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Electrical control of spin-polarized topological currents in monolayer WTe,
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We evidence the possibility for coherent electrical manipulation of the spin orientation of topologically
protected edge states in a low-symmetry quantum spin Hall insulator. By using a combination of ab initio
simulations, symmetry-based modeling, and large-scale calculations of the spin Hall conductivity, it is shown
that small electric fields can efficiently vary the spin textures of edge currents in monolayer 1T’-WTe, by up
to a 90-degree spin rotation, without jeopardizing their topological character. These findings suggest a new
kind of gate-controllable spin-based device, topologically protected against disorder and of relevance for the

development of topological spintronics.
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Introduction. The existence of the quantum spin Hall
(QSH) insulator [1,2] has boosted opportunities for spintron-
ics and quantum metrology, given the ability of topologically
protected states to convey spin information over long dis-
tances at ultralow dissipation rates [3-5]. QSH is a mani-
festation of strong spin-orbit coupling which fundamentally
depends on the symmetries of the system [6—10]. However,
even in time-reversal symmetric systems, the lack of a spin
conservation axis in QSH insulators allows backscattering ef-
fects for edge states, limiting their ballistic transport [11-13].
In some situations, the emergence of a phenomenon known
as persistent spin texture (PST) enforces spin conservation
and favors long spin lifetimes even in the presence chemical
disorder and structural imperfections [14]. Such an effect is
deeply rooted in the underlying symmetries of the system
[15] and opens promising prospects for spintronics when com-
bined with the manifestation of dissipationless chiral edge
states.

As a matter of fact, the recent prediction [16,17] and exper-
imental observations [18,19] of a PST-driven canted quantum
spin Hall effect in low-symmetry monolayer WTe, provides
a new ingredient for the use of topological materials in spin-
tronic applications [20,21]. Such phenomenon is rooted in the
lack of multiple vertical mirror planes enabling a constant
spin-texture in the Fermi level vicinity [16]. The topologically
protected edgestates inherit such canted spin polarization
from the bulk bands leading to a quantized spin Hall conduc-
tivity (SHC) plateau of 2¢?/h along the canting axis. Notably,
such state is more robust against inversion symmetry break-
ing when compared with higher symmetry systems (such as
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graphene), in which broken inversion symmetry usually gen-
erates a Rashba spin-orbit coupling (SOC) effect, inducing
momentumdependent spin textures and hindering spin conser-
vation [22]. The Rashba SOC is more generally a consequence
of uncompensated electric fields in noncentrosymmetric sys-
tems either originating from the substrate, strain, or the crystal
geometry [23]. Additionally, electrostatic gates larger than
1 V/nm typically lead to appreciable modulation of the
Rashba SOC strength [24-26]. Actually, transition metal
dichalcogenides in the 1T’ phase have already shown a variety
of tunable properties under electric fields [25,27-30], result-
ing from spin splitting and modulation of the SOC parameters
[31]. However a possible control of the canted QSH phase
via electric fields remains unexplored to date, albeit it could
enable the design of allelectrically controlled spin devices,
such as spin-dependent topological switches, that would en-
rich the prospects for dissipationless spintronics and quantum
metrology.

This Letter reports on the possibility of a fully controllable
variation of up to 90 degrees rotation of the spin polarization
of chiral edgestates, dictating the canted QSH effect, while
preserving spin conservation. By combining density func-
tional theory (DFT) with tight-binding methods and quantum
transport simulations, we show that the emerging PST can
be continuously varied from inplane to outofplane under
electric fields below 0.1 V/nm, making this effect experi-
mentally accessible. The experimental confirmation of such
fully electrically tunable spin-polarized topological currents
would establish a new milestone towards replacing magnetic
components in spintronic devices and all-electric spin circuit
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architectures, as well as optimized resistance quantum stan-
dards.

Model and electronic properties. The relevant spin trans-
port properties of monolayer WTe, in its 1T a nd 1Ty
structural phases originate from the presence of two charge
pockets, O and —Q, symmetrically located around the I' point
and related by time-reversal symmetry. Those pockets have
fundamentally p — d hybridized orbital symmetry that can be
well captured by a 4-band Hamiltonian [16,29,31,32]. Refer-
ence [16] demonstrated the 1Ty phase conserves spin along
a direction given by a canted angle ¢ prescribed by the SOC
parameters. Since we are focused on the physics around the
Q points, we shifted our Brillouin zone origin to these points,
and through this process our model becomes a tilted massive
Dirac Hamiltonian [33,34]

H = hvg (t,009x + C0yqy) + hvr - q +0 - B+ Hp + Hoes

ey
where ¢ = k — 7,Q is the moment measured from the Q
points, and 7, = +1 for each of the Q points; o; with i =
X,y,z the Pauli matrices acting on the pseudospin space
defined by the orbitals p and d, vy the Fermi velocity of
electrons traveling along y axis close to the Q points, ¢ an
adimensional parameter that produces anisotropy in the Fermi
velocity, B a Zeeman-like field acting on the pseudospin;
vr tilt velocity vector pointing to @ and responsible for the
warping of the Fermi contour, H, = q*(1 /my, —ox/mg) a
quadratic term that describes the behavior of the electrons in
the proximity of the I" point. The SOC term is given by

Hooe = T0:(Aysy + Azs.) + (Ts x q) - 0, 2)

where s; with i = x, y, z the Pauli matrices acting on the spin
subspace, A, and A, the strength of a momentum-independent
spin-orbit coupling, and Y a tensor that characterized an
anisotropic Rashba-like term. The momentum independent
SOC can be rewritten as a Kane-Mele Hamiltonian by per-
forming a rotation by an angle ¢ = arctan(Ay/A,) around the
xaxis [16]. We derived the model by imposing the P2;/m
symmetry of 1T'-WTe, by choosing a mirror axis along the x
direction M,, and two-fold rotation symmetry along the zaxis
C5. We also consider the possibility for broken horizontal mir-
ror plane symmetries which will also lift inversion symmetry.
Such a situation could arise due to the action of an electric
field applied perpendicularly to the layer, the substrates, ge-
ometrical distortions (1T4 phase), or electrostatic gates, and
is characterized by the B, parameter. At the Q points, the
energy is given by e2. = a/B2 + (B, + 0 1)> where o« = %1
for conduction and valence bands and o = %1 for spins up
and down and A = A% + )\5. For small values of B, the spin-
splitting is given by

A =2)B.//B2 + 2. A3)

Therefore, spinsplitting vanishes for B, = 0, in agreement
with prior statements using symmetry arguments and micro-
scopic calculations [16,31]. The spin texture is defined as the
expectation value of the spin operator S;(q) = (e(q)|si|e(q))
where |e(q)) the eigenvectors of the system. At the Q points,
the spin texture is prescribed solely by the SOC param-
eters S(0) = (0, sin(p), cos(¢)). Therefore, measuring the
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FIG. 1. (a) Band structure of 1T'-WTe, computed using DFT
(dashed lines with symbols) and our model (solid lines) fitted con-
sidering the points in the shaded areas. The Q points are defined by
the minimum of the conduction band, highlighted in red. (b) Spin
texture predicted by the DFT calculations and our fitted model. The
structure of 1T-WTe; is illustrated in inset (a). The definition of Q.
is provided in [44].

spinsplitting provides a method to determine the strength of
the SOC while the spin texture gives the canting angle.

To determine the microscopic parameters, first-principles
calculations were performed with the SIESTA [35,36] imple-
mentation of DFT, using GGA-PBE exchange-correlation
functional, optimized norm-conserving pseudopotentials
[37,38], and a standard double-{ polarized basis set [39].
SOC is included in the calculation using the fully-relativistic
pseudopotential method proposed by Hemstreet er al. [40]
and implemented in SIESTA by Cuadrado et al. [36,41,42].
The electronic properties of monolayer WTe, converged for a
500 Ry real-space grid cutoff, a shifted 14 x 8 x 1 k-point
mesh, and a Fermi-Dirac smearing of the electronic
temperature of kzT =8 meV. A vacuum thickness of
more than 80 A was employed to avoid spurious interactions
between the periodic replicae of the monolayer. WTe, was
fully relaxed in the 1T’ phase using the conjugate gradient
algorithm until the forces on atoms were smaller than 0.01
eV/A and the pressure on the cell less than 0.037 kBar. The
optimized cell parameters (3.53 A and 6.33 A) are within 1%
of previous studies [43].

Figure 1 shows the bandstructure and spintexture computed
using DFT (dashed lines with symbols) and our model (solid
lines) for 1T'-WTe,. Since our model was derived to describe
the Q points, we highlight in shaded red the range between
two points QO and Q_ that we use for the fits (technical details
of the fits are given elsewhere [44]). As seen in Fig. 1, the
model reproduces well; the main electronic and spin prop-
erties are in the energy window of interest. From the band
structure, we determined the Dirac velocity vf = 0.7 nm/fs,
the anisotropy parameter ¢ = 0.2, the tilt velocity v/ = 0.4
nm/fs, and the pseudo Zeeman field B, = 0.7411 eV. From
the spintexture, we identify the SOC strength A = 0.188 eV
and a canting angle of ¢ &~ 30°, in agreement with other
theoretical and experimental calculations [16,18,19,45]. It is
important to highlight that the DFT results predict a persistent
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FIG. 2. (a) Comparison of the conduction band spinsplitting ob-
tained ab initio calculations (blue dots) and the prediction of our
fitted model (orange crosses). (b) The canting angle of the spin
texture computed via DFT compared to the canting angle com-
puted from the spin-orbit coupling parameters of our model (orange
crosses). To determine the canting angle and spinsplitting from DFT,
we average over a region of the Brillouin zone around the Q points.
The shaded region in (a) and (b) represents the standard deviation
of the splitting and canting angle around the Q points, and is a
measurement of the fluctuations away from Q. (c)—(e) Examples of
the regions we used to compute the spintexture for different electric
felds E = —0.8, 0.0, and 8 mV /nm.

spin texture, indicated by the constant plateau spotted in the
shaded region, also captured by our simplified model.

Electric field effects. To unveil the effect of external elec-
tric fields on the spin properties, we use DFT to compute
the band structure and spin textures of 1T-WTe, (relaxed
at zero field) in presence of different electric fields ranging
from — 10 mV/nm to 10 mV/nm and fit the results to our
model. As expected, all parameters remain insensitive to the
field except B, that breaks the inversion symmetry and the
SOC parameters that define the canting angle ¢. Moreover,
the canting angle saturates at 30 degrees for electric fields
above 1 mV/nm, a value that matches previous experimental
works. Figure 2(a) shows the difference between the bands
with opposite spins (orange crosses), as well as the parameter
B, obtained from a fit to the DFT at each electric field (blue
dots). The shaded region indicates the standard deviation of
the splitting and canting angle around the Q points, as a
measure of their variations. We found the band splitting pro-
portional to the applied electric field, while the spin splitting
A depends linearly on the electric field. This splitting is due
to the Stark effect and is consistent with previous researches
[30,31]. More importantly, our fitted 3, evolves linearly with
the electric field, and the ratio A/, ~ 0.49 matches perfectly
with Eq. (3) when using the fitted values for A and B;.

Figure 2(b) shows how the canting angle (¢) (related to
the PST) evolves with the external electric field. It is clear
that ¢ is varying substantially at low electric fields, whereas
it saturates to a critical angle ¢. = 30° for high electric fields.
These observations indicate two important things, (i) the PST
is robust against electric field and its direction is electrically

—0.2 —0.1 0.0 0.1 0.2 0.3
Energy (eV)

FIG. 3. (a) Spin Hall conductivity oriented along the 7’ direction
for £ = —0.8 mV/nm (red), 0.0 mV/nm (black), and 8 mV /nm.
(blue). The curves fell on top of each other demonstrating that these
fields do not alter appreciable the topological properties of the sys-
tem. (b) Spin polarization of the spin currents as a function of the
electric field and Fermi level. The arrows indicate the direction of
the spin polarization in the yz plane. The dashed lines indicates the
energy range of the conductivity plateau.

tunable, and (ii) our model captures this phenomenon through
the renormalization of the SOC parameters. This is one of
the central results of our article. The shaded regions displays
the standard deviation, indicating a small discrepancy from
the PST landscape. This is clearer from Figs. 2(c)—(e) where
variations of the spin texture above the Fermi contour (white
line) are seen to increase for higher electric fields. Such vari-
ations are attributable to the anisotropic Rashba field.

Electrically controlled chiral spin currents. In WTe, the
persistent spin texture defines the spin polarization direction
in the QSH insulating regime [16,18,19]. To demonstrate that
the electrically tunable PST enables full control of the spin
polarization of spin currents (or canting angle), we determine
the spin Hall conductivities using the Kubo-Bastin formula
[46,47]:

. Ep N dG+
off = —2hQ dE Im( Tr| 8(E —’H)JSJEJ,- , @)
—0o0

where Q the area of the sample, J¥, = {J;, s4}/2 is the
ith component of the spin current dénsity operator, with
a = x,y, z denoting the spin polarization direction and J; =
(ie/QR)[H, R;] the jth component of the current density
operator, with e the electron charge, and R; the position
operator [48]. The spectral operators §(E —H) and Gt =
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 [47-50]
with 2000 Chebyshev expansion moments (equivalent to a
5 meV of broadening), on a system containing 4 millions
orbitals.

The results are presented in Fig. 3(a), where the spin
Hall conductivity is plotted along the 7' direction (prescribed
by different canting angles depending on the electric field
strength) for three different electric fields £ =—0.8, 0.0, and
8 mV/nm. Within the energy gap, the topological plateau
remains pinned to its quantized value at 2¢%/h (three curves
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are almost superimposed), demonstrating that in this range
of fields, the small variations due to the anisotropic Rashba
term do not jeopardize spin conservation and topological pro-
tection. Figure 3(b) shows the spin polarization of the spin
current computed via the Kubo formula. The orange arrows
indicate the direction of the spin on the yz plane while the
background color indicates its total magnitude. We observe a
modulation of the spin direction with an electric field that fol-
lows the spin texture behavior shown in Fig. 2(b). Such trends
hold for a large range of Fermi energies, enabling the control
the spin polarization of either topological or bulk currents.
For electric fields £ = —0.8 mV/nm, the spin polarization
lies along the y direction, while at zero field it points toward
the zaxis, thus evidencing that a 90° rotation for small and
experimentally accessible fields is within the reach.

The electrical modulation of the SOC parameters can be
understood from the microscopic point of view by the for-
mation of an electric dipole due to the distorted structure
and presence of the electric field [31]. The resilience of the
persistent spin texture derives from the robustness of the QO
points, that regardless to the strength of the electric field,
remains aligned with the xaxis, hence avoiding a detrimental
effect of g-dependent spin-orbit terms.

Conclusions. We have theoretically demonstrated that ex-
ternal electric fields below 10 mV/nm can tailor the spin
polarization of spin Hall currents of 1T’-WTe; from in-plane
to out-of-plane configuration. This behavior is a consequence
controlled rotation of the persistent spin texture driven by
the strength of the applied electric field, which ultimately
dictates the direction of the spin polarization of the canted
QSH effect. Importantly, such electric field control of the
spin polarization of edge states does not compromise their
topological robustness. These results promote 1T'-WTe, as
an alternative source of tunable spin currents that could lead

to all-electrical spintronic devices and open a door to explore
other mechanisms to tune the persistent spin texture such as
strain or pressure.
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