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ABSTRACT  

Spin injection stands out as a crucial method employed for initializing, manipulating, and 

measuring the spin state of electrons, which are fundamental to the creation of qubits in quantum 

computing. However, ensuring efficient spin injection while maintaining compatibility with standard 

semiconductor processing techniques is a significant challenge. Herein, we demonstrate the capability 

of inducing an ultrafast spin injection into a WSe2 layer from a magnetic CrI3 layer on a femtosecond 

time scale, achieved through real-time time-dependent density functional theory calculations upon a 

laser pulse. Following the peak of the magnetic moment in the CrI3 sublayer, the magnetic moment of 

the WSe2 layer reaches a maximum of 0.89 μB (per unit cell containing 4 WSe2 and 1 CrI3 units). 

During the spin dynamic, spin-polarized excited electrons transfer from the WSe2 layer to the CrI3 

layer via a type-II band alignment. The large spin splitting in conduction bands and the difference in 

the number of spin-polarized local unoccupied states available in the CrI3 layer lead to a net spin in 

the WSe2 layer. Furthermore, we confirmed that the number of empty states, the spin-flip process, and 

the laser pulse parameters play important roles during the spin injection process. This work highlights 

the dynamic and rapid nature of spin manipulation in layered all-semiconductor systems, offering 

significant implications for the development and enhancement of quantum information processing 

technologies. 
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Introduction 

Quantum technology has the potential to revolutionize modern industry by enabling more 

efficient computers, communication, and sensing devices.1-3 Manipulating information precisely in 

quantum systems remains a challenge, crucial for achieving reliable and scalable quantum computing 

performance.4 Spin injection is one of the methods used to initialize, manipulate, and measure the spin 

states of electrons, which are fundamental to the creation of qubits in quantum computing.5, 6 Generally, 

spin currents are injected into ferromagnetic or diamagnetic materials to manipulate the spins of 

electrons and control the flow of information via the spin transfer torque effect,7, 8 spin waves,9, 10 spin 

Hall effect and other spin-orbit coupling mechanisms.11-13 Since the laser-induced ultrafast 

demagnetization of Ni film has been observed on the time scale of 1 picosecond (ps), spin manipulation 

via laser pulse has gained significant attention due to its ability to speed up quantum computations and 

improve the efficiency of complex calculations.14-18 One successful case is that, by utilizing a 

femtosecond (fs) laser excitation, a massive spin transfer can be obtained across a 

ferromagnet/semiconductor interface, i.e., spin injection into diamagnetic MoS2 monolayer from the 

Cobalt layer.16 This ultrafast manipulation, on the time scale of fs to ps, is significantly faster than 

many other methods, making it invaluable for studying and exploiting rapid spin dynamics in quantum 

information processing and high-speed data processing. 

So far, most optical spin injection and detection experiments use ferromagnetic metals.19-21 

Optically induced spin transfer,22 spin-orbit coupling,23 and spin-flip scattering24, 25 are discovered for 

the mechanism of ultrafast spin manipulation. The ability to work with all-semiconductor materials 

provides tunable properties, makes the devices more compatible with existing semiconductor-based 
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electronics, and leads to more rapid scalability for quantum information processing.26 The discovered 

two-dimensional (2D) magnetic semiconductors, such as CrI3,
27 CrGeTe3,

28 and CrSBr,29, 30 provide a 

platform for quantum technologies due to their ability to transport both charge and spin efficiently.31-

33 It is a fact that the spin dynamic processes indirectly couple light to spins,34 the mechanics of light-

matter interactions, including effects such as interlayer spin transfer, spin dynamics, and optical spin 

manipulation, are eager to be explored and exploited to unlock the full potential of 2D all-

semiconductor magnetic systems. 

In this work, an all-semiconductor CrI3/WSe2 heterobilayer, in which the two constituting layers 

have been widely studied individually, both theoretically and experimentally, is proposed to show great 

promise for laser-induced spin injection. Although a negligible magnetic proximity effect is revealed 

on the WSe2 layer in the ground state via density functional theory (DFT) simulations, an ultrafast 

enhanced spin polarization can be induced in the WSe2 sublayer upon a laser pulse by real-time time-

dependent density functional theory (rt-TDDFT) calculations. To distinguish the roles of optical 

excitations and relaxations, we performed rt-TDDFT calculations without spin-orbit coupling (SOC) 

first. The out-of-equilibrium excited electrons transfer from the WSe2 to the CrI3 layer by a type-II 

band alignment. The spin injection originates from a spin-polarized population of electrons in the WSe2 

sublayer, induced by different numbers of available local unoccupied states in spin-up and spin-down 

channels of the CrI3 sublayer. Furthermore, we found that SOC fosters the speed the process. Also the 

number of empty states, the spin flip and the parameters of the laser pulse are crucial factors that can 

be used to adjust the spin injection process. This work highlights an exciting prospect of high-speed 

and ultra-compact architectures for the field of quantum computing. 
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Results and discussions 

A 2 × 2 cell of WSe2 is matched at the interface with a 1 × 1 cell of CrI3 (Figure 1a), with a lattice 

mismatch of 5%. Full geometry optimization resulted in a lattice parameter of 6.81 Å for the CrI3/WSe2 

heterobilayer. Three different stacking configurations of WSe2 and CrI3 heterobilayers have been 

considered (Figure S1). The relative total energies of the heterostructures demonstrate that type A is 

the most favorable stacking configuration (Table S1), shown in Figure 1a. The equilibrium distance 

between the Se and I planes is 3.44 Å and the ground state of the WSe2 sublayer possesses a small 

proximity magnetic moment of -0.02 μB, which increases to -0.12 μB when considering the SOC. The 

magnetic moment is calculated in per unit cell, which consists of 4 WSe2 units and 1 CrI3 unit, except 

for specific indications. 

In the WSe2/CrI3 heterostructure, the global valence band maximum (VBM) and the conduction 

band minimum (CBM) are mainly contributed by WSe2 and CrI3 sublayers, respectively, indicating a 

type II band alignment (Figure 1b). A type-I band alignment is observed in the spin-down channel 

since both the VBM and CBM are located in the WSe2 sublayer. The calculated band gap of the WSe2 

layer is 1.11 eV, while the spin-up and spin-down band gaps of the CrI3 are 1.17 eV and 2.78 eV, 

respectively. When SOC is taken into account (Figure 1d and 1e), the WSe2 sublayer of the 

heterostructure has a direct gap with a giant spin splitting of at the valence band maximum (∼0.5 eV) 

at the K (K′) point. This is in general agreement with previous experimental and theoretical 

predictions.35, 36 Moreover, the stacking configurations have negligible effects on electronic band 

structures (Figure S2 and S3) and magnetic properties (Table S1 and S2) of WSe2/CrI3 heterostructures 

both without and with taking SOC into account. 
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The global type-II band alignment of WSe2/CrI3 heterostructure contribute to efficient spin 

injection. Additionally, a significant spin-flip gap of approximately 1.5 eV exists in the conduction 

band of the CrI3 layer, indicating a large difference in energy between spin-up and spin-down CBM. 

Upon excitation by a fs laser, the ferromagnetic layer is expected to have a strongly out-of-equilibrium, 

spin-polarized carrier distribution. When the excited carriers diffuse and relax, the separation and 

transfer of the electron and hole carriers can be facilitated due to the global type-II band alignment at 

the interface (Figure 1c). The WSe2 layer acts as the receiver of the spin-polarized high-energy carriers, 

which is expected to lead to efficient spin current injection in WSe2/CrI3 heterostructures. 

  

Figure1. (a) Top view and side view of the atomic structure for the CrI3/WSe2 heterobilayer. (b) Layer-

projected band structures and density of states for CrI3/WSe2 heterobilayer without SOC effect. (c) 

Schematic of spin injection in CrI3/WSe2 heterobilayer. Band structures for (d) CrI3 and (e) WSe2 

sublayers with SOC. The color bar represents projected expectation value of the spin operator Sz on 
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the spinor wave functions. 

Then rt-TDDFT calculations are performed to explore spin injection into the all-semiconductor 

CrI3/WSe2 heterobilayer with an ultra-short laser pulse. A linearly polarized (in-plane polarization) 

pulse with a photon energy of 1.40 eV, full width at half maximum of 6.04 fs, and a fluence rate of 

10.30 mJ/cm2 is applied as a driven laser field. The spin dynamics are first calculated without SOC to 

identify the roles of optical excitations and relaxations, as shown in Figure 2. The relative layer-

projected magnetic moments presented in Figure 2a reveal that (i) the sublayer of WSe2 exhibits an 

obvious increase in magnetic moment, reaching 1.14 μB at 52.4 fs; (ii) It happens after the magnetic 

moment of the CrI3 sublayer reduced from 5.71 μB to 4.58 μB at 51.4 fs; (iii) The change of delocalized 

moment is negligible. According to the element-projected magnetic moments as a function of time 

(Figure 2b), the enhanced magnetic moment in the WSe2 layer can be attributed to both W and Se 

elements. As the global moment remains constant, the laser pulse induces spin injection from CrI3 to 

the WSe2 sublayer. 

To verify the spin dynamics, the change of spin-polarized occupation of charge, excited charge in 

conduction bands (CBs) and valance bands (VBs) are investigated (Figure 2d-2i). Dynamics of 

occupations for spin-up (Figure 2d) and spin-down (Figure 2g) charges are defined as: 

∆𝑛𝑢𝑝(𝑡) =
∆𝑛(𝑡)+∆𝑀(𝑡)

2
 (1) 

∆𝑛𝑑𝑛(𝑡) =
∆𝑛(𝑡)−∆𝑀(𝑡)

2
 (2) 

where Δn(t) = n(t) − n(t=0) is the time-dependent change of the local charge as compared to the initial 

charge. The change of the local spin moment is defined as ΔM(t) = M(t) − M(t = 0). During the spin 
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dynamic process, three distinct periods can be determined. In the first period (labeled as I), which lasts 

from 7.6 to 26.9 fs, the laser pulse causes an increase in the spin-up electron of W, the spin-down 

electron of Cr, and the delocalized states, while a decrease in spin electron for the others. During 26.9 

to 51.2 fs period (labeled as II), there is a reversable increase of spin-down electrons of W atoms. After 

51.2 fs (labeled as Ⅲ), there is an oscillation of Cr_up and I_up electrons, along with a reduction of 

I_down and an increase in Cr_down electron spins.  

The spin-maintained optical excitations (labeled as  in Figure 2c) and relaxations (pathways are 

labeled as  and  for spin-up channel,  and  for spin-down channel) are responsible for the spin 

injection. The recombination and lattice heating can be neglected because the characteristic times of 

these processes (> 100 fs) are much higher than the pulse duration.37 When exposed to a laser pulse of 

1.4 eV, both the WSe2 and CrI3 sublayers experience an excitation of electrons from VBs to CBs. This 

can be confirmed by observing an increase in the number of excited charges in CBs, a decrease in the 

number of charges in VBs (as shown in Figures 2e-2h), and even the appearance of high-energy 

delocalized states up to 6 eV (as seen in Figures S4 and S5). Notably, there are very few spin-down 

electrons that are reduced in CBs of the CrI3 layer. Therefore, the intralayer excitation thus plays a 

dominant role (Figure 2j) during the (I) time period.  

During the (II) time period, both intralayer excitation and interlayer transfer dominate as high-

energy electrons relax from 6.0 eV to 0.5-4.0 eV (Figure 2k). Generally, electrons and holes are 

separated into CrI3 and WSe2 sublayers (Figure 2c) during the relaxation process, respectively, owing 

to the intrinsic type-II band alignment of the spin-up channel. Thus, excited electrons quickly fill local 

spin-up CBs (~ 0.4-1.1 eV as shown in Figure S4) of the CrI3 sublayer, leading to a flat plateau ((II) 
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time period in Figure 2e). The electrons and holes relax to the WSe2 sublayer due to type-I band 

alignment in the spin-down channel. Enhanced spin-down excited charges are observed in the CBs of 

the CrI3 layer (Figure 2h), owing to the available empty states available for excited electrons to relax 

into the unoccupied bands.  

In the (Ⅲ) period, the spin-up electrons in CrI3 occupy high-energy bands around 4.0 to 6.0 eV 

(Figure S4). This leads to the accumulation of excited states in CBs, giving rise to the formation of a 

new plateau ((III) time period in Figure 2e). The oscillation of Cr_up and I_up charges mainly originate 

from their competition for available unoccupied states. The spin-down local unoccupied states of CrI3 

(~ 1.6-3.1 eV) are mainly dominated by Cr atoms (Figure S2c). These states continue to gain electrons 

and reach a plateau at t ≈ 51.24 fs (Figure 2h). This results in the greatly enhanced Cr_down spin 

electrons, which in turn reduces the magnetic moment of Cr atoms. the available local unoccupied 

states (0.5 to 4.0 eV) in the CrI3 sublayer play an important role in the dominant accumulation of spin-

polarized electrons in the WSe2 layer according to the entire process. The out-of-equilibrium excited 

electrons induce a spin population difference between spin-up and spin-down electrons in the WSe2 

sublayer (Figure 2l). 
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Figure 2. (a) The dynamics of the local moment on CrI3 layer and Wse2 layer (per unit cell containing 

4 WSe2 and 1 CrI3 units), and of the delocalized moment at various fluence rates for the CrI3/WSe2 

heterobilayer, calculated without SOC by using a linearly polarized (in-plane polarization) pulse. (b) 

Time evolution of the absolute total local moment of W, Se, Cr, and I atoms, respectively. (c) 

Schematics of optical excitations and relaxations in the CrI3/WSe2 heterobilayer.  denotes the optical 

excitation process. Relaxation pathways are labeled as  and  for spin-up channel,  and  for 

spin-down channel. The time-dependent change in the (d) spin-up and (g) spin-down electrons on each 

element (and of the delocalized electrons) relative to the ground-state for the CrI3/WSe2 heterobilayer. 

Excited charge in the (e,f) spin-up and (h,i) spin-down channels projected on each element, below and 

above the ground state (E = 0 eV) compared with that at the initial time (t = 0) respectively. (j-l) 

Schematic diagram of electron population during spin-injection process without SOC. The black and 
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blue arrows represent the processes of transition and relaxation, and the thickness denotes the strength.  

Considering the crucial role of SOC in spin dynamics reported in previous studies of magnetic 

metals/nonmagnetic materials,38, 39 the time-dependent magnetic moments with SOC were calculated, 

as shown in Figure 3. A spin-flip process is observed as the total magnetic moment increases and then 

decreases after 40.0 fs (Figure 3a). The magnetic moment of the CrI3 layer increases up to a peak of 

7.29 μB at 33.6 fs from the initial 5.75 μB. The magnetic moment of the WSe2 layer reaches its 

maximum of 0.89 μB at 40.4 fs. After 30 fs, the magnetic moment of delocalized states decays rapidly. 

To investigate the effect of SOC on spin dynamics, the layer and orientational projected magnetic 

moments as a function of time are displayed in Figure 4a and 4b. The in-plane magnetic moment is 

averaged over all different species of atoms, i.e., 

𝑚𝑥𝑦̅̅ ̅̅ ̅̅ =
1

𝑁𝑖
∑ √𝑚𝑗,𝑥

2 +𝑚𝑗,𝑦
2𝑁𝑖

𝑗  (3) 

where Ni is the number of different kinds of atoms, mj,x and mj,y are the x and y components of the jth 

atoms. Before 55 fs, significant magnetic orientations are mainly along the z direction, as shown in 

Figure 4a and 4b. Based on the element projected spin dynamics (Figure S6), the magnetic moment 

change in the CrI3 layer mainly originates from the Cr atoms, and the enhanced magnetic moment in 

the WSe2 layer is primarily due to the contribution of W. After 55 fs, the orientation of spin in the WSe2 

layer is inclined (Figure S7), and a considerable component of the in-plane magnetic moment is shown 

in Figure 4b. This might be attributed to the competition between electron spin orientations, which are 

dependent on optical selection rules for interband transitions.40 Further investigations are required to 

confirm this finding.  
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Figure 3. (a) The dynamics of the absolute local moment on CrI3 layer and WSe2 layer (per unit cell 

containing 4 WSe2 and 1 CrI3 units), and of the delocalized moment for the CrI3/WSe2 heterobilayer, 

calculated with SOC. (b-d) Schematic diagram of electron population during spin-injection process. 

(b) Initial out-of-equilibrium electronic distribution generated by the laser absorption. (c) Due to a 

type-II band alignment, the local spin-up conduction bands of CrI3 layer are filling up. (d) The full-

filled local spin-up d-band of CrI3 layer blocks electron transfer, leading to spin polarization of the 

injection in WSe2 layer. 

To provide insight into the mechanism of the magnetic moment change, the time-dependent spin-

polarized charge occupation along the z direction, and the change of excited charge in CBs and VBs 

are illustrated in Figure 4. The definitions of spin up and spin down are not valid for noncollinear 

magnetic systems, where the spin moment is no longer a good quantum number. However, the 

magnetization density can be treated as a vector field, and the eigenspinors in this representation are 

of pure spin-up or spin-down character.41 As the magnetic orientation remains almost collinear 

behavior before 55 fs, the definitions of Δnup and Δndn are still used to understand the mechanisms. 

The main process can still be divided into three time periods. As shown in Figure 4e-4h, Figure S8 and 

S9: (i) The (I) time period is dominated by intralayer excitation, where electrons are excited from VBs 
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to CBs and high-energy delocalized states in separate layers; (ii) In the (II) period, intralayer excitation 

and interlayer transfer enable election occupations in local spin-up bands of the CrI3 layer around 0.5-

1.4 eV. In contrast to the results without SOC (Figure 2g), there is a reduced population of spin-down 

charges of CrI3 and WSe2 layers (Figure 4d), which indicates a spin-flip process; (iii) During the (III) 

period, the unoccupied spin-down states of CrI3 are gradually filled up between 1.8-3.2 eV (Figure S9). 

The magnetic moment of the CrI3 layer decreases due to the increased spin-down electron spins while 

reduced spin-up electrons (Figure 4c and 4d). 

To reveal the spin-flip process, the changes of the spin-polarized electrons at 7.7, 13.5, 27.0, 33.5, 

and 40.6 fs are selected from (Ⅰ), (Ⅱ) and (Ⅲ) time scales, as summarized in Tables S3-S5. It can be 

observed that the spin-flip process at the I time scale is mainly caused by the intralayer spin-flip process 

(Figure 3b), which involves the transfer of electrons from I_down to I_up. In the Ⅱ timescale, the spin-

flip process occurs through both intralayer and interlayer ways, specifically from Cr_down to Cr_up 

electrons via direct and WSe2-layer mediated relaxation process (Figure 3c). As shown in Figure 3d, 

the loss of spin-up electrons in the CrI3 layer can be excited to high-energy delocalized states, and 

partly flip into spin-down states through high-energy states ranging from 4 eV to 6 eV. Compared to 

the evolution of electronic occupied states, the net spin injection of WSe2 results mostly from the 

transfer of spin-down electrons (0.76 e/atom) and the negligible transfer of spin-up electrons (0.01 

e/atom). 
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Figure 4. Time evolution of the (a) out-of-plane and (b) in-plane local moment of CrI3 layer, WSe2 

layer, and of the delocalized state for the CrI3/WSe2 heterobilayer (per unit cell containing 4 WSe2 and 

1 CrI3 units). The time-dependent change along z direction in the (c) spin-up and (d) spin-down 

electrons on each element (and of the delocalized electrons) relative to the ground state for the 

CrI3/WSe2 heterobilayer. Excited charge in the (e,g) spin-up and (f,h) spin-down channels projected 

on each element, below and above the ground state (E = 0 eV) compared with that at the initial time (t 

= 0) respectively. 

   To assess the impact of laser pulse parameters on the efficiency of spin excitation in CrI3/WSe2 

heterojunction, the spin dynamics under various laser pulses are studied. 1.40 eV laser pulses, full 

width at half maximum of 6.04 fs, and fluence rates of 10.3/16.1 mJ/cm2, are analyzed as shown in 

Figure S10. The magnetic moment and spin injection are influenced by laser parameters, indicating 

the rates of unoccupied states available to excited electrons and the strength of SOC-induced spin flip 

can be tuned by laser parameters. Significantly, spin dynamics exhibit a remarkable uniformity, 

indicating a consistent underlying mechanism. Consequently, the utilization of diverse laser pulses 

emerges as a promising avenue for tuning and optimizing the intricate process of spin injection. 
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Moreover, stable spin injection is exclusively induced in the CrI3/WSe2 heterobilayer (Figure S11), as 

the spin moment undergoes pronounced oscillations within the monolayer of WSe2. 

Conclusion 

In summary, DFT and rt-TDDFT simulations were performed for the ground-state magnetic 

properties and the spin injection process, respectively, in the all-semiconductor CrI3/WSe2 

heterobilayer. The DFT calculations indicate that the magnetic proximity effects are weak in the ground 

state. Interestingly, an effective spin injection can be induced from the magnetic CrI3 sublayer into the 

WSe2 sublayer, triggered by a laser pulse within a few femtoseconds. The spin-polarized out-of-

equilibrium excited electrons transfer from the WSe2 layer to the CrI3 layer, facilitated by a type-II 

band alignment. The generation of a spin-polarized population of electrons in the WSe2 sublayer is 

driven by a large spin splitting in CBs and the presence of available local unoccupied states in two spin 

channels of the CrI3 sublayer. In addition, the efficiency of the spin injection process is highly relevant 

to the availability of unoccupied states and the spin flip induced by SOC, which can be manipulated 

and controlled by various laser pulses. The all-semiconductor structure allows for ultrafast spin 

injection into the diamagnetic sublayer, with a high likelihood of seamless integration into modern 

electronics. This creates a versatile platform for optical control of spin transport and manipulation, 

particularly relevant for the advancement of quantum computing technologies. 

Methods 

All the density functional theory (DFT) computations were implemented with the Vienna ab initio 

simulation package (VASP),42 employing the projector augmented wave method.43 The generalized 

gradient approximation exchange and correlation functional, developed by Perdew, Burke, and 
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Ernzerhof (PBE) was used.44 An energy cutoff of 400 eV was set, and all the structures were fully 

optimized until satisfying a force criterion of 0.01 eV/Å. A k-mesh of 7 × 7 × 1 was used for WSe2/CrI3 

heterostructures. The structure was inserted a large distance of vacuum space greater than 15 Å to 

eliminate the interaction between two periodic units. The semiempirical correction scheme of Grimme, 

DFT-D3,
45

 was applied to treat the vdW weak interaction. In order to better describe the correlation 

effects for Cr-d orbitals, an effective Hubbard U of 3 eV was considered.46 

To investigate the behavior of spin and charge in materials when exposed to ultrafast laser pulses, , 

the non-collinear spin-dependent version of real-time time-dependent density functional theory (rt-

TDDFT) was used. In this approach, the Kohn-Sham (KS) orbitals are treated as Pauli spinors that are 

determined by the equations: 

𝑖
𝜕𝛹𝑗(𝒓,𝑡)

𝜕𝑡
= [

1

2
(−𝑖∇ +

1

𝑐
𝑨𝑒𝑥𝑡(𝑡)

2 + 𝑣𝑠(𝒓, 𝑡) +
1

2𝑐
𝜎 ∙ 𝑩𝑠(𝒓, 𝑡) +

1

4𝑐2
𝜎 ∙ (∇𝑣𝑠(𝒓, 𝑡) × −𝑖∇)]𝛹𝑗(𝒓, 𝑡) (4) 

where Aext(t) represents the vector potential of the applied laser field, and σ are the Pauli matrices. 

The KS effective potential vs(r, t) = vext(r, t) + vH(r, t) + vxc(r, t) is the sum of the external potential 

vext, the classical electrostatic Hartree potential vH and the exchange-correlation (XC) potential vxc. The 

KS magnetic field can be expressed as Bs(r, t) = Bext(t) + Bxc(r, t), where Bext(t) refers to the magnetic 

field of the applied laser pulse plus possibly an additional magnetic field, and Bxc(r, t) is the XC 

magnetic field. The final term is the spin-orbit coupling term. The nuclei of the system is fixed during 

the calculations. 

The spin current density tensor, �⃡� (r), is defined as the expectation value of the operator �̂�𝑗̂ 

where the Pauli spin matrices are denoted by σ are and 𝑗̂  represents the usual electronic current 

density operator that covers both paramagnetic and diamagnetic contributions. In order to understand 
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the nature of this tensor, the equation of motion of the magnetization density is: 

𝜕𝑚(𝑡)

𝜕𝑡
= −∇ ∙ �⃡�(𝐫) −

1

𝑐
𝒎(𝒓) × 𝑩𝑠(𝒓)         (5) 

In the absence of an external magnetic field, and a locally collinear XC functional, adiabatic local spin 

density approximation (ALSDA), is used, the second term on the right becomes zero. As a result, this 

equation simplifies into a continuity equation for the magnetization density. 

To perform the laser-induced dynamic calculations, the full potential linearized augmented-plane-

wave method was used, as implemented in the ELK code.47 In all calculations, a regular mesh in k-

space of 4 × 4 × 1 grid points, a smearing width of 0.136 eV, and a time step of Δt = 0.2 au were 

employed for the time-propagation algorithm. A linearly polarized (in-plane polarization) pulse is 

applied as a driven laser field. A benchmark of band structures calculated by VASP and ELK is given 

in Figure S12, which shows similar results. 
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