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Enhancement of valley-selective excitation by a linearly polarized two-color laser pulse
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Here, we propose valley-selective excitations via a two-color (o + 2w) laser field, made by superimposing two
linearly polarized pulses at frequencies @ and 2w. We have studied the intensity ratio between a few-cycle pulse

of an w and 2w laser, and its enhancement factor by employing time-dependent first-principles calculations. The
valley polarization depends on the carrier-envelope phases (CEPs) of the pulses and the intensity ratio I,,/l,.
We found that a two-color field enhances valley polarization by as much as 1.2 times larger than a single-color
pulse. Maximum valley asymmetry is achieved for an intensity ratio I/l of 36 with a relative CEP of x. In

our previous work, we found that the asymmetric vector potential induces valley polarization [A. Hashmi et al.,
Phys. Rev. B 105, 115403 (2022)]. In this paper, we find that the asymmetry of the electric field modulates the
valley polarization. Our two-color scheme offers another path toward the optical control of valley pseudospins.

DOI: 10.1103/PhysRevB.107.235403

I. INTRODUCTION

Electrons in two-dimensional (2D) hexagonal lattices have
an extra degree of freedom in addition to a charge and spin
named the valley pseudospin [1,2]. Valleys are local minima in
the band structure corresponding to different crystal momenta
that are located at the K/K’ points of the Brillouin zone (BZ)
[3,4]. In the field of valleytronics, extensive research efforts
are being applied to 2D layer materials such as graphene
[5,6] and transition metal dichalcogenides (TMDs) [7-9].
Graphene presents a remarkable feature of Dirac fermions
[10,11]. However, a honeycomb structure with equivalent A
and B sublattices enforces zero Berry curvature which makes
it not an ideal candidate for valley contrasting properties [12].
As opposed to graphene, TMD monolayers are of particu-
lar interest for practical valleytronics applications because of
their broken inversion symmetry and strong spin-orbit cou-
pling (SOC).

Lifting valley degeneracy to create valley polarization has
become a central theme in valleytronics [13—15]. Several
methods have been proposed to achieve transient valley polar-
ization such as applying a magnetic field [16], optical Stark
effect [17], by doping [18,19], and proximity effects gen-
erated by magnetic substrates [20]. Due to several practical
limitations of the magnetic field, optical excitations remain
a popular way where the selective excitation at K or K’ can
be achieved using a weak circularly polarized field resonant
with the band gap of the material [8,21,22]. Depending on its
helicity, the field couples to either K/K’ valleys.

The valley-dependent optical selection rules suggest that
linearly polarized light couples equally to both valleys. It is
widely accepted that valley polarization with linearly polar-
ized fields is impossible [4,23]. In contrast, it is expected that
a few-cycle (one to three cycles) single-color pulse with the
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controlled carrier-envelope phase (CEP) can break this situ-
ation [24,25]. Moreover, ultrashort laser pulses offer ultrafast
control of electron dynamics [26,27]. The possibility of gener-
ating valley polarization with linearly polarized pulses offers
an alternative route to valleytronics in graphene and TMD
materials [24,28]. The advantage of linearly polarized pulses
is to avoid reliance on resonant pump-probe spectroscopy that
is used in TMD monolayers to break the symmetry between
the K and K’ valleys.

Electron dynamics under a strong laser field can be de-
scribed by solving the time-dependent Kohn-Sham (TDKS)
equation in real time, referred to as time-dependent density
functional theory (TDDFT) [29,30]. TDDFT has not only
been used to describe the linear response in the frequency
domain [31,32] but also has been very successful to describe
the nonlinear and nonperturbative dynamics of electrons by
intense ultrashort laser pulses [33-35]. The most powerful as-
pect of TDDFT is its capability to describe electron dynamics
under intense laser fields without any empirical parameters.
In condensed matter, it is well known that SOC modifies the
band structure of solids. Strong SOC not only modifies the
band curvature but also changes the band gap of the material
by lifting the spin degeneracy, which ultimately can affect the
excitation of carriers. Hence the inclusion of SOC in TDDFT
is essential not only to describe the excitation dynamic under
a strong laser field but also important to accurately describe
phenomena such as spintronics [36] or valleytronics [14].

In our previous study, we found that an asymmetric laser
field with a monocycle laser pulse enables valley polarization
by the real-time TDDFT approach with SOC [25]. A two-
color laser can also control the asymmetric excitation [37-40].
In this paper, we study the enhancement of valley polarization
in a WSe, monolayer via a two-color field. It is possible to
create an asymmetric laser field by mixing a fundamental
laser pulse with frequency w and its second harmonic 2w.
The two-pulse intensity ratio and the relative CEP control the
valley polarization. We also compare the valley polarization
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results of the w + 2w scheme with a single-color (w) pulse.
We found that the valley polarization via two-color control
exceeds the single-color scheme by 1.2 times as the w + 2w
field exhibits more asymmetry in its temporal shape.

II. THEORETICAL FORMALISM

Using the velocity gauge [41], we describe the time evolu-
tion of electron orbitals in a WSe, monolayer under a pulsed
electric field by solving the TDKS equation for Bloch or-
bitals up, k(r,¢) (which is a two-component spinor; b is the
band index and k is the 2D crystal momentum of the thin
layer) as

0 1 . €. o 2
it (2 1) = —(—th+ﬁk+—A (t))
at 2m c

k+ £ AO@)

- e(p(l', t) + ﬁNLhr + ch(rv t)]ub,k(rs t)v

(D

where the scalar potential ¢(r,t) includes the Hartree po-
tential from the electrons plus the local part of the ionic
pseudopotentials and we have defined ¥, = e * iy e*T.
Here, Onp and vy (r, t) are the nonlocal part of the ionic pseu-
dopotentials and exchange-correlation potential, respectively.

A TDKS equation combined with Maxwell equations can
describe the light propagation in thin layers as well. For this
purpose, we assume a spatially uniform macroscopic electric
field inside the layer (in our case the monolayer is in the xy
plane and the light pulse propagates along the z axis) [42,43].
By using Maxwell equations, the propagation of macroscopic
electromagnetic fields in the form of the vector potential
A(z, t) is described as

1 92 9? 4
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where J(z,t) is the macroscopic current density of the thin
layer.

Under the assumption of zero thickness and a spatially uni-
form electric field inside the monolayer, we can approximate
the macroscopic electric current density in Eq. (2) as

J(z,1) = 8(2)Jap (0, 3

where Jop(?) is the 2D current density (current per unit area
of the thin layer). In Eq. (3), 8(z) is the Dirac delta function. It
is treated as the boundary value problem in solving Eq. (2)
providing connection conditions among incident, reflected,
and transmitted fields at z = 0. The explicit form of Jop(?)
is given as follows,

e dxdy <
Joan(?) = _—/dZ/ ul (. 1)
m Q Q bX,k: bk
Ak ZAO@)

i €A m z
x [ ~ihV + ik + “AY0) + ih[r, o]
X upx(r, 1), 4)

where 2 is the area of the 2D unit cell and the sum is taken
over the occupied orbitals in the ground state. Details of our
formalism are explained in Refs. [25,42].

The method explained above is implemented in the
TDDFT package called scalable ab initio light-matter simu-
lator for optics and nanoscience (SALMON). Full details of the
SALMON code and its implementation are described elsewhere
[44,45].

The lattice parameter of the WSe, monolayer is chosen to
be 3.32 A. A vacuum distance of 20 A was employed in the
direction normal to the interface. The exchange-correlation
potential utilizes the adiabatic local-density approximation
with the Perdew-Zunger functional [46]. We use a spin
noncollinear treatment for the exchange-correlation potential
[47,48]. The dynamics of the 12 valence electrons for one W
atom, and 12 valence electrons for two Se atoms are treated
explicitly while the effects of the core electrons are considered
through norm-conserving pseudopotentials [49]. The total en-
ergy convergence criterion was set to 10~% eV. For such
calculations, the spatial grid sizes and k points are optimized.
The converged results were obtained with a fine r grid and
k grid of 0.21 Aand 15x15x 1k mesh, respectively. We
use the vector potential for the fundamental laser pulse and its
second harmonic pulses with the following waveform,
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where E,, and E,, are the peak electric field amplitudes while
¢¥» and ¢y, are CEPs of the fundamental pulse and its second
harmonic, respectively. o is the carrier frequency and 7p is the
total pulse duration. The pulse envelope function is of cos*
shape for the vector potential given as

cos* (n#) 0Lt < Tp,

= T 6
Q) {0 6)

, otherwise.

We use linearly polarized pulses with 0.4 eV frequency for
the fundamental pulse and its second harmonic (0.8 eV). Both
pulse lengths are set to 7p = 10 fs and a small time step size
of 5 x 10~ fs is used for stable calculations.

III. RESULTS AND DISCUSSION

For the molecules, asymmetric behavior with an intensity
ratio 1, /I, around four has been used with a photon energy
far below the ionization potential [37,38]. Here, 1, and I,
are the intensities of the w and 2w pulses, respectively. Since
we assume frequencies comparable to the band gap of WSe;,
the electronic response is significantly different for w and 2w.
Therefore, we have to clarify the electron dynamics under
each color field before proceeding with the two-color field.

Figure 1(a) shows the vector potential of both pulses. A
field intensity of 7 = 10'© W/cm? is used for @ and 2w
pulses, and the laser intensity is chosen to induce the nonlinear
dynamics but be below the damage threshold for monolayer
TMDs [50,51]. In our previous study, we have shown that
the polarization parallel to I"-K experiences a different band
curvature and hence induces a high degree of valley polariza-
tion that can be controlled by CEP [25]. Thus the direction
of the polarization of the incident light is considered along
I'-K. Figure 1(b) displays the excitation dynamics regarding
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FIG. 1. Comparison of two single-color laser fields with frequencies of w and 2w. Both pulses have an intensity of 10! W/cm?. (a) The
vector potential. (b) The temporal development of excitation energies (Eex) and excited electrons (). (c) Valley polarization as a function of
CEP and (d) the temporal evolution of photocurrents. The CEP in (a), (b), and (d) is 37 /2.

excitation energy and excited electrons. In the case of an
o field, the excitation energy and the excited electrons are
noticeable during the pulse irradiation, and the electronic state
returns to its ground state when the pulse ends. The energy
per electron is about 8 photons (3.16 eV /electron), which is
higher than the expected lowest excitation path (4 photons).
On the other hand, in the case of a 2w field, more electrons
are excited as compared to w and the excited electrons remain
finite after the pulse ends. The absorbed energy per electron
is about 1.52 eV /electron, which indicates the lowest order
of the photoabsorption, the two-photon absorption, is domi-
nant. The Keldysh parameter is around 2 for the w field and
4 for the 2w field. These results suggest that the excitation
process under the w field is highly nonlinear than 2w, and is
in the intermediate stage between multiphoton and tunneling
processes.

Figure 1(c) shows a comparison of the valley polarization
by the w and 2w fields. The valley polarization is defined as

PK — PK

Polarization = S
5 (pxr + pK)

@)

where px (pk) are electron densities, obtained by integrating
the conduction band electron population around the K (K')
point. Strong valley polarization is observed by the w pulse
while the 2w field does not show any significant valley po-
larization. The photocurrent indicates the sensitivity of the
system for each frequency, shown in Fig. 1(d). The current
ratio for 2w is roughly twice that of the w pulse. The large
difference in the photocurrent between the 2w and w pulses
indicates that we have to find a good ratio 1,/I,, to enhance
the asymmetric valley polarization.

According to our previous work [25], the valley polariza-
tion with a monocycle pulse shows a peak with a phase of
¢ = m/2 and 37 /2. Regarding the relative phase (¢r), an
intense asymmetric response of molecules has been reported
with 0 and 7 [52]. Figure 2(a) shows the valley polarization by
changing the E,, field while E,, is fixed at 10'° W/cm?, that
is, an intense 2w pulse case. The CEPs are set as ¢, = /2
and ¢, = 37 /2 to induce the best valley polarization. Intense
2w results in two-photon absorption, which leads to the K and
K’ valleys being equally excited. Hence no valley asymmetry
is present in this case.

235403-3



HASHMI, YAMADA, YABANA, AND OTOBE

PHYSICAL REVIEW B 107, 235403 (2023)

1.5 30
(a) I, is fixed at 10" W/cm? (b) 1, is fixed at 10! W/em?
S 25t
05F
. 20 F
<
= 0.0F
2 15k
<
N
‘s -05F
3
Q; 10
L -10F
=
i Sl
-15F
20F O
_2'5 1 1 1 1 1 1 1 _5 1 1 1 1 1 1 L
1 2 3 4 5 6 i 1 2) 3 4 5 6 7
E,./E, E,/Ey,

FIG. 2. Valley polarization of the two-color field (w + 2w) field as the function of the ratio between the electric field strengths. (a) The
field strength of w is varied while 2w is fixed. The CEP is fixed at ¢,, = 7 /2 and ¢,,, = 37 /2. (b) The field strength of 2w is varied while w is
fixed. The CEP is fixed at ¢,, = 37 /2 and ¢,,, = 7 /2. The CEPs are chosen to have a positive peak of valley polarization.

Figure 2(b) shows the valley polarization by changing E,,
with intense E,,. The valley polarization increases as E,,, de-
creases, which distinctly indicates the change in the excitation
process from the two-photon absorption to tunneling. Figure 2
confirms that a maximum valley polarization is observed for
an E, /E», ratio of 6. A ratio of field E,,/E»,, = 6 corresponds
to an intensity ratio of I,/L, = 36. It should be noted that
the ratio I, /I, = 4, which is the ratio used in the molecule
case, does not work [Fig. 2(b)]. For further calculations, we
have fixed the laser intensity of the fundamental pulse to
I, = 1 x 10'° W/cm? while the superimposed @ + 2w opti-
mized ratio 1,/ is fixed to 36.

Before going into details of the valley polarization by
o+ 2w, we present a schematic diagram of the valley-
selective excitation mechanism by linearly polarized two-
color laser pulses in Fig. 3. The valley polarization in the case
of w + 2w depends on the dynamics of the excited carriers.
Linearly polarized pulses can excite electrons either by mul-
tiphotonic absorption or via the tunneling process. According
to Figs. 1(c) and 2(a), an intense 2w field induces two-photon
absorption and small valley polarization. In the case of the
ratio 1, /I, = 1 [Fig. 3(a)], multiphoton absorption at the K
and K’ valleys occurs equally because the 2w field is relatively
intense. As we have reported, the tunneling effect is the key
process in valley polarization with a linear polarized laser. As
the ratio 1,,/I,, increases, the character of a longer wavelength
field, w field, should appear. Figures 3(b) and 3(c) show the
schematic explanation for why the tunneling process under an
asymmetric field induces valley polarization. The asymmetric
vector potential exploits the asymmetric band curvature of the
WSe, monolayer with respect to the K/K' point. The vector
potential of the laser field corresponds to the intraband motion
and the intraband trajectories of electrons at the K/K’ valleys

are different as shown in Figs. 3(b) and 3(c). The transition
dipole moment can be approximated as a function of inverse
reduced mass [53,54]. The asymmetric intraband dynamics
in asymmetric band curvature (i.e., effective mass) results in
valley polarization. It should be noted that the interference of
the wave packet with an extremely intense field also affects
valley polarization [25].

Next, we investigate the distribution of excited-state elec-
trons in reciprocal space. The excited electron population is
defined as

)=

c,v

2
3 GS
Ld r”:,k(rst)uc’k_‘_ﬁ%Am(,)(r) , (8)

where v and c are the indices for the valence and conduction
bands, respectively, and ugy (r) = up(r, = 0) is the Bloch
orbital in the ground state.

Figure 4(b) shows the maximum population asymmetry
at the K and K’ valley corresponds to the vector potential
shown in Fig. 4(a). One can see that a positive vector potential
favors the K’ valley. As the ¢, changes from 37 /2 to 7 /2
the waveform of the vector potential changes from positive to
negative as shown in Fig. 4(c). Reversing the ¢ of the w pulse
[-7/2 (37 /2) & m /2] and switching the valley asymmetry
from the K’ to K valley as shown in Fig. 4(d) suggests a robust
mechanism for valley selection.

Figure 5(a) shows the valley polarization as a function of
the ¢, at numerous CEPs of ¢,. As described above, no
asymmetry is observed at ¢, = 0. Consequently, the valley
polarization is zero regardless of ¢,,. The valley polariza-
tion increases as we change ¢,,. The valley polarization has
an order of ¢, =3n/2 > ¢, =1.6257 > ¢, = T /4 and
the maximum value is as high as 26%. Valley polariza-
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FIG. 3. Schematic diagram of valley-selective excitation mech-
anism by linearly polarized two-color laser pulses. The population
asymmetry at the K and K’ valleys is sensitive to the field strength
between the w and 2w fields and is further enhanced by optimizing
the CEP. Here, three different cases are shown: (a) The excitation
process with a ratio of 1,/L, = 1. (b) The w and 2w field with an
optimized ratio (I,/h, = 36). (c) This case is the same as (b) but
the CEP of w + 2w is the opposite. The left panels indicate the
vector potentials and the right panels indicate the band structure and
excitation processes.

tion via two-color control exceeds the single-color scheme
by 1.2 times as the w + 2w field exhibits more asymmetry
in its temporal shape. An increase in the valley polariza-
tion as compared to the single-color value indicates that
the addition of the 2w field significantly affects the valley
polarization. The phase dependence of the valley polariza-
tion shows that ¢, between w and 2w is crucial to tune
the valley polarization. It is also worth mentioning that the
¢rel dependence changes according to the phase of the fun-
damental pulse. The valley polarization dependence on ¢y
can be explained by the asymmetry of the vector potential
and electric field as shown in Figs. 5(b) and 5(c). Here, the
asymmetry of the vector potential and the electric field is
defined as

AL (E)(0)

—, 9
A_(E_)(1) ®

AsymA(E) = ‘

where A1 (t) and EL(t) are the positive (4) and negative (—)
peaks of the vector potential and electric field, respectively.

Valley polarization and Asym,, have strong relevance,
i.e., a smaller vector potential value produces weaker valley
polarization while a higher value of Asym,., results in a
stronger valley polarization. In our calculation, the Asym,,
(asymmetry of excitation area) dictates the main peak posi-
tion of valley polarization. However, the peak of the valley
polarization may not directly correspond to the maxima of
the vector potential. As one can see. the valley polarization
peak for ¢, = 1.6257 is at 0.6257 while the Asym,,, peak
is at 0.375m of ¢,, in Fig. 5. Similarly for ¢, = 77 /4 the
valley peak is at 37 /4 while the Asym,,, peak is at 7 /2 of
©2,- In principle, the peak of valley polarization should follow
Asym,,, if the tunneling of the electrons is solely respon-
sible for the valley polarization. Even though it is a minor
effect, the asymmetric excitation rate due to E(¢) influences
valley polarization. Since Asympg, is shifted by CEP, the
asymmetry of valley polarization shifts slightly by changing
CEP.

The peak value of valley polarization in Fig. 5(a) is ob-
served at ¢, = /2, 0.6257, and 37 /4. Thus, we have
explored the valley polarization at peaks of ¢y, as a function
of ¢,,. Figure 6(a) shows the valley polarization as a function
of ¢, at peaks of ¢,,,. The valley polarization curve at various
¢, nearly overlaps. The ¢, dependence of valley polarization
shows the same behavior as in the case of a single-color
linearly polarized pulse [24,25], except for an increase in the
valley polarization value in the second positive half of the
sinelike curve. Thus, this valley polarization increase is due
to the 2w field. The Asym,, in Fig. 6(b) and the Asymg,, in
Fig. 6(c) show very distinctive curves. Due to the predominant
tunneling nature of the w field, the valley polarization nearly
follows the Asym,,, curve as shown in Fig. 6(b). The change
in the shoulder structure of Asymg, in Fig. 6(c) changes
the peak position of valley asymmetry to ¢, = 1.6257 for
©2 = 0.6257 and 37 /4 which marks the importance of
Asymg,, by the w + 2w field. Thus the competition between
the asymmetry of the excitation rate and excitation area by
the addition of a 2w field determines the peak of valley
polarization.

Detectability is a crucial aspect of this study and two
methods for experimentally detecting valley polarization have
been reported: luminescence and the valley Hall effect [4].
According to previous optical spectroscopy and time-resolved
photoluminescence experiments [55,56], the valley lifetime
is in the order of picoseconds (several picoseconds). Here,
ultrashort femtosecond laser pulses have been used to create
valley polarization on a femtosecond timescale much shorter
than the carrier lifetime. The ability to control the valley
dynamics on a suboptical cycle opens the possibility to control
the ultrafast electron dynamics in TMDs. In the case of the
valley Hall effect, the laser spot size should be comparable
to the target to avoid intervalley scattering [57]. Lastly, note
that the polarization and phase-controlled bichromatic pulses
have been successively used to control the angular emission
distribution in molecules [58,59] and the photocurrent in 2D
materials [39,60]. These works suggest that our proposed idea
of valley-selective excitation by a two-color laser is certainly
achievable experimentally.
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FIG. 4. (a) Vector potential of the w + 2w field for ¢, 37 /2 and ¢,,, /2. (b) Conduction band electron populations for the vector potential
in (a). (c) and (d) are the same as (a) and (b) but for ¢, = 7 /2, ¢, = 37 /2. The electron population is summed over the entire conduction

band at the end of the pulse. Two waveforms and their corresponding k-resolved populations are chosen because of their maximum asymmetry
and the switching of the valley from K’ to K.

27 r
(a) Ppp= T2 ~@—CEP(¢,) = Tn/4 (b) Pp=T/2 ~0—CEP (9,) =Tn/4 (© —@—CEP (g,)=Tn/4 = 5m/4
—A—CEP (¢,) = 1.6251 30 b A—CEP (9,) = 1.6257 14 | —A—CEP ()= 16251
P20~ 0.625T  —@—CEP (,) = 312 —9—CEP (¢,) =372 —@—CEP (¢,) =312
r 13 |
S B /\/ L
E 9 ) 12
§ I Eﬁ
s
& o P 2 @,,=0.875n
= ©,,= 0375 < b
5 e — :
IS 3
> T 00 02 04 06 08 1
1.0
| —
2L Py, = T2
°r M
F 09 -
9 |-
1 s 1 . 1 L 1 s 1 0 1 L 1 L 1 L 1 L 1 1 L 1 L 1 1 . 1
0.0 w2 T 3n/2 2n 0.0 2 T 3n/2 2n 0.0 2 T 32 2n
CEP ( ¢y,) (rad) CEP ( ¢y,) (rad) CEP ( ¢, ) (rad)
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IV. CONCLUSION

We have demonstrated the generation of valley polarization
in a WSe, monolayer via w + 2w superimposed collinear
laser pulses. The valley polarization induced by o+ 2w
pulses is superior to a single-color pulse by as much as
1.2 times. The intensity ratio and the relative phase be-
tween the fundamental pulse and its second harmonic are
the most crucial factors in determining valley polarization.
Our results indicate that a strong @ mixed with a weaker 2w
enhances the valley polarization. We found that the ratio of
1,/ = 36 shows higher valley polarization than the ratio
used in molecule cases. The valley polarization is mainly
dependent on the CEP of the fundamental pulse. The com-
petition between the asymmetry of the vector potential and
electric field mainly determined the maximum valley polariza-
tion. Two-color fields provide additional degrees of freedom,
such as admixture, polarization, and the relative phase be-
tween two pulses. The present scheme helps to understand the

ultrafast valley phenomena in 2D layers from a fundamental
perspective.
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