barriers
for transforming from the UD and DU states back to the UU or
DD state are 0.23 and 0.12 eV for each unit cell, respectively.
These energy barriers are comparable to those of several ex-
perimentally demonstrated 2D ferroelectric systems, such as
CuCrSe2 (0.19 eV) [54], bilayer MoS2 (0.23 eV) [55], and
CuInP2S6 (0.2 eV) [56].

By changing the polarization state, the electronic band
structure also changes, which is shown in Figs. 2(e)–2(g).
As can be seen, all the interlayer-parallel (UU-DD) and
interlayer-antiparallel (UD-DU) states are metallic states.
Note that both stable interlayer-parallel and interlayer-
antiparallel states have so far been observed predominantly
in 2D insulating ferroelectric systems [57–61], whereas their
metallic counterpart remains exceptionally rare in experi-
mentally realized materials, despite their great potential for
high-efficiency, nonvolatile, and electrically controllable elec-
tronic devices. Specifically, for the UU-DD state which breaks
inversion symmetry, the band structure near the Fermi level
is quite complicated, with various Rashba-like band splitting
occurring at the � point. Near the � point, two bands ex-
hibiting quadratic dispersion cross the Fermi level and form
two electron pockets. In addition, several other bands intersect
the Fermi level at momenta away from the � point and thus
form hole pockets. In contrast, the UD and DU states preserve
inversion symmetry. Consequently, all bands remain spin de-
generate under PT symmetry, and Rashba-like spin splitting
is forbidden. This absence of spin splitting gives rise to a less
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FIG. 3. Calculated EE coefficient in bilayer PtBi2 as a function
of Fermi energy. Note that the EE in both UD and DU states is zero,
which is guaranteed by the inversion symmetry. A broadening of � =
0.01 eV is adopted. The Fermi level is set at 0 eV.

congested electronic band structure near the Fermi level, as
shown in Figs. 2(f) and 2(g).

C. Edelstein effect

The variation of the polarization state changes the crystal
symmetry and electronic structure, which may further lead
to distinct EE responses. Specifically, both interlayer-parallel
UU and DD states belong to the C3v point group, which per-
mits only two nonzero components of the EE tensor, satisfying
χyx = −χxy. Switching the polarization from the UU to the
DD state is equivalent to a spatial inversion operation and
therefore reverses the sign of the EE coefficient. By contrast,
the interlayer-antiparallel UD and DU states are centrosym-
metric and belong to the C2h point group. Consequently,
their EE response is forbidden by inversion symmetry. To
gain a quantitative understanding of the EE, we calculate the
symmetry-allowed EE coefficients as functions of chemical
potential and polarization state, as shown in Fig. 3. It can be
clearly seen that reversing the polarization between the two
interlayer-parallel states, UU and DD, indeed switches the
sign of the EE coefficient, whereas the interlayer-antiparallel
UD and DU states exhibit zero EE, consistent with the above
symmetry analysis. This demonstrates that the EE in bilayer
PtBi2 can be reversibly switched among positive, negative,
and zero-response states through polarization-state control,
enabling multistate manipulation of charge-spin conversion.

Quantitatively, for the UU state, the EE coefficient at EF =
0 eV is approximately 1.12 × 10−9 h̄m/V. Notably, such an
EE can exist intrinsically in this metallic ferroelectric system
without the need for additional doping. This behavior differs
from that in previously reported ferroelectric insulators, where
the EE can only be realized after doping the system into a
metallic regime. When the Fermi level is shifted upward to
EF = 0.05 eV, the EE coefficient reaches a local maximum
of 1.54 × 10−9 h̄m/V. Further upward shifting of the Fermi
level, which is in principle accessible by electrostatic gating,
leads to a monotonic decrease and eventual sign reversal
of the EE coefficient. At EF = 0.2 eV, the EE coefficient

reaches −1.54 × 10−9 h̄m/V. By normalizing the above EE
coefficients with the calculated electrical conductivity and
considering an effective thickness of 11 Å, the correspond-
ing normalized EE efficiencies are 6.54 × 109, 1.16 × 1010,
and −2.23 × 1010 h̄/(A cm) at EF = 0, 0.05, and 0.2 eV,
respectively. These magnitudes are comparable to, and even
larger than, those of previously reported ferroelectric systems
[21,34,35,37,44], which typically fall within the range of
109 ∼ 1010 h̄/(A cm)

Microscopically, the EE is dominated by electronic states
at the Fermi surface. Therefore, examining the evolution of
these electronic states with respect to the Fermi level is essen-
tial for elucidating the underlying mechanism of the nontrivial
EE in the interlayer-parallel configurations. To this end, we
analyze the Fermi surfaces states and the corresponding spin
textures at different chemical potentials for the UU state of
bilayer PtBi2, as shown in Fig. 4. At EF = 0 eV, two electron
pockets near the � point exhibit Rashba-like spin textures
with opposite helicities. The Fermi contour of the inner elec-
tron pocket is nearly circular, resembling that expected from
typical Rashba-type spin splitting, whereas the outer electron
pocket displays a warped Fermi contour, consistent with the
C3v symmetry of the system. In addition, several outer hole
pockets appear away from the � point, which may also con-
tribute to the EE. As the Fermi level is shifted to higher
energies, the inner electron pockets expand in area while
their shapes and spin textures remain qualitatively unchanged.
Meanwhile, the outer hole pockets gradually shrink and even-
tually disappear at EF = 0.2 eV. The above analysis applies
to the UU state. For the DD state, the Fermi-surface geometry
remains unchanged over the entire energy range considered,
whereas the spin textures are reversed due to the inversion-
related polarization switching (not shown).The evolution of
the Fermi surface with the Fermi level leads to corresponding
changes in its contribution to the EE. To gain further insight,
we rewrite the EE into a sum of k-resolved expression:

χyx = (2π )3

V N

∑
k

χyx(EF , k), (1)

where V and N is the volume of the unit cell and the total
number of k points used to sample the Brillouin zone (BZ),
respectively. The distribution of the k-resolved EE in the
UU configuration of bilayer PtBi2 is shown in Fig. 5. At
EF = 0 eV, the two inner electron pockets give rise to EE
contributions with opposite signs, consistent with the opposite
helicities of their Rashba-like spin textures. In addition, the
outer hole pockets also make a sizable contribution to the EE,
with the positive component being dominant. As the Fermi
level is shifted upward from EF = 0 eV to 0.2 eV, these outer
hole pockets gradually shrink and eventually disappear. Con-
sequently, the positive contribution is strongly suppressed, and
the total EE becomes increasingly dominated by the two inner
electron pockets, whose combined contribution is negative.
Meanwhile, the expansion of the inner electron pockets fur-
ther enhances their negative EE contribution. At EF = 0.2 eV,
an additional negative EE contribution emerges from the outer
electron pocket, further strengthening the overall negative re-
sponse. Together, these changes lead to a continuous decrease
in the total EE and ultimately drive its sign reversal from
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FIG. 4. The Fermi surface states as well as the corresponding spin textures for the UU state of bilayer PtBi2 at (a) EF = 0 eV, (b) EF =
0.1 eV, and (c) EF = 0.2 eV, respectively. The color of background shows the spectral density of the electronic states on the Fermi surface,
which is denoted in arbitrary unit. The arrows shows the direction and intensity of in-plane spin expectation values of these Fermi surface
states. The color of arrow represents the expectation value of out-of-plane spin components. The states from inner electron pockets near the �

point are circled, while the states out of the circle are from outer hole pockets.

positive to negative as the Fermi level is shifted upward. This
analysis shows that the EE in the interlayer-parallel configu-
ration of bilayer PtBi2 is governed by the interplay between
the inner electron pockets and the outer hole pockets. Such
interplay can be tuned by shifting the Fermi level through
electrostatic gating or chemical doping, thereby enabling sign
reversal of the total EE.

D. Spin Hall effect

Besides the nonvolatile manipulation of the Edel-
stein effect, another important charge-to-spin conversion
phenomenon—the SHE—can also be controlled in bilayer

PtBi2 by switching the polarization state. Note that UU-DD
states possess C3v symmetry, whereas the UD-DU states ex-
hibit C2h symmetry. Under the constraint of these symmetries,
both the conventional SHE component σ z

yx and the unconven-
tional component σ x

yx are allowed, while σ
y
yx is forbidden in

either the UU-DD state or UD-DU state by the mirror sym-
metry My. To obtain quantitative insight, we first evaluate σ z

yx
in different polarization states of bilayer PtBi2 as a function
of the Fermi energy, as shown in Fig. 6(a). The results reveal
that the SHE response varies substantially with the polariza-
tion configuration. Specifically, in the interlayer-parallel UU
state, σ z

yx exhibits pronounced fluctuations as the Fermi level

FIG. 5. The k-resolved EE coefficient [χyx (EF , k)] for the UU state of bilayer PtBi2 at (a) EF = 0 eV, (b) EF = 0.1 eV, and (c) EF =
0.2 eV, respectively. The red and blue denotes the positive and negative values of χyx (EF , k), respectively, which have been normalized to the
maxima value. The EE contribution states from inner electron pockets near the � point are circled, while the states out of the circle are from
outer hole pockets.
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FIG. 6. Calculated symmetry-allowed intrinsic spin Hall conductivity (a) σ z
yx and (b) σ x

yx in bilayer PtBi2 with distinct polarization
configurations as a function of Fermi energy. Note that the DD configuration yields an identical numerical result to the UU configuration
due to the constraint of inversion symmetry operation, and is not shown here. The Fermi level is set at 0 eV.

changes, alternating between sizable and nearly vanishing
values. At EF = 0 eV, σ z

yx reaches a considerable value of of
−610 (h̄/e) (S/cm), which is comparable to, and even larger
than, those of some previously reported ferroelectric systems
[44–49,61,62], typically on the order of 100 (h̄/e) (S/cm).
When the Fermi level is shifted upward to EF = 0.1 eV, the
negative σ z

yx is strongly suppressed and decreases to a much
smaller value of −25 (h̄/e) (S/cm). This suppression origi-
nates from the expansion of the positive contribution of the
spin Berry curvature in momentum space, as can be seen in
Fig. 8 in Appendix D.

For the UD state, σ z
yx is approximately −350 (h̄/e) (S/cm)

at EF = 0 eV, and shifting the Fermi level upward to EF =
0.1 eV induces only a moderate change. In contrast, for the
DU state, a positive σ z

yx of 118 (h̄/e) (S/cm) appears at
EF = 0 eV. Upon increasing the Fermi level to EF = 0.1 eV,
σ z

yx changes sign and becomes −318 (h̄/e) (S/cm). This sign
reversal can be attributed to the reduction of the positive spin
Berry curvature near the Brillouin-zone boundary, as shown
in Fig. 8 in Appendix D.

Having clarified the behavior of σ z
yx, we next evaluate the

unconventional SHE component σ x
yx, as shown in Fig. 6(b).

For the UU state, σ x
yx at EF = 0 eV is 136 (h̄/e) (S/cm), which

is much smaller in magnitude than the corresponding σ z
yx value

of −610 (h̄/e) (S/cm). Shifting the Fermi level upward to
EF = 0.1 eV leads only to a moderate variation in σ x

yx. A sim-
ilar trend is observed in the UD state, where σ x

yx at EF = 0 eV
is −189 (h̄/e) (S/cm), smaller in magnitude than σ z

yx [−334
(h̄/e) (S/cm)], and remains only moderately affected by the
upward shift of the Fermi level. For the DU state, however,
σ x

yx reaches 340 (h̄/e) (S/cm) at EF = 0 eV, exceeding the
corresponding σ z

yx value of 118 (h̄/e) (S/cm). When the Fermi
level is shifted upward to EF = 0.1 eV, σ x

yx decreases and
changes sign to −64 (h̄/e) (S/cm). Microscopically, this sign
change can be understood as resulting from the shrinkage of
the positive spin Berry curvature in the Brillouin zone, as can
be seen in Fig. 9 in Appendix D. These results demonstrate
that switching the polarization state in bilayer PtBi2 can in-
duce distinct SHE magnitudes and Fermi-level dependence.
This provides a promising route for the nonvolatile control of
spin currents in ferroelectric systems.

III. CONCLUSION

In conclusion, we propose a mechanism for the nonvolatile
control of both the EE and the SHE in ferroelectric sys-
tems. By stacking two ferroelectric monolayers into a bilayer,
both interlayer-parallel and interlayer-antiparallel polarization
configurations can be realized. This provides an additional
degree of freedom for manipulating charge-spin conversion.
In the interlayer-parallel configurations, the sign of the EE can
be reversed by switching the total polarization. In contrast,
by changing the polarization configuration from interlayer-
parallel to interlayer-antiparallel, the EE can be switched off,
enabling multistate control of current-induced spin accumu-
lation. Moreover, the magnitude of the SHE can also be
nonvolatilely tuned by changing the polarization configura-
tion of the ferroelectric bilayer between interlayer-parallel and
interlayer-antiparallel.

Based on first-principles calculations, we demonstrate that
such multistate-controllable intrinsic EE and SHE can be
realized in bilayer ferroelectric PtBi2, where both interlayer-
parallel and interlayer-antiparallel configurations are energet-
ically stable. Microscopically, the EE in the interlayer-parallel
states of bilayer PtBi2 arises from the competition between the
negative contribution from the inner electron pockets and the
positive contribution from the outer hole pockets. This com-
petition can be modified by shifting the Fermi level upward,
leading to a sign reversal of the total EE. Furthermore, the
SHE originates from the spin Berry curvature, whose distri-
bution in k-space can be altered either by switching between
interlayer-parallel and interlayer-antiparallel polarization con-
figurations or by shifting the Fermi level, thereby resulting in
a tunable SHE.

From a practical standpoint, the EE and SHE can be dis-
tinguished experimentally by their distinct spin-polarization
directions and field symmetries. For an in-plane current along
x, the EE produces a y-polarized spin density, while the SHE
in bilayer PtBi2 contains both z-polarized and x-polarized spin
current components. In nonlocal Hanle measurements with
an in-plane magnetic field along y, the EE (y-spin) signal
contributing to the nonlocal resistance is antisymmetric under
field reversal (B → −B), whereas the z-spin SHE signal is
symmetric under field reversal. Meanwhile, the x-spin SHE
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component can lead to antisymmetric nonlocal resistance un-
der field reversal when magnetic field is along the x direction.
Symmetrizing the nonlocal resistance with respect to B there-
fore resolves the EE and SHE with distinct spin polarization.
This symmetry-based discrimination is general and readily
applicable to analogous systems driven by in-plane currents
[6,63].

Our study thus not only provides insights on the functional
potential of multistate ferroelectric systems but also paves the
way toward nonvolatile and multistate control of charge-spin
conversion in realistic materials, which is beneficial for elec-
trically controllable spintronic devices in the future.
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APPENDIX A: COMPUTATIONAL METHODS

Our structural relaxation is carried out using density func-
tional theory (DFT), which is implemented in the VASP [64]
package based on the projector augmented waves (PAW)
[65] in the generalized-gradient approximation (GGA). The
Perdew-Burke-Ernzerhof (PBE) functional is adopted to de-
scribe the electron exchange-correlation effect [66]. The
structures of bilayer PtBi2 are relaxed until the forces are
less than 0.001 eV/Å and the energy difference is less than
10−6 eV. The energy cutoff is set to be 400 eV, and the k-space
is sampled with a Gamma-centered 12 × 12 × 1k-mesh. The
DFT-D3 van der Waals correction is adopted during the relax-
ation [67]. A vacuum layer of larger than 20 Å is adopted
to decouple the periodic layers along the z direction. The
calculated in-plane lattice constant for four distinct polariza-
tion states (UU-DD, UD, DU) are all approximately 6.56 Å,
which is consistent with the reported value in monolayer PtBi2

[44]. Meanwhile, the calculated interlayer distance between
upper and lower Bi atoms at the interface for UU-DD, UD,
and DU states are 2.27, 1.86, and 2.87 Å, respectively. The
ferroelectric switching pathways between distinct polarization
configurations are calculated with the nudged elastic band
(NEB) approach [68]. Having obtained the optimized atomic
structure of bilayer PtBi2, we calculate the electronic structure
using QUANTUM ESPRESSO code [69] with fully relativistic
pseudopotentials with the PAW method and PBE functional.
The energy cutoff of 500 Ry for charge density and 60 Ry for
wave function is adopted during the self-consistent calcula-
tion.

After the DFT calculations, the Wannier Hamiltonian is
constructed using Wannier90 code [70] in conjunction with
Quantum Espresso code. During the wannierization proce-
dure, we select the Pt-d and Bi-p orbitals as the projection

basis. Based on the obtained wannier Hamiltonian, we adopt
the Wanniertools package to evaluate the spectral density of
Fermi surface as well as the corresponding spin textures [71].
For the calculation of EE coefficient χi j , we employ the Linres
code [72] based on the Kubo formula. Specifically, the for-
mula of χi j can be written as [73–75]

χi j = − eh̄

πN

∑
k,m,n

�2Re(〈nk|Ŝi|mk〉〈mk|v̂ j |nk〉)

[(E f − εnk )2 + �2][(E f − εmk )2 + �2]
.

(A1)
Here, e is the elementary charge; n and m denote band

indices; k is the Bloch vector; EF is the Fermi energy; v̂ is
the velocity operator and Ŝ is the spin operator; εnk is the
eigenvalue; N is the total number of k points used to sample
the BZ; and � is the disorder parameter, which is related to the
relaxation time τ through τ = h̄/2�. It should be noted that
such EE originates mainly from electronic states at the Fermi
surface. This can be understood more clearly in the limit of
a small broadening parameter �, where the corresponding
expression can be approximated as [73]

χi j = − eh̄

2�N

∑
k,n

δ(εnk − EF )〈nk|Ŝi|nk〉〈nk|v̂ j |nk〉, (A2)

where the δ function explicitly indicates that only states at the
Fermi level contribute to the EE. Here, we set � = 0.01 eV,
which roughly corresponds to a reasonable sub-100-fs scat-
tering rate (broadening) while remaining much smaller than
interband separations. A 600 × 600 × 1k-point mesh is used
to obtain the converged EE coefficient.

The SHE consists of both intrinsic and extrinsic contribu-
tions. The intrinsic contribution is commonly described by the
Kubo formula, whereas the extrinsic contribution arises from
skew-scattering and side-jump mechanisms and is therefore
strongly dependent on disorder [22]. In this work, we focus
on the intrinsic SHE in a weak scattering limit. The intrinsic
spin Hall conductivity σ i

yx (i = x, y, z) is calculated using the
Kubo formula implemented in the Wannier90 code [76,77]:

σ i
yx = − eh̄

V N

∑
k,n

fnk

∑
m �=n

2 Im
[〈

nk
∣∣ ĵ i

y

∣∣mk
〉〈mk|v̂x|nk〉]

(εnk − εmk )2 ,

where ĵ i
y = 1

2 {Ŝi, v̂y} is the spin current operator. Such SHE
is intrinsic and does not depend on the extrinsic disorder
parameter �. Here, the SHE is calculated using a 600 × 600 ×
1k-point mesh to arrive at the converged results.

APPENDIX B: SWITCHING THE POLARIZATION STATES

We show the kinetic switching pathways between dis-
tinct polarization states in Fig. 7. By using the method
adopted previously in monolayer PtBi2 [42], the magnitude
of out-of-plane electric polarization for bilayer PtBi2 in the
UU-DD phase is calculated to be 0.86 pC/m, which is com-
parable with various typical 2D ferroelectric systems, such
as CuCrSe2 (1.9 pC/m) [54], bilayer MoS2 (0.61 pC/m)
[55], and 1T′-WTe2 (0.35 pC/m) [78]. Formally, one can es-
timate the critical switching field by Ec = 	Ebarrier/P, in
which 	Ebarrier denotes the switching barrier and P de-
notes the out-of-plane electric dipole in a unit cell. In our
case, the critical field for switching from interlayer-parallel
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FIG. 7. Transition pathway between distinct polarization config-
urations in bilayer PtBi2. The energy per unit cell is shown on the y
axis. The x axis represents the reaction coordinate along the polariza-
tion switching pathway, and each dot corresponds to an intermediate
atomic configuration. Four metastable states, namely, UU, UD, DU,
and DD, whose atomic structure can be seen in Fig. 2, are labeled in
the figure.

to interlayer-antiparallel states is thus estimated to be at the
order of 100 V/nm, hardly realizable experimentally.

However, such an estimated switching field should be
regarded as an intrinsic upper bound for a coherent, unit-cell-
level polarization reversal. In experiment, switching is more
likely mediated by nucleation of reversed domains followed
by domain-wall propagation, so the applied field only needs
to overcome a local nucleation barrier rather than the full ho-
mogeneous switching barrier, thus leading to a much smaller
critical field [79,80]. A similar situation is revealed in mono-
layer ferroelectric metal CuCrSe2. Based on its calculated
switching barrier and electric polarization [54], the estimated
intrinsic critical field is also on the order of 100 V/nm, yet
experimental piezoresponse force microscopy measurements
demonstrate polarization switching at a much smaller bias or
field scale (less than 5 V/nm) [81]. In fact, the polarization re-
versal of 2D ferroelectric metals has also been experimentally
reported previously in bilayer 1T’-WTe2 under a very small
electric field (less than 1 V/nm) [40]. Given that bilayer PtBi2

has a comparable switching barrier and out-of-plane polariza-
tion to monolayer CuCrSe2, it is plausible that the polarization
state of bilayer PtBi2 can also be switched experimentally
under a realistic electric field in the range of 1–10 V/nm.

APPENDIX C: NORMALIZING THE EE COEFFICIENT

In addition to the Edelstein effect discussed in the main
text,

δSi = χi jE j, (C1)

where δS characterizes the spin angular momentum (in units
of h̄) induced in a single unit cell by an electric field of
1 V/Å, and χi j has the unit of h̄Å/V. One may also define
a normalized current-induced Edelstein effect as

δSi = χ ′
i jJ j . (C2)

Here, χ ′
i j denotes the three-dimensional volume density of

spin angular momentum, in units of h̄/cm3, induced by a

current density of 1 A/cm2. Therefore, χ ′
i j has the unit of

h̄/(A cm).
The electric current density is related to the electric field

through

Jj = σ j jE j, (C3)

where σ j j is the longitudinal conductivity along the j direc-
tion. Accordingly, the Edelstein response coefficient χi j can
be converted into the normalized current-induced Edelstein
coefficient χ ′

i j as

χ ′
i j = χi j

V σ j j
, (C4)

where V is the effective volume of the system.
The longitudinal conductivity σ j j is calculated using the

Kubo formula implemented in the LINRES [72] code:

σ j j = e2h̄

πV N

∑
k,m,n

�2 Re[〈nk|v̂ j |mk〉〈mk|v̂ j |nk〉]
[(EF − εnk )2 + �2][(EF − εmk )2 + �2]

.

(C5)
Here, e is the elementary charge; n and m denote band

indices; k is the Bloch vector; EF is the Fermi energy; v̂

is the velocity operator, εnk is the eigenvalue; V is the vol-
ume of unit cell; N is the total number of k points used to
sample the BZ; and � = 0.01 eV is the disorder parameter.
Using the calculated longitudinal conductivity and an effec-
tive bilayer thickness of approximately 11 Å, we obtain the
normalized Edelstein efficiency. This normalized quantity is
largely insensitive to the choice of the broadening parameter
and therefore provides a reliable reference for comparing the
current-induced Edelstein response. This insensitivity can be
understood as follows: when � is small, both χi j and σii are
approximately inversely proportional to � and thus share the
same � dependence, which cancels out in the normalized
EE coefficient.

APPENDIX D: K-RESOLVED SPIN HALL EFFECT

To gain a better understanding on the microscopic origin of
SHE, we rewrite the spin Hall conductivity as

σ i
yx = e

2V N

∑
k


i
yx(k). (D1)

Here, 
i
yx(k) (i = x, z) is usually termed as spin Berry curva-

ture, which can be further expressed as


i
yx(k) =

∑
n

fnk

i
n,yx(k)

=
∑

n

fnk h̄2
∑
m �=n

−2 Im
[〈

nk
∣∣ 1

2

{
σ̂i, v̂y

}∣∣mk
〉〈mk|v̂x|nk〉]

(εnk − εmk )2 .

(D2)

We take the logarithm of 
i
yx(k) when plotting it, which

allows the rapid variations in the spin Berry curvature to be
visualized more clearly. The logarithmic quantity is defined
as


′ =
{

sgn(
) log10 |
|, |
| > 10,


/10, |
| � 10.
(D3)
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FIG. 8. Spin Berry curvature distribution for 
z
yx of bilayer PtBi2 in first BZ. (a1)–(a3) shows the spin Berry curvature in the UU, UD, and

DU state at EF = 0 eV, respectively. (b1)–(b3) shows the spin Berry curvature in the UU, UD, and DU state at EF = 0.1 eV, respectively. The
unit of spin Berry curvature is Å2.

The results for 
z
yx are shown in Fig. 8. As can be quali-

tatively observed, at EF = 0 eV, the DU state exhibits a more
positive spin Berry curvature distribution near the boundary
of the BZ. This behavior differs from those of the UU and
UD states, where the positive spin Berry curvature is mainly
concentrated around the � point. This observation correlates
well with the fact that, at EF = 0 eV, the UU and UD states
possess more negative SHE values than the DU state. When
the Fermi level is shifted to EF = 0.1 eV, a more positive spin
Berry curvature distribution emerges near the BZ boundary
for the UU state, whereas the distributions for the UD states
show no significant qualitative changes. Meanwhile, more
negative spin Berry curvature emerges near the BZ boundary
for DU states. The above analysis correlates well with the
fact that shifting EF from 0 to 0.1 eV leads to an increase
in the σ z

yx of the UU state and a decrease in the σ z
yx of the

DU state, while inducing only moderate changes in the UD
state.

We also show the results for 
x
yx in Fig. 9. As can be seen,

at EF = 0 eV, the DU state exhibits more positive spin Berry
curvature contribution than that of UU and UD states. This
observation is consistent with the fact that at EF = 0 eV, the
DU state possess more positive σ x

yx than that of UU and UD
states. When the Fermi level is shifted to EF = 0.1 eV, the
positive spin Berry curvature contributions are suppressed in
DU state, which correlates well with the fact that shifting the
Fermi level from 0 to 0.1 eV leads to an decrease in the σ x

yx of
the DU state.

APPENDIX E: EFFECT OF SUBSTRATE

Our calculations were performed for an ideal freestand-
ing bilayer of PtBi2. In real experimental setups, however,

FIG. 9. Spin Berry curvature distribution for 
x
yx of bilayer PtBi2 in first BZ. (a1)–(a3) shows the spin Berry curvature in the UU, UD, and

DU state at EF = 0 eV, respectively. (b1)–(b3) shows the spin Berry curvature in the UU, UD, and DU state at EF = 0.1 eV, respectively. The
unit of spin Berry curvature is Å2.
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a substrate is typically involved. The effect of a substrate
can manifest in two respects. First, the polarization switch-
ing barrier may be modified, since the interaction between
the substrate and the ferroelectric bilayer can alter the
electronic structure of the system and thereby reshape the
potential energy surface. Second, the presence of a sub-
strate changes the symmetry of the system, which in turn
affects the EE and the SHE. For instance, in the UD and
DU configurations, inversion symmetry forbids the EE in the
freestanding bilayer. Upon introducing a substrate, however,
the interfacial asymmetry breaks this inversion symmetry,

which could lead to the emergence of a finite EE even in
the UD and DU states.

Although a substrate can in principle induce the qualita-
tive effects discussed above, the actual quantitative impact
depends on the strength of the interaction between the sub-
strate and PtBi2. For weakly interacting substrates, such
as van der Waals substrates, the intrinsic electronic struc-
ture of PtBi2 is only mildly perturbed. Consequently, both
the modification of the switching barrier and the substrate-
induced change in the EE are expected to be rather
weak.
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