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Canted Persistent Spin Texture and Quantum Spin Hall Effect in WTe,
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We report an unconventional quantum spin Hall phase in the monolayer WTe,, which exhibits hitherto
unknown features in other topological materials. The low symmetry of the structure induces a canted spin
texture in the yz plane, which dictates the spin polarization of topologically protected boundary states.
Additionally, the spin Hall conductivity gets quantized (2¢>/h) with a spin quantization axis parallel to the
canting direction. These findings are based on large-scale quantum simulations of the spin Hall conductivity
tensor and nonlocal resistances in multiprobe geometries using a realistic tight-binding model elaborated
from first-principle methods. The observation of this canted quantum spin Hall effect, related to the
formation of topological edge states with nontrivial spin polarization, demands for specific experimental
design and suggests interesting alternatives for manipulating spin information in topological materials.
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Introduction.—The prediction of the quantum spin Hall
(QSH) insulator state [1-5] and its connection with
topological states in strong spin-orbit coupling materials
[6,7] sparked an exciting playground for fundamental
studies [8—10]. The subsequent demonstration of the
existence of topological insulators [6,11-15] then opened
a myriad of technological possibilities, since topologically
protected states are predicted to carry spin information over
unprecedented distances due to a strong resilience to
disorder, as long as time-reversal symmetry is preserved
[4,7,16,17]. But, to date, a QSH effect at room temperature
has not yet been experimentally achieved [8,18-26].
Transition metal dichalcogenides (TMDs) in their 177
(P2,/m) and 1T, (Pmn2,) structural phases are currently
of much interest due to their unusual spin-charge inter-
conversion characteristics [27-31] and tunable topological
phases [28,32-35]. Moreover, recent signatures of the QSH
effect up to ~100 K in monolayer WTe, [24] promote them
as outstanding candidates for realizing a resilient QSH
regime. However, the lack of a robust spin Hall conduct-
ance quantization insensitive to the device characteristics—
hallmark of topological physics in the quantum Hall regime
[36]—demands in-depth scrutiny of the fundamentals of
spin transport in both the topologically trivial and nontrivial
regimes, as well as an assessment of possible fundamental
limitations [21,37-41].

On the other hand, the traditional spin Hall effect, driven
by spin-dependent impurity scattering, is usually associated
with spin polarization pointing perpendicular to the
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conducting plane [9,42]. Some models of 2D QSH systems,
such as the Kane-Mele-Haldane Hamiltonian in the
absence of Rashba spin-orbit coupling (SOC), are charac-
terized by helical edge states whose spins are also perpen-
dicularly polarized [1,3]. However, an out-of-plane spin
polarization is not an inherent property of the intrinsic spin
Hall effect (quantized or not), but rather a consequence of
the underlying symmetries of the crystal. As a matter of
fact, different experimental groups recently measured spin
Hall conductivities associated with both in- and out-of-
plane spin polarizations in few-layer 17, and 17'-MoTe,,
both of similar magnitude, which illustrates the peculiar as-
pects of bulk spin transport in these materials [27,35,43—45].
To date, little is known about the imprint of the inherently
low symmetry of this class of TMDs in the QSH regime.
Correlations and substrate effects were found to induce
localization of edge modes [38], and resilient in-plane spin
states [46], but the impact of low symmetries and the
possibility of multiple spin Hall components in the QSH
remains to be determined.

In this Letter, we show that the low-symmetry phase
(1T,) of the WTe, monolayer leads to an unconventional
QSH effect, in which the topological edges states exhibit a
canted spin polarization in the yz plane. This differs from
the conventional z-polarized feature frequently discussed
for canonical models of QSH systems. Moreover, the spin
Hall conductivity becomes quantized in contrast with other
QSH topological insulators [2]. These results emerge from
complementary calculations of the spin Hall conductivity
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tensor combined with simulations of nonlocal transport in
realistic multiprobe geometries, with and without disorder.
The calculations hinge upon an effective four-band tight-
binding model that, beyond symmetry, reproduces the
essential features of the low-energy band and spin struc-
tures of this material. The results further reveal that the
spintronic potential of WTe, is unique even when doped
away from the QSH insulator regime, as it displays a
persistent spin texture, defined as a constant spin polari-
zation throughout the entire Fermi contour [7,47,48]. In
addition to numerical calculations with millions of orbitals,
we provide analytical connections between the canted spin
quantization axis of the topological states and the spin
texture of the bulk bands induced by the SOC parameters.

Model and methodology.—We derived a generic density-
functional theory (DFT)-based four-band tight-binding
Hamiltonian on a rectangular lattice, which is applicable
to 17" and 17, TMDs [49]. The spinful model describes the
two lowest energy bands belonging to the irreducible
representations Ay (conduction, mostly of metal d orbital
content) and B,, (valence, of p orbital content) of the point
group Cj;,. This pair of bands is “inverted” in WTe, at the I"
point, rendering the ground state a QSH topological
insulator. The model is similar to symmetry-based models
used in recent work [38,50,51]. When expanded near the I"
point, the Hamiltonian H = Hy + H, has the following
k - p representation:

Ho = (k3 + k3) (m 7o + myt.) + pkyt, + 61 + 07, (1)

with z; (i = x, y, z) the 2 x 2 Pauli matrices in orbital space.
The parameters m, = —0.1050 eV and m; = —0.5449 eV
are related to the effective masses of the valence and
conduction bands, 0 = 0.4248 eV describes the degree of
band inversion at I, = 0.4494 eV models the x —y
crystalline anisotropy (¥||a crystal axis or zigzag direction),
and 7 breaks inversion symmetry to describe either the 177
(n=0)or 1T, (n =0.0017 eV) phase. At the k - p level,
the SOC is given by

Hsoc = (Axkyax + Aykxgy + Azkxoz) ® 7, (2)

where (A, Ay, A;) = (0.0591,0.0777,-0.1159) eV and
the Pauli matrices o; (i = x, y, z) are defined in the spin
space. The parameters were determined by fitting the band
structure and spin textures to reproduce DFT calculations
as described in the Supplemental Material [49].

Figure 1(b) shows a close-up of the model-generated
band structure near the Fermi level. The underlying DFT
calculation is based on the PBE + HSE functional [52],
which places the Fermi level (Er) near the bottom of the
conduction band. The effective model describes accurately
the conduction band and energy gap. Each band features
two charge pockets symmetrically located away from T,
with minima (g, &% —27 meV) at the point labeled Q and its
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FIG. 1. (a) Scheme of the crystal structure of WTe, in the 17,
phase. (b) Band structure of WTe, around the charge pockets
formed by the band inversion at I'. The conduction band
minimum is at the k point Q = (0.266,0.0) with energy
&y~ —27 meV. The inset compares the spin textures computed
from DFT and the effective model; the color represents the energy
with respect to the Fermi level and the arrows the spin orientation
in the yz plane (spin projection along x is negligible). The white
dots mark the position of the Q point which we have centered at
q = 0. All k points are in units of z/a, with a, the lattice constant
along the zigzag direction.

time-reversal counterpart (not shown). Though present, the
spin-orbit band splitting is small and barely discernible at the
scale shown. In the inset, we compare the spin textures at £
for one of the Q-centered electron pockets obtained by DFT
with that arising from the model. The spin orientations in the
vz plane are represented by the orange arrows (despite not
strictly zero, the x component is omitted for clarity, as it was
found comparatively much smaller in magnitude). In addi-
tion to the obvious agreement, it is noteworthy that the spin
texture is uniform to a very good approximation. WTe, is
hence a case with a naturally present persistent spin texture
which is invariant upon changing E within the range of
energies shown (i.e., low electronic densities). The spins
cant at an angle 6 ~ —56° with respect to y.

The canted spin texture contrasts with the out-of-plane
spin polarization in two-dimensional centrosymmetric
systems, and also with the in-plane spin-momentum lock-
ing in systems with broken inversion symmetry [53], but
follows from straightforward symmetry considerations
[49]. In systems with multiple vertical mirror symmetries
the coefficient A, of Eq. (2) vanishes, thereby reducing
Eq. (2) to a Rasha-like spin-orbit interaction with in-plane
spin-momentum locking. Additionally, all the nonzero
elements of the spin Hall conductivity tensor describe

256603-2



PHYSICAL REVIEW LETTERS 125, 256603 (2020)

spins pointing out of the plane. Such symmetry constraints
are absent in WTe, monolayers where only a mirror-point
symmetry M, remains, allowing for multiple components
of the spin texture and different spin polarizations in the
spin Hall conductivity tensor.

We next explore the nature of spin transport as Ef is
varied across the band gap by computing the spin Hall
conductivity tensor (a?;-, a = x, y, z) using the Kubo-Bastin
formula implemented for the tight-binding model [54,55]:

Ep dG™

(o]

where Q is the area; J¢; = {J;,0,}/2 is the ith compo-
nent of the spin current density operator, with a = x,
y, z denoting the spin polarization direction; J; =
(ie/Qn)[H, R;] is the jth component of the current density
operator, with e the electron charge and R; the position
operator [56]. The spectral operators 5(E — H) and G* =
1/(E—H+i0") are the Dirac delta and the retarded
Green’s function, respectively. We numerically computed
the Kubo-Bastin formula using the kernel polynomial
method [53,55-57] with 2000 Chebyshev expansion
moments (equivalent to a 5 meV of broadening), on a
system containing 4 x 1000 x 1000 orbitals. In addition,
we simulated multiterminal nonlocal transport within the
Landauer-Biittiker framework as implemented in the
Kwant package [58,59], using the six-terminal device
geometry shown in the inset of Fig. 3.

Spin Hall conductivity.—Figure 2 shows the nonzero
components of the transverse spin Hall conductivity tensor,
0%y, @ € {y,2}, as Ep is varied near and within the band
gap. Although both o7, and oyy display a plateau in the gap

(e?/h)
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FIG. 2. Spin Hall conductivities oiy and Oy- The solid line
(o%y)* + (0%,)?, the gray area
highlights the band gap; the open black circles correspond to
af(;,. Inset: orientation of the spin of the helical edge states. The

calculations were done considering a broadening of 5 meV on a
system with 1000 x 1000 x 4 orbitals.

shows the norm of |o%,|=

region, their values are —1.65¢%/h and 1.1¢?/h, respec-
tively. This is intriguing since usually, within a topological
gap, quantized spin Hall conductivities are integer multiple
of the conductance quantum, reflecting the existence of a
definite (integer) number of helical edge channels [49].

However, we note that, by definition, each component «
of 6%, provides only a measure of the projection of the spin
onto the Cartesian direction a, because of; o« J§,/J; where
J¢ is the spin current density carrying spins polarized
parallel to « in response to a driving charge current J. But
the choice of Cartesian directions is arbitrary—in fact, the
results in Fig. 2 show that a Cartesian system fixed by the
orthorhombic axes of the crystal obscures the adequate spin
quantization axis in this problem. This is readily confirmed
(0:}\;}’)2 + (G)ch)z iS
indeed quantized at 2¢2 /h (Fig. 2, solid curve), where the
factor of 2 reflects the existence of two counterpropagating
modes per edge.

This shows that the interdependence among the magni-
tudes of the spin Hall conductivity components seen in
Fig. 2 has a fundamental origin, namely the presence
of spin-canted topological edge states which sustain a
QSH effect in WTe,. From the values of each plateau,
we determine that the spin quantization axis is canted at
arctan (0%, /0y,) = —56° with respect to the y axis. Notably,
this angle matches perfectly with the orientation of the

by the fact that, in the gap,
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FIG. 3. Nonlocal resistances R;;;; = (Vi —V,)/I;; calculated
in the six-terminal Hall-bar device shown in the inset. The two
plateau values 2h/3e?> and h/2e®> seen here unequivocally
attribute the nonlocal signal to QSH edge states [60]. Solid
(dashed) lines correspond to simulations with (without) Anderson
disorder (with strength U =2 eV). In the inset, the solid
(lattice) regions delineate the device (leads). The device is
defined on a rectangular lattice (parameters a, = 3.4607 A
and a, = 6.3066 A). The device width, interlead separations,
and lead widths are all 50 nm. The small horizontal arrows along
the top and bottom edges mark the direction of the local, bond-
projected spin current density J¢ arising as the response to
driving charge current from lead 6 to lead 2.
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persistent spin texture near the bottom of the conduction
band, shown earlier in the inset of Fig. 1.

The existence of a quantized plateau at 2¢”/h is an
indication of spin conservation [4,61,62]. To demonstrate
this more explicitly, we unitarily transform the Hamiltonian
‘H with a rotation in spin space about X, which
is effected by the matrix U(@) = cos[(20 — x)/4]oy—
isin[(260 — z)/4]o,, where @ = arctan (A,/A,) = —56° is
an angle defined by the SOC parameters in Eq. (2). While
'H, is invariant, the SOC term transforms into

soc = UT(OVHU(0) = Akyo, + A kyout,,  (4)

with A, = /A2 + A} and 6, = U'(0)o,U(). We now

note that A, is numerically smaller than A, in WTe, and,
more importantly, |k,| < |k,| near the bottom of the Q-
centered electronic pockets. The combined effect is that,
over the range of energies shown in Fig. 1, the first term in
Eq. (4) is 2 orders of magnitude smaller than the second and
thus negligible in practice. Consequently, [H', 0] =0 so
that spin is preserved along the canted 7’ direction to a very
good approximation, which has two physical conse-
quences: (i) when Ep lies in the conduction band, the
carriers have a persistent spin texture directed along 7’ over
the entire Fermi contour; (ii) the canting angle is preserved
in the QSH regime (when Ey lies in the gap), which
supports the quantization of the spin Hall conductivity and
defines a canted QSH effect. For completeness and further
corroboration, we include in Fig. 2 (open circles) the spin
Hall conductivity ofc'y computed explicitly with the rotated
Hamiltonian in Eq. (4). An extended discussion of the
relation between spin conservation and the QSH effect is
given in Ref. [49].

Chiral transport of spin at the edges.—The topological
nature of the electronic states can be unequivocally con-
firmed by probing nonlocal resistances R, in a Hall-bar
geometry under different bias conditions: If the nonlocal
signal is due only to helical edge states, R, should display
plateau values uniquely determined by the specific combi-
nation of contacts chosen for current injection and nonlocal
voltage detection [60]. We employed our effective tight-
binding model to compute the nonlocal resistance using
the device geometry illustrated in Fig. 3 (inset). To obtain
R, we first calculate the Landauer-Biittiker transmis-
sion probabilities between each pair of leads and build
the conductance matrix G;; [59,63] that satisfies the linear
system of equations I; =, G;;V;, where I; and V;
describe the current and voltage at each lead. We then
require the current to flow from lead i to j by setting
I;=—1; and I} =0,k # i, j, and calculate the resulting
voltages V;. The nonlocal resistances are defined as
Rii = (Vi—=V,)/1;, ie., current flows from lead i to j
and voltage is measured between leads k and [.
Furthermore, to test the robustness of the nonlocal signal,

we included (nonmagnetic) Anderson disorder in the tight-
binding Hamiltonian, diagonal in both orbital and spin
spaces, whereby a uniformly distributed random energy U,
is added at each lattice site, with U, € [-U/2,U/2].

The results are plotted in Fig. 3, where solid (dashed)
lines show R, for a system with (without) disorder. Each
curve represents a different calculation of R, that is, a
different choice of current paths and probes used to
calculate R;;;;. The quantized values obtained at the
plateaus precisely correspond to those expected in the
QSH state for the chosen injection and detection contacts,
as explained in Ref. [49]. That different choices of electrical
contacts yield distinct—yet precisely defined—plateau
values stems from the equilibration of the chemical
potential at the leads [60]; therefore, the chosen voltage
probes and the current path uniquely determine the value of
R;; 11- Note, however, that such a nonlocal setup is unable to
discern the y and z projections of the spin in the edge states;
for that, one may need to use magnetic electrodes.

We also computed the bond-projected spin currents [58]
for spins polarized along the (rotated) z' and y’ directions,

ie., J? and J;Y/. The former is shown in the inset of Fig. 3 as
horizontal arrows at the top and bottom edges, evidencing
the fingerprint of helical transport in the QSH regime. In

contrast, J% was found to be negligible, which is consistent
with the form of H,. in Eq. (4). Finally, we also observe a
strong resilience of the plateaus to nonmagnetic disorder
(Fig. 3), consistent with time-reversal topologically pro-
tected states (U = 2 eV, much larger than any other energy
scale of the Hamiltonian). These nonlocal results clearly
establish that the canted QSH effect, inferred above from a
bulk Kubo calculation, is characterized by robust helical
spin transport at the edges, a fact fully consistent with the
bulk-boundary correspondence [64].

Conclusion.—Our model building and quantum trans-
port calculations allowed an in-depth study of the nature of
spin transport in monolayers of WTe,, with emphasis on
the QSH regime. Calculations of spin Hall conductivities
and nonlocal resistances in multiprobe configurations
revealed a so-far-unique QSH effect defined by a canted
spin quantization axis, fixed by SOC characteristics. The
oblique spin polarization of topological edge states in the
QSH regime continuously evolves into a persistent spin
texture when E enters the conduction band. Our findings
call for a careful analysis of QSH effect measurements,
whose interpretation usually ignores the possibility of
multiple nonzero components of the spin Hall conductivity
tensor—as a result, noninteger quantization might be
erroneously inferred by improper measurement design. A
combination of measurements with applied magnetic field
along different directions, or nonlocal measurements with
magnetic contacts, could disentangle the different contri-
butions of such persistent topological spin dynamics.
Interestingly, such noninteger QSH plateaus were theoreti-
cally discussed for square and hexagonal lattices [62],
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suggesting the possible existence of a canted QSH effect in
those systems as well.

The low-symmetry phases of TMDs may thus provide
fascinating avenues to design new topological nanodevices
for spin transport beyond the current paradigm of QSH
effect with z-polarized spins. In the context of spin-orbit
torque, such canted spin polarization allows for torques
with different symmetries, which could facilitate the
current quest for magnetic-field-free switching of magnets
with out-of-plane magnetic anisotropy, a feature that is
forbidden using high-symmetry 2D materials. Finally, a
QSH effect whose canting angle depends on the ratio of
SOC parameters could enable electrically tunable dissipa-
tionless spin currents with controllable spin orientation in
the absence of magnetic fields.
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Note added.—Two experiments probing the spin polariza-
tion of WTe, monolayers were released after submission of
this manuscript [65,66]. They confirm that helical modes
have canted spins with angles ~50° and 59°, respectively, in
agreement with the value of 56° predicted here.
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