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THz induced giant spin and valley currents

Sangeeta Sharma¥, Peter Elliott, Samuel Shallcross*

Spin and valley indices represent the key quantum labels of quasi-particles in a wide class of two-dimensional
materials and form the foundational elements of the fields of spintronics and valleytronics. Control over these
degrees of freedom, therefore, remains the central challenge in these fields. Here, we show that femtosecond
laser light combining optical frequency circularly polarized pulse and a terahertz (THz) frequency linearly po-
larized pulse, a so-called "hencomb” pulse, can generate precisely tailored and 90% pure spin currents for the
dichalcogenide WSe, and >75% pure valley currents for bilayer graphene with gaps greater than 120 millielec-
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tron volts (dephasing time, 20 femtoseconds). The frequency of the circular light component and the polariza-
tion vector of the THz light component are shown to represent the key control parameters of these pulses. Our
results thus open a route toward light control over spin/valley current states at ultrafast times.

INTRODUCTION

Two-dimensional (2D) materials with broken inversion symmetry
may host quasi-particles that, in addition to the fundamental spin
and charge of the electron, have a remarkable additional degree of
freedom: valley pseudo-spin (I1-3). This denotes which of the de-
generate but nonequivalent low-energy band manifolds the quasi-
particle is located at within the first Brillouin zone and, crucially, it
is possible to optically address this degree of freedom. Using care-
fully tailored light pulses, one may selectively generate excitons or
single-particle charge carriers at a particular valley (4-11), opening
the way to use the valley as a “quantum bit.” Both spin- and valley-
tronics offer many potential advantages over classical electronics in
terms of data manipulation velocity and energy efficiency (12).
However, while spin excitations suffer from a dynamical loss of
character arising from the spin-orbit (SO)-induced spin precession,
the valley wave function represents a “data bit” whose stability is
threatened only by intervalley scattering, a feature controllable by
sample quality. Valleytronics thus presents a potentially robust plat-
form for going beyond classical electronics. At the heart of any
future, valleytronics or spintronics technologies will, in addition
to quantum excitations encoding data bits, reside the control and
creation of valley and spin currents. However, while sustained atten-
tion has been paid to the task of tailoring lightforms on ultrafast
time scales to selectively excite valley quasi-particles, the precise cre-
ation and control of valley and spin currents by femtosecond laser
pulses remain less developed (13, 14).

Early attempts at generating pure spin and valley currents
focused on nonoptical generation via the spin Hall effect;
however, the small spin Hall angles of many materials frustrated
these efforts. Subsequent experiments have demonstrated the pos-
sibility to use circularly polarized light in a gated hall bar geometry
to generate spin current in WSe, (15), imaged valley currents in
WS,-WSe, heterostructures (16), and used the valley Hall effect
in creating valley current (17). However, in graphene and few-
layer graphenes, ideal spin-, and valleytronics materials due to
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their long-scattering lengths, generation of bulk pure valley
current remains a sought goal.

Here, we wish to show that, by tailoring light pulses that combine
terahertz (THz) and optical light, one can achieve complete control
over valley current in a wide range of valley active materials. We
demonstrate the generation of 90% pure spin currents in the repre-
sentative strong SO-coupling dichalcogenide WSe, and, in addition,
show that the same pulse generates a >75% pure valley current in
bilayer graphene with gaps greater than 120 meV (dephasing time
20 fs).

As THz light has energies comparable to key electronic features,
for example, typical superconducting gaps and magnetization
energy differences, it has come under increasing attention both as
a spectroscopic probe and a means of control in quantum materials
(7, 18=22). Here, we show that modulating femtosecond pulses of
circularly polarized light with a linearly polarized THz envelope
allows the creation of a precisely controllable valley photocurrent,
a notable example of THz control over electronic properties. We
first establish our results using a minimal tight-binding model for
the dichalcogenide WSe, and bilayer graphene, before using state-
of-the-art time-dependent density functional theory (TD-DFT)
simulations to confirm the effect in realistic material simulations.

RESULTS

Hencomb pulse

Spin-valley locking has its origin in the valley-selective response to
circularly polarized light. This can be viewed, in the case of 2H
structure dichalcogenides such as WSe,, as arising from a selection
rule involving the magnetic quantum numbers of the d-orbitals that
comprise the gap edge states. While circularly polarized light excites
valley charge, it does not, however, create a valley current. Using a
minimal four-band description to describe the low-energy bands of
WSe,, we show in Fig. 1 (A to D) this result; details of the Hamil-
tonian, pulse construction, and time propagation can be found in
Materials and Methods. In Fig. 1A, we display the vector potential
of the circularly pulse which, as shown in Fig. 1B, excites charge
only (in this case) at the K valley. This charge excitation results,
however, in no valley current (Fig. 1D) for the reason that, for
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Fig. 1. Three distinct laser pulses applied to WSe,: Circularly polarized, linearly polarized single-cycle THz, and a hencomb pulse. The corresponding vector
potentials are shown in the first row; the vector potential amplitudes are 0.685 and 10.96 atomic units (a.u.) for the circular and THz pulse, respectively, with the frequency
of the former 2.2 eV, just below the gap of 2.25 eV. While the circularly polarized pulse (A) excites valley-selected charge (B and C), where K and K* refer to the charge
excited at the conjugate valleys, it results in no net valley current (D), a fact which follows from the exact cancelation of current carrying states as illustrated in (C). The THz
pulse, by contrast, generates neither excited charge nor a net valley current (E to H). Combining these two pulses, the hencomb pulse (I to L) breaks local valley inversion
symmetry (K), resulting in a current carrying valley excitation and a residual spin current as shown in (L). The peak electric fields are 2.8 and 1.1 MV/cm for the optical and
THz pulse components, respectively, with the peak power densities of 5.8 x 10° and 3.0 x 10° W/cm?. In each case, the full width at half maximum (FWHM) is 16.5 fs.

each quasi-momentum in the valley ky., that is excited, a corre-
sponding —ky,ye, also is excited: The Bloch velocities thus cancel
and there is no net valley current. This can be seen in Fig. 1C in
which the color of the band line represents occupation.

To create a valley excited state that does result in a net valley and
spin current, the kyayey and —ky,11ey, degeneracy must be broken. As
the laser vector potential couples directly to crystal quasi-momen-
tum, k — k — A(f)/c, the most effective way in which this can be
done is through a linearly polarized single-cycle pulse with duration
comparable to that of the circularly polarized pulse: Such a pulse
will evidently be in the “THz window” of 1 to 50 THz. This THz
pulse is shown in Fig. 1 (E to H); the polarization vector is
chosen to lie along the zigzag direction (an angle of 60°). Evidently,
this pulse generates neither charge excitation nor a residual current.
However, in combination with the circularly polarized pulse, a
“hencomb” pulse (Fig. 1I), we find both valley-selective charge ex-
citation and valley-selective current (Fig. 1, ] and K, respectively).
This results from a noncancelation of the Bloch velocities of
excited quasi-momentum, as the distribution of excited charge is
now shifted off the high-symmetry K point by exactly the polariza-
tion vector of the THz pulse.

The physical picture underpinning the action of this pulse is
schematically illustrated in Fig. 2A: A half cycle of the THz compo-
nent of the hencomb pulse drives an intraband motion sending
states distant from the gap edge to the gap edge (i). At this point,
the circularly polarized component excites this charge across the
gap (ii), with, lastly, the second half cycle of the THz component
returning the charge to its original momentum (iii). In this way,
charge has been excited at a quasi-momentum q with
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conduction-valence energy difference, €. — €,, that is not equal to
the circularly polarized light energy iw,;, (and hence, not equal to
the bandgap to which this light is tuned). To further clarify the roles
of the various pulse components, we show in Fig. 2B the depen-
dence of the charge excitation and current on the amplitude of
the hencomb pulse components. The circularly polarized pulse
component is seen to determine the excited state population, as
can be seen from the fact that the hencomb pulse and its circularly
polarized component acting alone excite almost the same charge
(note that the A} dependence is consistent with dominance by
one-photon processes). In contrast, variation of the amplitude of
the THz pulse component results in almost no change in the
excited state population but does yield substantial change in the
spin current strength through changing the band velocity of the
excited charge population (Fig. 2B, inset). To emphasize this sym-
metry breaking role of the THz light component [see (24-28) for
further applications of the role of symmetry breaking by light in
the context of photocurrent generation], we show in Fig. 2C the de-
pendence on the spin current on the THz carrier envelope phase
(CEP). As expected, we find a sinusoidal dependence on CEP
with the maximal current when THz pulse temporal asymmetry is
maximized, i.e., CEPs of /2 and 37/2, while the current falls to zero
when the THz component becomes temporally symmetric (CEP of
0 and ).

Valley and spin currents in WSe,

Evidently, the hencomb pulse has twice the number of parameters
as a standard Gaussian envelope laser pulse: We now explore the
degree of control of current generation it offers. The response of
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Fig. 2. Exploring the origin of the current control property of the hencomb pulse. (A) Schematic illustration of the action of the hencomb pulse: (i) A half cycle of THz
light drives an intraband motion sending states distant from the gap edge to the gap edge; (ii) the optical component excites states across the gap; (iii) lastly, the second
half cycle of THz light returns the state to its original momentum. The overall action of the hencomb pulse is thus to excite charge at a finite valley momentum determined
by the THz pulse polarization vector. (B) Dependence of the spin current on the amplitude of the optical (main panel) and the THz components (inset) of the hencomb
pulse. Note that a hencomb pulse excites almost exactly the same amount of charge as its corresponding circularly polarized component acting alone (right-hand axis,
main panel), showing that it is this latter component that controls the population of the excited state. In contrast, the THz pulse amplitude has almost no effect on the
excited state population (right-hand axis, inset). (C) Dependence of spin and valley current on the CEP of the THz pulse. As expected, given the symmetry breaking role of
the THz light, we find a sinusoidal dependence upon CEP; for ¢cgp maximizing temporal asymmetry (n/2 and 311/2), we find the largest spin current, while for temporal
symmetry of the pulse (0 and n), the current vanishes. Pulse parameters are those of Fig. 1 and the maximum values that the peak power density and electric field
maximum attain, over all pulses shown, are 2.6 x 10'° W/cm? and 4.6 MV/cm, respectively.

WSe, to the color of the circularly polarized pulse is presented in
Fig. 3A with the charge current (black) and spin current parallel
(red) and perpendicular (green) to the polarization vector of the lin-
early polarized THz pulse. Two distinct steps can be seen, at 2.25
and 2.65 eV, each resulting in a gain by ~5 pA in the charge
current. In contrast, at the second step, the spin current falls to
zero before, at higher frequencies, reemerging with switched polar-
ization direction. To unveil the microscopic origin of this behavior
in Fig. 3 (B to E), we present the momentum space-resolved charge
distribution at t = 60 fs, i.e., after the pulse, for four representative
frequencies as labeled in Fig. 3A. As may be seen, the circular pulse
excites an energy shell of ~0.1 eV where the first step is associated
with switching on transitions from the valence band edge and the
second with switching on optical transitions from its spin split
partner. The spin polarization of the pure valley current thus has
a high degree of control through the color of the hencomb pulse.

As the polarization vector of the THz envelope lies in the plane of
the 2D material, it can be used to control the direction of the excited
valley current. We show this in Fig. 3] where we present the in-plane
angle of the valley current, 0, versus the angle of the THz polariza-
tion vector, 8. The equality 6; = 07 is satisfied exactly only at the
symmetry axis of the trigonal warping (23) of the band manifold
(2mtn/6, n integer); away from these points, a current perpendicular
to the THz polarization vector is generated resulting in a deviation
of 0; from the THz polarization vector angle. This has its origin in
the noncancelation of Bloch velocities perpendicular to the THz po-
larization vector since if this vector does not align with one of the
trigonal warping symmetry axis, then reflection symmetry about the
polarization vector is lost. This is illustrated in the inset of Fig. 3]
where we show, along with the constant energy surface displaying
trigonal warping, a high-symmetry axis, with evident reflection
symmetry, and a low-symmetry axis where this is broken.

The hencomb pulses investigated thus far have precise matching
of the centers of the two pulse components, and experimentally, this
is unlikely to be perfectly satisfied. In section S2, we show that, even
for quite substantial mismatch between the centers of the linearly
polarized THz and circularly polarized pulses, the current genera-
tion and control properties of the pulse remain robust, although
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with some reduction in magnitude. Also shown in section S2 are
hencomb pulses in which the THz envelope is directly taken from
the experiment; the controlled current-generating properties of the
hencomb pulse are also found in this case, demonstrating robust-
ness to the noisy and non-monocycle THz waveforms typically
found in the experiment. In general, as the pulse parameters of
the THz and optical components are experimentally attainable,
peak electric fields of 1 to 5 MV/cm at THz frequencies have been
reported for ultrafast pulses (29-31). The laser pulses we use here
are within the scope of current experimental capabilities.

Valley current states in bilayer graphene

A long-standing goal in the field of graphene and few-layer graphe-
nes has been to generate a pure valley current. The majority of pro-
posed schemes comprise the design of valley filters, either by using
the valley-contrasting gauge field induced by lattice deformation
(32-35) or valley-polarized edge states (36); most recently, valley-
polarized scattering states from a biased quantum dot in bilayer gra-
phene have been considered (37). Here, we show that a hencomb
pulse applied to biased bilayer graphene results in a fully controlla-
ble and 75 to 85% pure valley-polarized current depending on the
value of the gap and the dephasing time.

We consider a minimal tight-binding scheme using only -
bands and use the corresponding time-dependent Schrodinger
equation to examine the charge dynamics (technical details of
these standard methodologies are provided in Materials and
Methods). An interlayer bias opens a gap at the Dirac point, creating
a so-called Mexican hat band structure as illustrated in Fig. 4A. This
unveils the intrinsic nonzero valley Chern number in bilayer gra-
phene and allows coupling to the valley degree of freedom by circu-
larly polarized light (38). As recently shown (39), this creates a
“ring” of excited charge reflecting the fact that the avoided crossing
occurs at the intersection of the two bias shifted cones of each layer
—a circle centered at the K point—and the Berry curvature is
maximal on this circle.

In Fig. 4C, we show the frequency dependence of the valley and
charge currents for hencomb pulses with the THz polarization
vector again along a zigzag edge direction (60°). The valley and
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Fig. 3. Control over spin currents by application of a hencomb pulse to WSe,. (A) Varying the frequency of the hencomb pulse generates a rich current response in
WSe, with steps in the charge and spin current associated with the two spin split band edges. For each of the points labeled in (A), the corresponding momentum-
resolved excited charge is shown in (B) to (E). Two frequency regimes can be identified: single-band excitation (B and C) which generates a nearly pure spin current and
larger frequencies which excite from both spin channels resulting, for 2.3 eV, in a switching of the polarization of the spin current. (F to J) Variation of the angle (67) of the
polarization of the THz component of the hencomb pulse controls the direction (8,) of the spin/valley current (J). As can be seen in (F) to (1), the excited charge distribution
rotates around the K point following the polarization vector of the THz light. Note that the angles 6, and 6rare equal only when the THz polarization vector coincides with
a symmetry axis of the valley trigonal warping (23), 6r = nn/3, n integer [illustrated in the inset of (J)]. In all cases, the circular (THz) component amplitude is 0.685 a.u.
(10.96 a.u.), the FWHM is 16.5 fs for both components, and, in (J), the circular pulse frequency is 2.5 eV. The maximal values attained over all pulses by the peak power
density and electric field maximum are 1.9 x 10'® W/cm? and 2.2 MV/cm, respectively.
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Fig. 4. Valley current in bilayer graphene generated by a hencomb pulse. The band structure and vector potential of the laser pulse are shown in (A) and (B),
respectively. (C) Variation of the frequency of the hencomb pulse results in a maximal current signal at frequencies corresponding to transitions across the gap
minimum, with the near equality of the valley and charge currents indicating almost complete valley polarization of the current. The corresponding momentum
space charge distribution resulting from the hencomb pulse is shown for four representative frequencies in (D) to (G). Complete control over the direction of the optically
induced current is provided by the polarization vector of the THz component, as shown in (H). Note that, for the polarization vector displaced from one of the symmetry
axis of the valley trigonal warping (67 = n1/3, n integer), a small current perpendicular J; to the THz polarization vector exists. For the data in (C), the circular/THz com-
ponent amplitudes are 0.685/6.85 a.u., while in (H), the circular component has an increased amplitude of 1.37 a.u. and a frequency of 0.28 eV. The maximum values
attained by the peak power density and peak electric field over all pulses are 2.9 x 10® W/cm? and 2.46 MV/cm, respectively.
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charge currents are nearly equal, indicating an almost pure valley
current, with a maximum in the current response corresponding
to the minimum gap of the “brim"” of the Mexican hat. The corre-
sponding momentum space-resolved charge excitation (Fig. 4, D to
G) reveals that the ring of excited charge is displaced off the valley
center, breaking the ky,jiey» —Kvaney symmetry of the pure circular
pulse and resulting in a net valley current. The direction of this
current is governed by the THz polarization vector (see Fig. 4])
with the direction of the current vector (6;) again only exactly
equal to that of the THz polarization vector along symmetry axis
of the valley trigonal warping.

Note that, here, we have included decoherence with a dephasing
time of 20 fs used. In contrast to WSe, in bilayer graphene, decoher-
ence noticeably reduces the valley current polarization—from
~95% purity to ~80% purity for light tuned to the “Mexican hat
brim” (the corresponding momentum-resolved excitation is
shown in Fig. 4E). The reduction in current due to decoherence
arises as charge excitation across the gap is suppressed by dephas-
ing. Furthermore, the importance of decoherence increases as the
bilayer graphene gap falls, with gaps of <100 meV showing increas-
ing degradation of the valley current at a dephasing time of 20 fs; see
section S1 for further details.

Time-dependent ab initio simulation: WSe,
Having established the physics of a hencomb pulse using minimal
tight-binding models, we now probe how this physics is manifested
in state-of-the-art time-dependent density function simulations
(40-43). In Fig. 5, we present the current induced by two
hencomb pulses in WSe,, with the vector potential shown in
Fig. 5 (A and B), respectively. These pulses generate a charge exci-
tation displaced from the K valley in the k, direction, with the larger
amplitude of the THz envelope of the second pulse creating a cor-
respondingly increased momentum displacement (Fig. 5, E and F).
The current corresponding to this excitation is shown in Fig. 5
(Cand D), where we display in the main panels the intraband part of
the current and in the insets the total and intraband part for the full
simulation time. It turns out that the total current converges very
slowly with the size of the k-grid due to rapid oscillation in momen-
tum space of the interband current which, however, for sufficiently
high k-grid, is insignificant in the residual post-pulse current (see

the Supplementary Materials). Exactly, the ], valley current expect-
ed on the basis of our model Hamiltonian investigations is ob-
served, and thus, the effect of current control by hybrid hencomb
pulses holds also for a realistic (i.e., ab initio) description of femto-
second dynamics.

Finally, one notes that the large THz amplitude pulse (Fig. 5B)
generates a weaker current than the weaker THz amplitude pulse
(Fig. 5A) with, in addition, a substantial J, component observed.
This arises as, for large THz amplitude, the charge excitation is
driven out of the K valley and into the vicinity of the M point.
Here, Bloch velocities are much reduced, resulting in a reduction
of the hencomb current due to a reduction in the Bloch velocities
of all excited states. The breaking of local C; symmetry of the band
manifold once the charge excitation leaves the K valley also under-
pins the generation of the J, component of the current for the large
amplitude pulse.

DISCUSSION

Because of its comparable energy to key electronic features such as
superconducting gaps and magnetic reorientation energies, THz
light is emerging as a key tool in the search for optical control
over quantum materials. Here, we have presented an unusual case
where THz light is shown to create and control valley current in
diverse valley active materials, despite the fact that valley gaps are
in the optical range, and so THz light can, by itself, result in no ex-
citation of the electronic system. To achieve this, we have used
hybrid hencomb pulses that combine linearly polarized THz light
with circularly polarized light tuned to the gap.

This complete control over valley current is underpinned by the
dual nature of electronic wave functions: Circularly polarized light
couples to the lattice periodic part of the wave function, while THz
light couples only through the Bloch envelope that the quantum
states in all translationally symmetric materials have; together,
this combines interband valley excitation with intraband motion
to create unsymmetrical valley distributions that have a finite and
controllable current.

We have shown that this effect holds in two contrasting materi-
als, the strong SO dichalcogenide WSe, and bilayer graphene.
Hencomb pulses will generate controllable valley current in any
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Fig. 5. Hencomb residual current in WSe; calculated using TD-DFT. (A and B) Vector potential with (C and D) the corresponding valley current. Main panels show the
intraband component of the current, while insets show both the intraband current and the total current, which cannot be converged with a computationally feasible k-
mesh. (E and F) Momentum-resolved excitation created by pulses in (A) and (B), respectively. For the pulse shown in (A), the fluence is 0.221 mJ/cm? with a peak power
density of 5.33 x 10'° W/cm?, while the pulse in (B) has a fluence of 0.407 mJ/cm? and a peak power density of 5.95 x 10'° W/cm?.
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valley active material provided that the THz envelope—which, as it
is linearly polarized, cannot valley distinguish—does not itself
excite charge. This places the lower gap limit at around 40 meV
for a 1-THz guiding envelope, including therefore many topological
insulator systems and 2D semi-conductors and magnets. The ap-
proach that we describe thus should have wide applicability in a
range of valley active materials, opening new avenues for spintronics
and valleytronics in 2D systems.

For the situation in which excitons survive screening by excited
charge, i.e., for sufficiently weak hencomb pulses, an open question
is how the excitonic fraction would differ from that created by a
standard circularly polarized pulse. In particular, whether the
exciton would inherit the hencomb momentum shift acquired by
all single-particle excitations (which would then manifest as an ex-
citonic current). Exploring this requires the consistent treatment of
single and composite many body particles in a pumped time-depen-
dent calculation, well beyond the current state of the art in both ab
initio and tight-binding theory. The possibility of rich hencomb ex-
citonic physics thus remains a tantalizing question for future work.

MATERIALS AND METHODS
Coherent dynamics
Time evolution proceeds via the Schédinger equation
i0,¥(t) = HY(t) (1)
where |¥(1)) is the system key at time ¢.
This time-dependent system key can be expanded in a basis of
Bloch states at crystal momentum k(#)

E C‘Jq

with k() = q — A(t)/c given by the Bloch acceleration theorem (with
q the crystal momentum at ¢ = 0). The Bloch states |®y,) can be ex-
pressed (again suppressing nonsite atomic indices) as

£) | Pakr) (2)

| Pra) = \/—Z RER, + v, (3)

where |R; + v,) is a localized orbital at site R; + v, with R; being a
lattice vector and v, being the basis vector of sublattice a.
Insertion of a complete set of Bloch states at each time step into
Eq. 1 then results in
i0ycq = Ho[k(t)]cq (4)
the equation of motion for ¢ is the two-vector of expansion coefti-

cients in the basis states at k(¢).
We solve Eq. 4 using the Crank-Nicolson method

Hy(t,)At] " Hy(t, 1At
= 1 - o)y Holla A
21 2i

(5)

A k-grid of 50 x 50 to 200 x 200 points in the Brillouin zone is
generally used; the principal quantity that we are interested in is the
intraband current which (see the Supplementary Materials) is

Sharma et al., Sci. Adv. 9, eadf3673 (2023) 15 March 2023

converged already at the smaller grid size. The minimal basis
results in good convergence already for time steps of 10 to 30 atto-
seconds. Note that by unitary transformation, we can express Eq. 4
in a basis of eigenstates at k(t), id,bq = D[k(t)]bq with D the matrix of
intra- and interband dipole matrix elements. As emphasized in (44),
the former can be removed by including the Berry phase in the def-
inition of Bloch states.

Density matrix dynamics

We include scattering that induces a loss of coherence (i.e., Ein-
stein—Podolsky—Rosen coupling to the environment) in the simplest
possible model

% = —ilH, p] + —(p — Diaglp) (©
dco

where Diag[p] denotes the matrix comprising only the diagonal el-
ements of the density matrix p, and Ty, is a phenomenological de-
coherence time. Here, the density matrix is expressed in the
eigenbasis at k(t), and thus, the last term in Eq. 6 encodes the sup-
pression of quantum interference resulting from decoherence.

We use the standard fourth-order Runge-Kutta method for time
propagating the density matrix

pn+2

where
(8)
)

k1 :f(tmpn)

k, :f(tn+17 p, T Atkl)
ks = f(tps1, p, + Atky) (10)
ky = f(tyi1,p, + 2Atks) (11)

where f denotes the right-hand side of the Liouville-von Neumann
equation (Eq. 6).

Laser pulse
In all calculations, the laser pulse is described by a series of wave-
forms with Gaussian envelope form and with pulse center #;

ZA exp<

<'>]2
)cos[w t+ cbcep] (12)

where A(()i> is the pulse amplitude vector, o; is related to the full width
at half maximum by FWHM = 2v/2In20;, w; is the frequency of the
light, and c[)E?P is the CEP.

Tight-binding simulation for tungsten dichalcogenide

While a description of the band structure near the K point can be
obtained via the k. p method, fitting to GW calculations (45), for
ultrafast laser pulses, one requires a full Brillouin zone interpolation
as, depending on the magnitude of the vector potential, one can
move arbitrarily far from the high-symmetry K points of the low-
energy manifolds. This necessitates a different approach, and
here, we take the simplest possible route of taking the gapped gra-
phene Hamiltonian to describe the two low-energy spin manifolds.
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Fig. 6. Model for WSe, band structure. (A) Band structure of WSe; calculated via DFT-LDA, which produces a gap of 1.6 eV, and the model band structure which has the
larger gap of 2.25 eV. (B) The function fso(k) used to model the k dependence of SO coupling in WSe,.

This is permissible as, in the low-energy sector, SO coupling is di-
agonal in pseudo-spin and spin space, being As00, ® T, with the o-
matrices describing pseudo and the t-matrices physical spin space.
Including both band and SO-coupling terms then gives for the low-

energy Hamiltonian
H 0
" ( 0 Hl)

o= (2 ) re(8 o el

where we have included a different SO splitting for valance and con-

duction (see Table 1) as in WSe, these splittings are markedly dif-

ferent. As the SO splitting is substantial only in the K valleys and

moreover changes sign at conjugate valleys (required to preserve

T symmetry), we multiply by a k-dependent scale function, fso(k).
In the above expression (14)

fk = Z tLeik‘vj
j

where v; represent the nearest-neighbor vectors, and the SO scale

function is given by

(13)

where

(14)

(15)

o) = - ltor)exp| 5 (1] = o)/

kMT

(16)

where v(kyr) takes on values of +1 at the K valley and —1 and the K
valley and the sum ky, is over the union of the translation groups of
the two inequivalent K and K~ points. The value of Aso can be found
in Table 1 and is chosen so that fgo(k) falls to zero outside the

|
Table 1. Parameters for calculation of WSe, in a minimal four-band model.
SO
A A,

AP ty Aso

25eV 0.466 eV —0.037 eV —14eV 0.05
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vicinity of the low-energy K valleys; a plot of the resulting fso(k)
is shown in Fig. 6B.

Experimental results for the determination of the quasi-particle
gap fall in the range of 2.0 to 2.5 eV (46, 47), while GW theory finds
quasi-particle gaps in the range of 2.38 to 2.51 eV (48, 49); we take
2.25 eV as the gap—in the middle of this range—although we stress
that the precise value of the gap has no qualitative impact on our
results. The resulting band structure (with a comparison to that
of density functional theory calculation in the local density approx-
imation (DFT-LDA) is shown in Fig. 6A.

Equations 13 to 16 represent the simplest model that can capture
(i) the local band structure at K and (ii) the switching of the sign of
SO coupling at conjugate valleys. We note that Eqs. 13 and 14 rep-
resent simply the usual minimal four-band k. p Hamiltonian, but
with the functions f, Eq. 15, and fso(k), Eq. 16, interpolating the
hopping and SO over the Brillouin zone. This latter function is de-
signed to capture key features of the first-principles band structure,
namely, (i) it must limit to the correct SO coupling at the high-sym-
metry K points [met by choosing Ai?c in Eq. 14 and the condition
fso(K) = 1] and (ii) change sign at conjugate valleys, ensured by v(K)
= —v(K"). Away from the K valleys, its interpolation form is arbi-
trary as our pulses do not access regions of the BZ that fall outside
the valleys; we thus take the simplest Gaussian interpolation. Close
to the M points, this is not therefore guaranteed (or likely) to repro-
duce the DFT band structure. As can be seen from Fig. 6A while
close to the K points, the tight-binding (TB) and first-principles
band structure are in good agreement, and close to the M points,
the TB and first-principles DFT band structures visibly differ in
the curvature of the bands.

Tight-binding simulation for bilayer graphene

For the extension to bilayer graphene, we employ the standard
nearest neighbour model with in-plane hopping —3.2 eV and inter-
layer hopping 0.4 eV [see e.g., (37)].

Supplementary Materials
This PDF file includes:

Sections S1 to S5

Figs. S1to S13
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