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Tunable intrinsic spin Hall conductivity in bilayer PtTe, by controlling the stacking mode
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We report a systematic study on the intrinsic spin Hall conductivity (ISHC) of bilayer PtTe, and explore
the connection between the stacking order and ISHC. We find that by changing the stacking mode, ISHC can
be manipulated from positive to negative values. Such strong stacking-dependent ISHC originates from the
interlayer coupling, in which Te atoms in the upper and lower layers can form either van der Waals or covalentlike
quasibonding depending on the stacking modes. Thus ISHC can be effectively tuned by changing the stacking
order. These results not only allow us to establish fundamental understanding of ISHC in bilayer PtTe, dependent
on the stacking mode but also provide guidelines for the application of bilayer PtTe, in next-generation spintronic

devices.
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I. INTRODUCTION

Spintronics is considered as a promising solution to over-
come the Joule heating generated in electronic devices, in
which the electronic and spin degrees of freedom of car-
riers are utilized to control the properties of materials and
devices. In the field of spintronics, spin current is one of
the key physical quantities. Generation and manipulation of
spin currents are of fundamental and technical significance
for spintronic devices. Among all possible approaches, the
spin Hall effect (SHE), which provides an efficient way to
convert charge current into spin current without magnetic
field, attracts much attention [1-5]. The SHE has a close
relationship to the anomalous Hall effect (AHE), which was
proposed by Dyakonov and Perel based on the assumption
of extrinsic electron scattering [6,7]. Since then, a number of
studies have been devoted to exploring the mechanism behind
the SHE [3,8-11]. In general, the SHE originates from three
distinct mechanisms, i.e., the skew scattering, the side jump,
and the intrinsic mechanisms. The first two mechanisms are
also known as the extrinsic SHE and are due to impurity
scattering and therefore sensitive to the character of the im-
purity potential [12-16]. By contrast, the intrinsic SHE is
independent of the presence of impurities and depends only
on details of the electronic band structure of the perfect crystal
[1,3,5].

The intrinsic effect, which may dominate the total SHE in
those materials with strongly spin-orbit-coupled bands, has a
direct link with the semiclassical theory in which the induced
interband coherence is captured by an anomalous velocity
due to the Berry curvature in momentum space [5]. This
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intrinsic contribution was developed by Jungwirth et al. for
AHE in ferromagnetic semiconductors [17] and then extended
to SHE by Murakami et al. [1] in a p-type semiconductor
and Sinova et al. [3] in a two-dimensional (2D) electron
system with substantial Rashba spin-orbit coupling. Moti-
vated by these results, a number of studies have been done
to predict the intrinsic spin Hall conductivity (ISHC), espe-
cially for metals. For example, using density functional theory
(DFT), Guo et al. found that the ISHC could be as large as
~2000 (i/e) (S/cm) at low temperature [11]. Tanaka et al.
[18] investigated 4d and 5d metals based on the tight-binding
model and showed that the sign of the ISHC could be changed
from Nb to Ag (Ta to Au) for 4d (5d) metals, which was later
observed in experiments [19]. A strong anisotropy of ISHC
was also reported by Freimuth et al. in nonmagnetic hcp met-
als and antiferromagnetic Cr [20]. In addition, the ISHC can
be further enhanced by substitutional doping, which can be
ascribed to the synergistic behavior of ISHC and longitudinal
conductivity with the Fermi level position [21].

It should be mentioned that most of the previous studies fo-
cus on heavy metals (e.g., Pt, W, and Ta). Though their ISHC
is large, it is considerably difficult to control and manipulate
the spin current in this kind of material. Thus searching for
novel materials with tunable ISHC becomes highly desirable.
The discovery of 2D layered material has offered an opportu-
nity to create and control spin current through SHE [22,23].
As an attractive class of 2D layered materials, transition
metal dichalcogenides (TMDs) are appealing because of their
rich physics and potential applications [24-27]. However,
theoretical studies related to intrinsic SHE in 2D materials
are limited to a few works which focused only on mono-
layer structures [28-30]. It is worthwhile to mention that the
bilayer or multilayer stacks can exhibit more intriguing prop-
erties. Furthermore, by changing the stacking order between
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different layers, the electronic structures and physical prop-
erties can be effectively tuned, which may be apparently dif-
ferent from the bulk or monolayer counterparts. For example,
the out-of-plane ferroelectric polarization of bilayer VS, was
predicted to be reversed upon interlayer sliding [31]. Recently,
Xiao et al. also demonstrated a nonvolatile memory based on
Berry curvature through electrically driven stacking transition
in few-layer WTe, [32]. Nevertheless, the connection between
the stacking order and the intrinsic SHE in 2D materials yet
remains unclear. In this sense, a comprehensive understanding
of the intrinsic SHE manipulated by stacking order in 2D ma-
terials is necessary. On the other hand, compared with group-6
TMDs (e.g., MoS,), group-10 TMDs show strong interlayer
coupling, which may be sensitive to the stacking order and can
dramatically affect the electronic properties and band struc-
tures [33,34]. In addition, it is reported that 2D PtTe, remains
metallic even down to bilayer thickness, which exhibits to date
the highest electrical conductivity at room temperature and the
largest ISHC among all investigated metallic TMDs [26,34—
36]. In view of the fact that the intrinsic SHE is dependent on
the band structure of the material, bilayer PtTe, may provide a
promising platform to explore the influence of stacking order
on the intrinsic SHE, which calls for further investigation.

In this paper, we take PtTe, as an example and explore the
connection between the intrinsic SHE and the stacking order.
Here, based on the DFT study, we find that the strength of
interlayer interaction is different depending on the stacking
orders. For the AB’ stacking mode, the interlayer coupling is
weak with a relatively long interlayer distance, suggesting a
van der Waals (vdW) characteristic. In this case, there exists a
tiny energy gap, and the bilayer PtTe, shares a similar behav-
ior of ISHC with its single-layer counterpart. When the system
slides to AB stacking mode, a medium interlayer interaction
is observed with a small number of electrons appearing in
the interlayer region. The enhanced interlayer coupling lifts
the valence bands upwards that cross the Fermi level, leading
to the transition from semiconductor to metal. As a result,
a positive ISHC is observed at the Fermi level. For the AA
stacking mode, the interlayer coupling between the top and
bottom layers becomes so strong that they form covalentlike
quasibonding. In addition, a large number of electrons are
observed to localize within the interlayer region. Electronic
bands are significantly modified, which reverses their con-
tributions to the spin Berry curvature, thus resulting in the
reversion of ISHC from positive to negative values. Through
this study, we analyze the mechanism for intrinsic SHE by
spin Berry curvature and illustrate that the interlayer stacking
order is an efficient way to control and manipulate the ISHC
dynamically in bilayer TMDs.

The rest of the paper is organized as follows. In Sec. II, the
DFT setup and theoretical details of calculating the ISHC are
presented. The electronic properties and results of the ISHC
for a PtTe, bilayer with different stacking configurations are
discussed in Sec. III. Finally, a brief conclusion is given in
Sec. IV.

II. COMPUTATIONAL METHODOLOGY

Our DFT calculations are performed using the QUANTUM
ESPRESSO package [37,38], in which the projector augmented-

wave method and a plane-wave basis set are employed. The
exchange-correlation interactions are treated by generalized
gradient approximation of the Perdew-Burke-Ernzerhof ap-
proach [39]. The plane-wave cutoff is chosen to be 90 Ry,
and the first Brillouin zone is sampled using a I'-centered k
mesh with 12 x 12, which gives rise to good convergence. To
better describe the vdW interaction, the structure is relaxed
using the DFT-D3 vdW corrections [40]. A vacuum of 20 A is
used to avoid the interactions between adjacent slabs. In this
paper, we use maximally localized Wannier functions and the
Kubo formula to calculate the ISHC [41-43]. To deal with
the rapid variation of the spin Berry curvature, the Brillouin
zone integration is carried out using a dense k mesh with
300 x 300.
The Kubo formula for ISHC is given by [43,44]
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where fi, is the Fermi-Dirac distribution function and
% (k) is the band-projected spin Berry curvature given as
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where ji = %{sz, vy} is the spin current operator, s° = 70° is
the spin operator, D, = %31:—,3‘) is the velocity operator, and
|kn) is the wave function of energy ex,. o, represents the con-
ductivity of spin current (J;) generated along the xth direction
with spin polarization along z due to an applied electric field
along the y direction. Note that in principle, the commonly
used spin current operator J¢ does not satisfy the continuity
equation in systems with nonconserved spin. To overcome
this issue, Niu and co-workers proposed a new spin current
operator based on the semiclassical theory, in which J* is
defined as J* = i[Hy, S*] [45,46]. Nonetheless, Monaco and
Ulcakar have proved recently that the spin conductivity tensor
of, is independent of the choice of spin current operator if
the system has mirror symmetry (x, y) — (—x, y) [47], which
is the case in our work, e.g., AA, AB, and AB’ stacking
orders. In addition, previous work also reported spin transport
properties in BiySes with strong spin-orbit coupling, where
tilting of spin is found to be extremely small from a z direction
[48]. Therefore the results obtained using our spin current
operator should not change if other definitions of the operator
are used. So we choose the conventional definition for the spin
current operator. Moreover, we should also point out that the
calculated spin Berry curvature varies rapidly (see Fig. S1 in
the Supplemental Material [49]). As such, when we plot the
spin Berry curvature, we take the logarithm of Egs. (2) and (3),
which can make the rapid variation of spin Berry curvature
clearer visually. This strategy was also applied in previous
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FIG. 1. (a)—(c) Side and (d)—(f) top views of bilayer PtTe, for AA, AB, and AB’ stacking configurations. Blue and orange circles indicate
Pt and Te atoms, respectively. The dashed circles represent atoms in the bottom layer. The ISHC as a function of the Fermi energy for (g)
AA, (h) AB, and (i) AB’ stacking configurations. Green and red dashed lines indicate the Fermi levels E — E; =0 and E — E; = —0.5 eV,
respectively. The dashed black line represents the zero value of ISHC.

studies and is defined as [43,50]
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III. RESULTS AND DISCUSSION

Different from group-6 TMDs, which usually form hexag-
onal (2H) structures, PtTe, exhibits trigonal (1T) structure
with space group P3m1, where one Pt atom and the nearest
six Te atoms compose a distorted octahedron. When consid-
ering the stacking modes in the bilayer, it is necessary to
consider three highly symmetric stacking configurations as
shown in Fig. 1 and in Fig. S2 in the Supplemental Material
[49]. Note that the AA stacking mode corresponds to its bulk
stacking order. The optimized lattice constant a and interlayer
distance d for AA stacking are a = 4.01 A and d = 2.39 A,
respectively (see Table I). These values are very close to its
bulk lattice parameters (i.e., a = 4.01 A and d =2.62 A).
Compared with the AA stacking mode, the other stacking
configurations have a lateral shift for the top layer. The lattice
constants for different stacking orders are basically the same,
while the interlayer distance varies from 2.39 A for AA to
3.71 A for AB' stacking orders.

In Figs. 1(g)-1(i), we plot ISHC as a function of the Fermi
level for bilayer PtTe,. As shown clearly, AB stacking exhibits
the largest ISHC with a value up to 27.18 (i/e) (S/cm) at

TABLE I. Calculated lattice constant a, interlayer distance d,
binding energy AE, and ISHC at Fermi level ;.

Stacking  a(A)  d(A) AE (V) o} [(h/e)(S/cm)]
AA 4.01 2.39 —2.691 —8.41

AB 3.97 2.87 —2.481 27.18

AB’ 3.98 3.71 —2.298 0

the Fermi level position (i.e., E — Er =0 eV). When the
stacking order is changed, the ISHC varies from positive to
negative values. Especially, ISHC for AA stacking is —8.41
(hi/e) (S/cm). In addition, the trends of ISHC as a function
of the Fermi level for each stacking mode are also quite
different. For AA stacking, the magnitude of ISHC increases
considerably as the Fermi energy is lowered, and peaks at
E — Ep = —0.5 eV. Further lowering the Fermi energy could
reverse the sign of the ISHC. Nevertheless, the ISHC in AA
stacking exhibits a negative value over a broad energy range.
By contrast, other stacking modes show positive ISHC and
have peaks around —0.75 eV. The maximum value of ISHC
reaches 142.13 (i/e) (S/cm) at E — Er = —0.75 eV for AB
stacking.

To elucidate the underlying mechanism of ISHC variation
induced by stacking modes, we take AA and AB stacking as
examples and plot band structures projected by spin Berry
curvature €7 (K) in Fig. 2. The red and blue colors indicate
positive and negative contributions, respectively, which are
taken from the logarithm of Eq. (3) [defined by Eq. (4)]. Note
that the spin-orbit coupling is also included. Since ISHC is
mainly contributed by occupied bands near the Fermi level,
here we focus on six valence bands that are close to the Fermi
energy and denote them as VB1-VB6, labeled in Fig. 2(a).
We find that in both stacking modes, VB2—VBS5 are mainly
composed of Te p, and p, orbitals around the I" point, while
VBI1 and VB6 originate from the out-of-plane p, state of Te
atoms (see Figs. S3— S6 in the Supplemental Material [49]).
At the Fermi level, the ISHC in the AA stacking order exhibits
a negative value, which can be ascribed to the contributions
by VB2-VB5 around the I" point. Especially, a deep valley
is observed near the I' point along the K—I" path {see Fig.
S7(a) in the Supplemental Material [49]}. By contrast, the
ISHC shows a positive value in the AB stacking configuration.
This can be understood based on the fact that contributions
by VB2-VBS to the spin Berry curvature reverse their signs
along the K—I"—M path, especially for VB4 and VBS. As a
result, negative spin Berry curvature weakens, while positive
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FIG. 2. Band structures projected by taking the logarithm of spin Berry curvature for (a) AA and (b) AB stacking configurations. Green
and red dashed lines indicate the energy levels at E — Ep = 0eV and E — Er = —0.5 eV, respectively. k-resolved spin Berry curvature after
taking the logarithm of Eq. (2) [defined by Eq. (4)] in the 2D Brillouin zone (k, = 0) at the energy level position of (c) and (d) E — E; = 0eV
and (e) and (f) E — E; = —0.5 eV for AA and AB stacking configurations. Red and blue colors represent positive and negative contributions,
respectively.

spin Berry curvature strengthens {see Fig. S7(b) in the Sup- In Figs. 2(c) and 2(d), we show the k-resolved spin Berry
plemental Material [49]}, resulting in positive ISHC with a curvature [chy(k)] in the 2D Brillouin zone (k, = 0) at the
value of 27.18 (%i/e) (S/cm). energy positions of E — Er =0eV and E — Ep = —0.5 ¢V,
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FIG. 3. Band-decomposed charge densities for (a) AA and (b) AB stacking configurations. Interlayer differential charge densities and

the simplified models for (c) AA and (d) AB stacking configurations. The light blue and yellow isosurfaces indicate charge depletion and
accumulation, respectively. Spin textures for () AA and (f) AB stacking configurations.
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FIG. 4. (a) Interlayer distance, (b) binding energy, and (c) ISHC for the full space of lateral shifts.

respectively. The spin Berry curvature is also colored red
(positive contribution) and blue (negative contribution). As
has been mentioned above, these values are taken from the
logarithm of Eq. (2), i.e., Eq. (4). It can be seen that the spin
Berry curvature depends sensitively on the k point. At k =
0.36 of the Brillouin zone, a large magnitude of the spin Berry
curvature is observed for AA stacking. When k moves away
from the I point, the spin Berry curvature is close to zero.
For AB stacking, however, the spin Berry curvature exhibits a
positive value in the range of 0.13 < k < 0.31, as shown by
the red color. It is interesting to note that when the energy is
shifted by —0.5 eV, such trends become more remarkable. In
the AB stacking order, the positive region expands widely and
overwhelms the negative one, especially at the I" point, giving
rise to high ISHC with a value up to 110.68 (%/e) (S/cm). For
the AA stacking order, we find significant enhancement of the
negative region, while the positive region shrinks and weak-
ens. By integrating the spin Berry curvature in the Brillouin
zone a large magnitude of the negative ISHC is obtained for
AA stacking, with a value of —30.22 (ii/e) (S/cm).

To further analyze the influence of stacking modes on
ISHC, we plot band-decomposed charge densities as shown
in Fig. 3. Since VB4 and VBS reverse their contributions to
the spin Berry curvature when the stacking mode changes, we
mainly focus on these valence bands. For the AA stacking
configuration, the interlayer distance is only 2.39 A, which
is significantly smaller than that in MoS; and other TMDs
bilayers [51]. As a result, a large binding energy and strong
interlayer interaction are expected. As shown in Figs. S4
and S6 in the Supplemental Material [49], both VB4 and
VBS5 are mainly composed of in-plane p, and p, states of
Te atoms. Due to the short interlayer distance and strong
interlayer interaction, these states in upper and lower layers
are strongly hybridized. This can be further confirmed by
the interlayer differential charge densities, which are obtained
by subtracting the charge density of the PtTe, bilayer from
that of the independent top and bottom PtTe, monolayers. As
shown in Fig. 3(c), sufficient electrons are localized in the
interlayer region. Such electronic interlayer hybridization is
no longer a simple vdW interaction, but rather a “covalentlike
quasibonding.” In this sense, each Te atom can be regarded
as bonded by a spring in a tilted octahedral configuration as
illustrated in Fig. 3(c).

In terms of the AB stacking configuration, however, the
interlayer distance reaches to 2.87 A. In addition, the bind-
ing energy is 0.21 eV higher as compared with that in
the AA stacking mode. Accordingly, the interlayer interac-
tion in AB weakens. In Fig. 3(b), one can clearly see that
the interlayer hybridization vanishes. A negligible charge is

distributed in the interlayer region, showing a vdW charac-
teristic [see Fig. 3(d)]. In order to understand the charge-spin
conversion manipulated by stacking mode, we also calculate
the spin textures of the AA and AB stacking configurations.
As shown clearly in Figs. 3(e) and 3(f), the helical spin texture
precesses in opposite directions for the AA and AB stacking
modes, especially around the I' and K points, which is consis-
tent with the ISHC calculations.

Based on the above results, we can conclude that tuning
the stacking mode is an effective way to manipulate the ISHC
in bilayer PtTe,. In view of this, we calculate the ISHC for
the full 2D space by performing a lateral shift of the top PtTe,
layer parallel to the bottom PtTe; layer, in which a total of 144
different stacking configurations are calculated. The results
are then interpolated via the spline function as illustrated in
Fig. 4 (the original results are shown in Fig. S8 in the Supple-
mental Material [49]). We find that during the whole process
of lateral shift, AA stacking is the most stable order, which has
the strongest binding energy as well as the shortest interlayer
distance. As a result, a strong interlayer coupling is expected,
which gives rise to covalentlike bonding as has been discussed
above. These strong hybridized bonds give rise to a negative
value of the ISHC. The interlayer distance becomes larger if
we shift the top PtTe, layer from the AA stacking mode along
the [100] direction (see Fig. S2 in the Supplemental Material
[49]). The interlayer binding energy also weakens at the same
time. Consequently, a vdW interaction within the interlayer
region is expected. The contributions of energy bands near
the Fermi level to the spin Berry curvature reverse their signs,
leading to positive ISHC. If the stacking mode of the PtTe,
bilayer changes to AB’ stacking order, the interlayer distance
is considerably larger. In this case, the interlayer interaction
is extremely weak. As a result, the top and bottom layers
have little interlayer coupling, and the PtTe, bilayer shows
semiconducting monolayer characteristics, sharing similar be-
havior of the ISHC with its monolayer counterpart (see Figs.
S9 and S10 in the Supplemental Material [49]).

IV. CONCLUSIONS

In summary, we show that the sign of the ISHC can be
reversed upon stacking transitions in bilayer PtTe;. As such,
stacking order is an efficient way to control and manipulate
the spin current through the SHE. Further analysis reveals
that such reversion can be ascribed to the interlayer coupling.
If the interlayer coupling is weak, for example, in the AB’
stacking mode, vdW interaction is expected within the in-
terlayer region. In this case, the band structure as well as
the ISHC for the bilayer system is comparable or shares
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similar behavior with its monolayer counterpart. By contrast,
if the interlayer coupling is strong, e.g., in the AA stacking
mode, large interlayer electronic hybridization occurs. The
high localized charges within the interlayer region result in
covalentlike quasibonding, which may significantly tailor the
spin Berry curvature along with the ISHC. In this sense, one
can effectively tune the ISHC through stacking transitions in
2D bilayer or multilayer materials, especially for those with
strong interlayer interactions. The results presented in this
paper not only elucidate an important fundamental insight
into the nature of stacking-dependent ISHC in 2D TMDs but

also pave the way for design of next-generation ultrathin and
flexible spintronic devices.
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