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We theoretically study the interaction of an ultrafast intense linearly polarized optical pulse
with monolayers of transition metal dichalcogenides (TMDCs). Such a strong pulse redistributes
electrons between the bands and generates femtosecond currents during the pulse. Due to the large
bandwidth of the incident pulse, this process is completely an off-resonant. While in TMDCs, the
time-reversal symmetry is conserved, the inversion symmetry is broken, and these monolayers have
axial symmetry along the armchair direction but not along with the zigzag one. The pulse, polarized
along with asymmetric directions of TMDC monolayer, generates both longitudinal, i.e., along the
direction of polarization, and transverse, i.e., in the perpendicular direction, currents. Such currents
result in charge transfer through the system. We study different TMDC materials and show how the
femtosecond transport in TMDC monolayers depend on their parameters, such as lattice constant

and bandgap.

I. INTRODUCTION

Nowadays, the femtosecond and strong fields driven
phenomena, such as high harmonic generations, ultra-
fast ionization and metalization, nonlinear current gen-
erations, and nonlinear optical absorption in solids, at-
tract growing interest due to their possible applications in
ultrafast optical switches, optoelectronic devices, and ul-
timately in ultrafast information processing! 2®. Among
solids, transition metal dichalcogenides (TMDCs) have a
special place due to their unique optical and transport
properties. The bulk TMDCs are the stacks of monolay-
ers, which are bounded by the van der Waals forces??:30.
Due to the natural weakness of these forces, the bulk can
be easily exfoliated to atomically thin monolayers3®:3!.
Each monolayer consists of a single layer of transition
metal atoms such as Mo or W, which is sandwiched be-
tween two chalcogin (S, Se, Te) layers.

The TMDC monolayers are direct bandgap semicon-
ductors with the bandgaps of 1.1-2.5 eV32734, Similar to
graphene, TMDC monolayers have a honeycomb crys-
tal structure, but they are not centrosymmetric, and
their inversion symmetry is broken. Due to broken in-
version symmetry, the Berry curvature is not singular
as in graphene but has finite values with the opposite
signs at two valleys, K, and K’. The finite Berry curva-
ture results in an anomalous Hall effect in the absence of
an external magnetic field®> Another difference between
TMDC materials and graphene is a strong intrinsic spin
orbit coupling®® in TMDCs, which results in relatively
large spin splitting of the valence band (VB) and the
conduction band (CB)3¢ that makes TMDC monolayers
suitable for spintronic applications.

Previously, we have shown that a single cycle of a cir-
cularly polarized optical pulse induces a large valley po-
larization, n, > 40% —60%, in TMDC monolayers, MoSs
and WS,'?. Such fundamentally fastest valley polar-
ization in TMDC monolayers is independent of electron
spin and has a topological origin. Predominant popu-

lation of one of the valleys in TMDC monolayer is not
due to optical selection rules as in the case of a contin-
uous wave but due to the topological resonance, which
is a competition of the dynamic phase and the topolog-
ical phase that is accumulated during an ultrashort and
strong pulse!®. It has also been recently predicted that
the valley polarization could be tuned by the bandgap in
gapped graphene monolayers®’. In gapped graphene, the
inversion symmetry is broken by placing graphene on a
substrate, e.g., SiC, which reduces the point group sym-
metry of graphene from Dg; to Ds;,3%3%, which is also
the group symmetry of TMDC monolayers.

In the field of the intense optical pulse, the valence and
the conduction band states are strongly coupled, which
results in the generation of nonlinear electric currents
and the transfer of electric charge through the system.
Thus the ultrafast optical pulses can control the trans-
port properties of electron systems and enhance their
conductivity on the femtosecond time scale. Understand-
ing the extent of such control is important for possible
device application of solids. In the present paper, we
study the femtosecond currents driven by intensive ul-
trashort laser pulses in different TMDC monolayers. We
show how the characteristic parameters of TMDC mate-
rials, such as energy dispersion and the lattice constant,
affect the generated electric current and corresponding
transferred charge. The response of TMDC monolayer
to the optical pulse is also anisotropic and depends on

its polarization?.

II. MAIN EQUATIONS

We assume that the free carrier relaxation, electron-
hole recombination and carrier-phonon and electron-
electron scattering times in TMDC monolayers*! 46 are
longer than the characteristic duration of the optical
pulse, ~ 10 fs. In this case the electron dynamics due to

the field of the pulse is coherent and is described by the



MoSs | WSs | MoSes | WSes [ MoTes | WTes

a (A) 3.19 [3.191] 3.326 | 3.325 | 3.557 | 3.560

A (eV) 0.073(0.211] 0.091 | 0.228 | 0.107 | 0.237

ATP — ADewn (o) [1.590|1.600] 1.346 | 1.325 | 0.967 | 0.835

1.736(2.023| 1.526 |1.776| 1.180 | 1.307

AR = A (eV)

TABLE I. Lattice constant, spin orbit coupling constant, and
bandgap (for spin up and spin down) at the K and K’ points
for different TMDC monolayers>¢.

Schrodinger equation with the time-dependent Hamilto-
nian, which has the following form

H(t) = Hy —er - F(t), (1)

where Hj is the field-free Hamiltonian of monolayer
TMDC, e is an electron charge, r is a position vector,
and F(t) is the electric field of the pulse.

The crystal structure of the TMDC monolayer is shown
in Fig. 1. It has D3, symmetry and consists of two sub-
lattices A and B, which are occupied by transition metal
atoms (sublattice A) and chalcogen atoms (sublattice B).
The first Brillouin zone of TMDC monolayer is a hexagon
with two valleys, K and K’ - see Fig. 1(c). We de-
scribe TMDC monolayer within a three band tight bind-
ing model®¢. In this model only the couplings between
the nearest neighbor d orbitals (duy, d.2, and dg2_,»2) of
transition metal atoms are considered. The correspond-
ing Hamiltonian Hj is the sum of the nearest neighbor
tight-binding Hamiltonian H(TNYN) | and spin orbit cou-
pling (SOC) Hamiltonian H(S©C)36,
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where 1 and | correspond to spin up and spin down com-
ponents, respectively, (3x3) tight binding matrix H (TNN)
is given in Appendix A, X is the SOC constant36, and
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For each spin component, the tight binding model’s band
structure consists of three bands: one valence band (VB)
and two conduction bands (CBs). Note that an external
electric field does not couple the two spin components,
so we can study the electron dynamics due to the field of
the pulse for each spin component independently.

The main parameters of TMDC monolayers, which are
the bandgap, lattice constant, and SOC constant, are
shown in Table I. The lattice constant is in the range of
3.19 — 3.56 A, while the bandgap is between 0.8 €V and
2.0 eV.

FIG. 1. (Color online) Crystal structure of TMDC monolayer.
(a,b) Honeycomb crystal structure of TMDC monolayer con-
sists of two sublattices: A and B. Sublattice A is occupied by
transition metal atoms (closed dots), while sublatice B is oc-
cupied by chalcogen atoms (open dots). (c) The first Brillouin
zone with two valleys, K and K’. For general polarization of
the optical pulse, the electric field in the pulse has both x and
y components, F, and Fy.

For the pulse, which is linearly polarized in the x-
direction, the electric field is given by the following ex-
pression

Fo(t) = Fo(1—2u®)e™ |, F,()=0,  (4)
where uw = t/7, 7 = 1 {s is the pulse duration, and Fj is
the amplitude of the pulse.

The coherent electron dynamics is determined by a so-

lution of the corresponding time dependent Schrodinger
equation (TDSE)

dv(t
ihJ = H(t)U(t). (5)
dt
It is convenient to express this solution in the basis of
time dependent Houston functions*”

O (1) = W) (1) exp (i) (q,1) +i6 P (q,1)) |
(6)
where \Ill((a) (r) are the eigenfunctions of field-free
Hamiltonian Ho, 65 (q,t) = —4 [dt'E,[k(q,t")] is
the dynamic phase, FE, are the eigenvalues of Hy,
P (g,t) = =€ [dt'F(t') Analk(q, )] is the Berry phase,
A is the Berry connection, which is defined below by
Eq. (16), and a € {v,c1,ca} where v, ¢y, cq denote the
VB and two CBs, respectively. The electron trajectory in
the reciprocal space, k(q,t), is determined by the Bloch
acceleration theorem?®,

k) =a+ g [ F(E)r. ™)

— 00

where q is the initial crystal wave vector.
In the basis of Houston functions, solutions of the time
dependent Schrodinger equation (5) are parameterized by



initial crystal wave vector q and are given by the follow-
ing expression

= D Baq(®)2lg(r,0), (®)

Q=cC1,C2,V

where [,q(t) are expansion coefficients, which satisfy the

following system of differential equations

9Bq(t)
ot

ih = H'(q,t)Bq(t) - (9)

The above system of equations is written using the fol-
lowing matrix notations

Besal(t)
Bq(t): qu(t) ) (10)
Buq(t)
Hl(qv t) = —€F(t) : A(qv t) ) (11)
~ O DCzcl(qzt) DCzV(qa t)
Alq,t) = | D¢y, (a:t) 0 D.,v(a,t)| (12)
| D;v(a,t) D¢ (a,?) 0
where
Daal (q, t) = AO‘CH[k(qv )]
exp (Z¢aa1(q, )+z¢§§31 (q, t) (13)
) (a,t) = o0 (a, 1) — P (a, 1), (14)
S (a,1) = o3 (a, ) — ¢><B><q, ), (15)
_ [ g@; 9 g
Auos(a) = (Wi 105, (16)

Here, A,q, (k) is the non-Abelian Berry connection?¥-1.

The femtosecond field-driven currents in solids gener-
ally have two main contributions, which come from the
interband and intraband dynamics. While these contri-
butions are not gauge invariant, the total current, which
is their sum, is gauge invariant®?. We use the following
expressions to calculate the intraband, J.,, and inter-
band, J.;, currents,

Jra :GQZ >

gs a=V,C1,C2,q
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FIG. 2. (Color online) Residual CB population distribution
in the reciprocal space. The distribution is shown for MoS;
monolayer. The optical pulse is polarized in the (a) y direction
and (b) z direction. The white solid lines show the boundary
of the first Brillouin zone.

IIT. RESULTS AND DISCUSSION
A. CB population

Below we study the ultrafast electron dynamics in the
following TMDC materials: MoSs, WS, MoSes, WSes,
MoTey, and WTe,. Their tight-binding parameters are
taken from Ref.3¢ and are given in Appendix A. We apply
a linearly polarized pulse propagating along z direction,
i.e., perpendicular to the monolayer, with the amplitude
of ~0.1—0.5 VA~! and the duration of ~ 5 fs. Initially,
i.e., before the pulse, the valence band is occupied, and
the conduction bands are empty.

One the main characteristics of the electron dynamics
due to the field of the pulse is CB population distribution
in the reciprocal space, Ncp(k) = |Bc, x|? + |Bcs.xl?
Such distribution is nonzero during the pulse and its
residual value, N, (’eg)(k), determines the irreversibility
of the electron dynamics. As theoretical and experimen-
tal studies have shown, the ultrafast electron dynamics
is irreversible in 2D semimetals, e.g. graphene!3®3, 3D
Weyl semimetals®® and 2D semiconductors, e.g., black
phosphorene®® and TMDCs monolayers'®%%. The resid-
ual CB population distribution, Nggs)(k), also deter-
mines the valley polarization after a circularly polarized
pulse'®

For TMDC monolayers, the typical residual CB popu-
lation distribution in the reciprocal space is shown in Fig.
2 for two polarizations of the pulse, along x and y direc-
tions. The amplitude of the pulse is 0.25 VA~1. The CB
population is large near the K and K’ valleys, which is
due to the large interband coupling at these two points.
For such small field amplitude, 0.25 VA=, the electron
excursion in the reciprocal space is relatively small, and
the population distribution does not show any interfer-
ence fringes, which are expected for large field amplitudes
when the accumulation of the dynamic phase between



two passages of the K valleys is large enough to produce
an interference pattern. The CB population is the same
for both valleys. This is because the linearly polarized
pulse preserves the time-reversal symmetry and does not
induce any valley polarization. The residual valley polar-
ization is expected only for a circularly polarized pulse,
which breaks the time-reversal symmetry.

The CB population distribution for the pulse polarized
in the y direction is shown in Fig. 2(a). Since the axis y
is the axis of symmetry of the TMDC monolayer, the CB
population distribution is symmetric with respect to the
y axis both during the pulse and after the pulse. Because
of such symmetry, the electric current is generated only
in y direction during the pulse, while there is no current
in the x direction.

A more interesting situation occurs for the pulse po-
larized in the x direction. In this case, the direction of
polarization, i.e., the = direction, is not the axis of sym-
metry of TMDC monolayer, and the residual CB popu-
lation distribution, which is shown in Fig. 2(b), clearly
illustrates such asymmetry. Because the CB population
distribution is not symmetric with respect to the = axis,
the electric current is generated in both z and y direc-
tions. To study the effect of such asymmetry on the elec-
tron transport, below, we consider TMDC monolayers’
response only to the pulse polarized in the = direction.

The current, generated during the pulse, is determined
by the CB population distribution in the reciprocal space.

In Fig. 3, we show the residual CB population, Ng]gs) (k),

for different TMDC monolayers. For all TMDC materi-

als, except MoTes, Ng;s) (k) have similar distributions.

Namely, they are concentrated at the K and K’ points
along both the k£, and k, directions. Then, as we discuss
in the next section, the corresponding electric currents,
both longitudinal and transverse, i.e., along the direction
of polarization of the pulse and in perpendicular direc-
tion, have similar time dependencies for all TMDC ma-
terials except MoTes.

Monolayer MoTes has completely different residual CB
population distribution. While along the direction of the
pulse polarization, i.e., the x direction, Ng]gs) (k) is con-
centrated near the K and K’ points, in the perpendicular
direction, i.e., in the y direction, Ng]gs)(k) is highly delo-
calized and there is a large CB population along the lines
connecting the K and K’ points - see Fig. 3(c). Thus,

along the z direction, Nggs)(k) of MoTey behaves similar

to Nggs)(k) of other TMDC materials, while, along the

y direction, Ng];s)(k) of MoTey monolayer is much more
extended compared to other TMDC monolayers. Such
difference in the CB population distributions of MoTes
and other TMDC materials results in different proper-
ties of the corresponding generated electric currents, as
shown in the next section.

B. Electric currents

As we discussed in the previous section, for the pulse
polarized in the x direction, i.e., along the zigzag direc-
tion, both the x and y components of the current, J,
and .J,, are generated*’. The y component of the cur-
rent is due to the TMDC monolayer’s asymmetry with
respect to the x axis. Since such asymmetry also results
in a finite bandgap of the system, there is a correlation
between the value of the TMDC monolayer’s bandgap
and the magnitude of J,. Namely, the y component of
the current disappears for the system with zero bandgap,
e.g., for pristine graphene, for which the x axis is also the
axis of symmetry.

The generated electric currents for different TMDC
materials are shown in Fig. 4 for the field amplitude of
0.25 V/A. During the pulse, ie, —2 fs < t < 2 fs, the
x component of the current has the same profile for all
TMDC materials. This is consistent with the structure
of the residual CB population distribution shown in Fig.

3, where, for all TMDC monolayers, Nggs)(k) as a func-
tion of k, is concentrated near the K points. Thus the
corresponding transport along the = direction is similar
for all TMDC monolayers.

After the pulse, i.e., t > 2 fs, the  component of the
current, J,, has oscillatory behavior with the frequency
of oscillations that depends on the bandgap of TMDC
monolayer. Here the bandgap is in the range of 1.1 — 2.1
eV (see Table I). Such oscillations in the residual current
Jz occurs because the main contribution to J, is the
interband one, while the intraband contribution, which
depends only on the CB population distribution, is small.

Since the current in the y direction is due to the sys-
tem’s asymmetry, its magnitude is almost three times
smaller than the magnitude of the current in the x direc-
tion (see Fig. 4). Current J, shows the oscillatory behav-
ior as a function of time with well pronounced bandgap-
dependent oscillations after the pulse, see Fig. 4(a). Dur-
ing the pulse (-2 fs < t < 2 fs), current J, has almost
the same time dependence for all TMDC monolayers ex-
cept one, MoTes, which shows completely different pro-
file. Such distinct behavior of MoTes is consistent with
unique CB population distribution for this material as
shown in Fig. 3(c). Namely, Ng]gs)(k) as a function of k,
is highly delocalized along the lines connecting K points
for MoTe, monolayer, while for other TMDCs Ng;s) (k)
is concentrated near the K and K’ points.

The dependence of the electric current on the field am-
plitude, Fp, is shown in Fig. 5 for MoSs monolayer. For
other TMDC materials, the dependence of the current on
Fy has a similar tendency. As expected, the generated
current monotonically increases with Fy while keeping
the same profile during the pulse and the same oscil-
latory behavior after the pulse. Here the frequency of
oscillations, which is determined by the bandgap, does
not depend on Fj.
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FIG. 3. (Color online) Residual CB population distributions in the reciprocal space for different TMDC monolayers: (a) MoS2,
(b) MoSez, (¢) MoTez, (d) WSz, (e) WSez, and (f) WTez. The optical pulse is linearly polarized in the = direction and its
amplitude is 0.25 VA™. The solid black lines show the edges of the first Brillouin zone. For all TMDC monolayers, except
MoTez, the CB population is concentrated near the K and K’ points.

C. Transferred charge

One of the characteristics of nonlinearity of electron
response to an ultrashort pulse is a charge transferred
through the system during the pulse. Such a charge can
also be measured experimentally?®. It is defined by the
following expression

Q= /_Oo J(t)dt'. (19)

Since the residual current shows an oscillating behavior,
to eliminate the dependence on the upper limit in the
above integral, we introduce a relaxation time of 5 fs
and put the upper limit in the integral at 10 fs. The
transferred charge is also the residual polarization of the
system.

The transferred charge as a function of the field ampli-
tude, Fy, is shown in Fig. 6 for different TMDC mono-
layers. The charge transferred along the y direction, @)y,
monotonically increases with Fy - see Fig. 6(a). For all
TMDC monolayers, except MoTes, the charge is trans-
ferred in the positive direction of the y axis, while for

MoTe; the transfer of the charge occurs in the negative
direction. Such directions of the transfer correspond to
the condition that the pulse’s field maximum is in the
positive direction of the z axis. The magnitude of the
transferred charge increases with decreasing the bandgap
of the TMDC monolayer. The largest charge transfer oc-
curs for WTes monolayer, while the smallest - for MoTeq
monolayer.

Along the x axis [see Fig. 6(b)], the charge is trans-
ferred in the direction of the field maximum for all TMDC
monolayers. The dependence of @), on the pulse am-
plitude, Fp, is nonmonotonic. The transferred charge
reaches its maximum at some value of Fy = Fj,,4. and
then decreases with Fy. The value of F,4, is partially
correlated with the condition that at this field amplitude,
an electron, which is initially at one of the valleys, say
valley K, reaches another valley, K’, during the pulse.
For example, for TMDC monolayers with large lattice
constants, MoTes : 3.557 A and WTey : 3.560 A36, the
maxima occur at the lower field amplitudes. The lattice
constant is not the only parameter that determines @,
dependence on Fy. The transferred charge also depends
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FIG. 4. (Color online) Femtosecond field driven currents as
a function of time in different TMDC monolayers. The gen-
erated electric currents have both the y components (a) and
the  components (b). The pulse is linearly polarized in the
z direction and its amplitude is 0.25 VA™L,

on the bandgap and spin-orbit coupling in the TMDC
monolayer. In terms of applications, the data in Fig.
6(b) illustrate that MoTes monolayer is the most sensi-
tive to the pulse amplitude, i.e., for MoTes monolayer,
the transferred charge, @, , shows relatively sharp maxi-
mum with strong dependence on Fj.

IV. CONCLUSION

The TMDC monolayers have the symmetry group of
D3, and the broken inversion symmetry. With only three
axes of symmetry, which are along with the armchair di-
rections, the response of TMDC monolayer to an optical
pulse is highly anisotropic. If the optical pulse is polar-
ized along the direction of symmetry of the monolayer,
then the electric current is generated only along the di-
rection of polarization. But suppose the optical pulse’s
polarization is along a non-symmetric direction, for ex-
ample, along the zigzag direction; in that case, the elec-
tric current has both longitudinal and transverse compo-
nents, i.e., components along the direction of polariza-
tion and in the perpendicular direction. For all TMDC
monolayers, the longitudinal electric current shows simi-
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FIG. 5. (Color online) Ultrafast field driven currents in MoSs
monolayer as a function of time for different field amplitudes.
The y component (a) and the  component (b) of the current
are shown. The optical pulse is linearly polarized in the x
direction.

lar behavior as a function of time. The interband contri-
bution mainly determines the generated electric current
in TMDC monolayers. As a result, the residual current
as a function of time shows oscillations, the frequency of
which is determined by the bandgap of the correspond-
ing TMDC monolayer. The generated electric current
also transfers the electric charge through the system. For
longitudinal currents, the charge is transferred in the di-
rection of the field maximum of the pulse. As a func-
tion of the field amplitude, the transferred charge has a
maximum, the position of which depends on the lattice
constant of the TMDC monolayer. Among all TMDC
materials, MoTes monolayer is the most sensitive to the
optical pulse parameters. The charge transferred through
MoTe; monolayer shows strong depends on the field am-
plitude with a well-pronounced maximum at ~ 0.3 V/ A.

The transverse current also results in the charge trans-
fer through the system during the pulse. The magnitude
of the transferred charge monotonically increases with
the field amplitude, while the transfer’s direction depends
on the TMDC material. Control of electron transport on
a femtosecond time scale paves the way for the ultrafast
electronic application of TMDCs monolayers.



Appendix A: Tight binding Hamiltonian
~
£
Q
N
The three band nearest-neighbor (TNN) tight-binding
d?{‘ Hamiltonian, H(™N) of TMDC monolayer takes into
account three orbitals (d,2, dgy, and d,2_,2) of transition
metal atoms®®. The Hamiltonian is given by the following
expression
-0.1
0.25¢
0.2}
£
-
O 0.15]
=
~
>
Q1 0.1¢ Vo i Vs
H™N() = | V7 Vip Vig |, (A1)
Ve Viz Vao
0.05}
0

0 01 02 03 04 05
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FIG. 6. (Color online) Charge transferred through the system
during the pulse as a function of the field amplitude, Fp, for
different TMDC monolayers. The transferred charge along
the y direction (a) and the z direction (b) is shown. The

optical pulse is linearly polarized in the x direction. where



Vo = €1 + 2tp(2 cos a cos 5 + cos 2a) + 2rg(2 cos 3a: cos B + cos 23) + 2up(2 cos 2acos 23 + cosda)

Re[V3]

—2V/3ty sinasin B + 2(r1 + 72) sin 3asin 8 — 2v/3uy sin 2asin 23 |

Im[V}] = 2¢; sin (2 cos @ + cos B) + 2(r; — ro) sin3a cos f + 2uq sin 2a(2 cos 2a + cos 23)

2
Re[V3] = 2t2(cos 2 — cos accos B) — —=(r1 + r2)(cos 3accos f — cos 2) + 2uz(cos 4o — cos 2accos 203)

V3

2
Im[Va] = 2v/3t1 cos asin B + —— sin B(r1 — 3)(cos 3o + 2 cos B) + 2v/3u; cos 2asin 26

V3

Vi1 = €2 + (t11 + 3t22) cosacos f + 2t11 cos 2a + 4r11 cos 3accos B + 2(ry1 + V/3r15 cos 28) +

(u11 + 3uaz) cos 2 cos 28 + 2uqq cos da |

Re[V12] = \/g(tgg — t11) sin asinf + 4r15 sin 3asin B + \/§(u22 — uy1 sin 2asin28) ,
Im[Via] = 4t12 sin a(cos a — cosf) + 4uqa sin 2a(cos 2a — cos 23)
Vag = €3 + (3t11 + t22) cos acos § + 2tas cos 2a + 211 (2 cos 3a cos B + cos 23) +

V3

and

The parameters in the above Hamiltonian are given in
table II Ref [36] for different TMDC materials.
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