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We study theoretically interaction of topological Weyl semimetals with an ultrafast optical
pulse. The electron dynamics in such material is coherent and highly anisotropic. For some di-
rections of pulse polarization, the electric dynamics is irreversible, which means that the residual
electron conduction band population after the pulse is comparable to the maximum conduction
band population during the pulse. For other directions of polarization, the electron dynamics
is highly reversible and, after the pulse, the electron system returns to its initial state with al-
most zero conduction band population. Such high anisotropy in electron dynamics is related to
anisotropy in interband dipole matrix elements. In the reciprocal space, the electron conduction
band population density shows hot spots near the Weyl points. The optical pulse also causes
net charge transfer through the system. The direction of transfer is the same as the direction of
the field maximum. The transferred charge has highly anisotropic dependence on polarization
direction with almost zero transferred charge for some directions.

I. INTRODUCTION

Interaction of solids with ultrashort optical pulses has
been a subject of intensive theoretical and experimental
research! '3, For short pulses with the duration of a
few femtoseconds, which is less than the characteris-
tics electron scattering time, the electron dynamics is
coherent and can be described by a time dependent
Schrédinger equation. For strong pulses, the electric
field of the pulse is comparable to the internal elec-
tric field of a solid. Such pulses can strongly modify
both transport and optical properties of solids. It was
shown that wide band gap insulators such as quartz,
sapphire and calcium floride, regardless of dissimilarity
in their physical properties, undergo semimetallization
during the pulse, which is observed as a finite charge
transfer through an insulator during the pulse'® '8,
For such materials, the electron dynamics during the
pulse is highly reversibility, which means that the elec-
tron system returns to its initial state after the pulse,
i.e., the residual conduction band (CB) population is
small. Such reversibility is due to a large band gap,

A =~ 10eV > hw (w is the frequency of the pulse), and
smooth dependence of the interband coupling on the
reciprocal vector.

For solids with a small band gap, A < hw, the elec-
tron dynamics in a strong optical pulse is usually
irreversible, which means that the residual CB popula-
tion is comparable with the maximum CB population
during the pulse. Here the residual CB population is
defined as the population at the moment when the
pulse ends. Such irreversibility of electron dynam-

ics is also due to highly nonuniform interband dipole
coupling as a function of a reciprocal vector. In this
case the residual CB population distribution in the
reciprocal space has patterns that are determined by
both polarization of the pulse and the crystal struc-
ture of a solid. For example, for 2D materials, such as
graphene, silicene/germanene, and phosphorene, the

residual CB population shows hot spots in the recip-
rocal space??:21:23:24 that are near the Dirac points

for graphene and near the I' point for phosphorene.
These hot spots are due to singular nature of the in-
terband dipole matrix elements near these points.

Such singularity can be also employed to realize the
interferometry in graphenes reciprocal space without a
magnetic field when a circularly polarized optical pulse
is incident on graphene monolayer?2.

Here we study another class of topological systems
with singular interband dipole matrix elements. These
systems are three dimensional (3D) topological Weyl
semimetals. The quasiparticle excitations in such ma-
terials are Weyl fermions?® 2 with linear low-energy
dispersion relation. Similar to graphene, which also has
relativistic low-energy dispersion relation but in 2D,
the bulk electron states in Weyl semimetals are chi-
ral. The Weyl nodes in such semimetals come in pairs,
which are separated in the reciprocal space and have
opposite chirality. We consider interaction of such Weyl
fermions with an ultrashort optical pulse and identify
the fingerprints of unique dispersion relation of these
materials in the conduction band population distribu-
tion in the reciprocal space. The Weyl semimetal is a
unique system in a sense that it can be considered as

a combination of many layers of graphene-like subsys-
tems that are anisotropic and have different bandgaps.
Thus, by probing the Weyls semimetals with ultrashort
optical pulse we can study the effect of such pulses on
anisotpic gapped graphene-like materials. Below we
show that the interaction of an ultrashort pulse with
Weyl fermions is highly anisotropic and strongly de-
pends on the direction of pulse polarization. In general,
the electron dynamics in the field of the pulse is highly
irreversible, which is similar to graphene. At the same
time, for some directions of polarizations, the electron
dynamics is reversible, i.e., after the pulse, the system
returns to its initial state. Such behavior is different
from graphene and illustrates the fact the reversibil-
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FIG. 1: (Color online) Profile of the optical pulse with
7 =10 fs and Fy = 0.003 V/A.

ity of electron dynamics is determined by both the
magnitude of the bandgap and the properties of the
interband dipole coupling.

II. MODEL AND MAIN EQUATIONS

We assume that the ultrashort optical pulse has the
following form3°

F(t) = Foe " (1 — 2u?), (1)

where the direction of the pulse polarization is deter-
mined by the direction of vector Fy = (Fyo, Fyo, F20),
while the magnitude Fy of this vector is the pulse am-
plitude, v = t/7, and 7 is the pulse duration. Below we
consider ultrashort pulses with the duration of 7 = 10
fs. The profile of such pulse with amplitude Fy = 0.003
(V/A) is shown in Fig.1.

The time-dependent Hamiltonian of a system in the
field of the pulse is given by the following expression

M = Ho + eF(t)r. (2)

Here H is the field-free electron Hamiltonian, r is a
position vector, and e is an electron charge. For the
field-free Hamiltonian we use the lower-energy approx-
imation of the full Hamiltonian of the system in the
reciprocal space near the Weyl points. The correspond-
ing Hamiltonian has the following form?!

Ho = Eoll + vo.q.1 + v,q,0, + VyQyOy + V2Q-02, (3)

where I is the identity matrix, q = k — kg, kg is the
position of the Weyl point in the reciprocal space, k is

the electron wave vector , and o; are three Pauli matri-
ces. Here vop = (vo,4, 0.y, 0,2)s Uz, Uy, Uz, and Ey are

the parameters of the Hamiltonian. The corresponding
conduction and valence band energy dispersions are the
following

E. = h(UOxQz + VoyQy + V02q- + \//_L) (4)

for the conduction band and

E, = h(UOsz + VoyQy + V0249 — \//7) (5)

for the valence band. Here = v2q3 + viq; + v2¢3.
The coherent electron dynamics in the field of the
pulse is described by the time dependent Schrodinger
equation

dip

h— = . 6

i =My (6)
Here the time dependence in the Hamiltonian comes
from the time dependent electric field. Such electric
field results in both interband and intraband electron
dynamics. The intraband electron dynamics, i.e. the
dynamics within a single band, is described by the
acceleration theorem

dk

h% = eF(t), (7)

with the solution of the form

t

krat)=a+; [ Fladn. 0

— 00

Here q is the initial wave vector. This solution does
not depend on the band index, which means that the
intraband dynamics in the reciprocal space is the same
for all bands. The corresponding wave functions are
Houston functions®2

L (1,6) = Uity (e F et Eellertann] )

Here g (r) is the wave function of the field-free Hamil-
tonian for band «. Then the general solution of the
Schrédinger equation can be expressed in the basis of
Houston functions as

wq(rv t) = Z 5aq(t)‘1’<(£) (I‘, t)? (10)

a=wv,c

where B.4(t) are expansion coefficients that satisfy the
following system of differential equations

dBeq _ F)Qy(1)

T —ZTﬁvq(t% (11)
dBsq . F()Qu(t)
i —ZTﬂcq(t% (12)

where vector function Q, are defined by interband
dipole matrix elements

Q, (1) = Dlk(q )] exp ( [65) (1) + 6D (0] ) (13)



where the dynamic phase is

dty (Ec[k(q, t1)] — Ey[k(q, tl)]> :
(14)

and the topological (Berry) phase is

o2 =5 [ (k@ t)] - Aclkla )] ) (e,

(15)

and

— @19 @)
Aaa(k) = (¢ |l@|¢k ) (16)
where « corresponds to the conduction band ¢ and the
valence band v. The dipole matrix elements between
the valence and conduction bands are defined by the
following expression

D(k) = (" ler|vy”).

Substituting the wave functions found from the field-
free Hamiltonian (3) into Eq. (17), we obtain the
following expressions for the dipole matrix elements

(17)

e —
D.(k) = figE(vquvzqz—l-iquy\/ﬁ),
20 Ju2a2 + i}
e —v ,
Dy(k) = i7y<qu(y’uzq,z_zvmqga\/ﬁ>a
By Jviad +vig?
D (k) — % V202 + 12¢2 (18)
: 2ip V el T Oy ly:

The system of equations (11)-(12) is solved numerically
with the following initial conditions (Buq, 8eq) = (1,0).
This condition means that in the initial state, the va-
lence band is occupied and the conduction band is
empty. Then the time dependent conduction band pop-
ulation of a state with wave vector q is |B.(t)|?, while
the total conduction band population is

Neg(t) = |Be(®)]. (19)

Intraband dynamics combined with electron redistri-
bution between the bands generates an electric current
during the pulse, which can be found from the following
expression

1) = o / da 3 S B OV B0,

a1 =v,c aa=vc

(20)
where j = ,y,z and V*'** are the matrix elements of
the velocity operator,

1 0H
= 50 (21)

s

calculated between the valence and conduction band
states. These matrix elements are given by the follow-
ing expressions

Uz
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With the known current, we can find the net charge
transferred through the system during the pulse

Qrj = /OO dtJ;(t). (31)

III. RESULTS AND DISCUSSION

We present the results for TaAs, which has a body-
centered tetragonal lattice system, see Fig.2, with
lattice constants a = b = 3.437A along x and y direc-
tion, respectively and ¢ = 11.646A along z direction.
TaAs has two pairs of Weyl points with following coor-
dinates: (+0.0072,0.4827,1.0000) for the first pair, Wy
and (£0.0185,0.2831,0.6000) for the second pair, Wo33.
Here the coordinates of the points are given in units of
reciprocal lattice vectors. The parameters of the effec-
tive low-energy Hamiltonian (3) can be found from the
known velocities in the conduction and valence bands33.
The corresponding parameters are given in Table 1 for
two sets of Weyl points.

The relaxation dynamics of electrons in TaAs, photoex-
cited by a short pulse, has been studied experimentally
in Ref.”. It was shown that, after the pulse, the elec-
tron relaxation occurs at picosecond time scale, which
makes these materials suitable candidates for optical
switching. Here we study another aspect of interac-
tion of ultrashort optical pulses with Weyl semimetals.



TABLE I: The parameters (velocities) of effective
Hamiltonian (3) in units of 10°m/s for two sets of Weyl
points.

Velocity Wi Wao
Vo —1.35 —0.95
Voy -1 0.9
V02 0 1.35
Vg 3.85 3.35
Uy 2.2 2.6
Vs 0.2 295

Namely, we study the electron dynamics during the
pulse. We characterize this dynamics in terms of the
total CB population and the distribution of CB pop-
ulation in the reciprocal space. Such distribution is
strongly correlated with the profile of the corresponding
interband dipole matrix elements.

A. x-polarized pulse

For the a-polarized pulse (the pulse is incident along z
direction, see Fig.2) the coupling between the bands is
determined by the x component of the interband dipole
matrix element, D,. For the first Weyl point, Wy, the
interband dipole matrix elements D, is shown as a
function of the reciprocal vector, k, in Fig. 3. The re-
ciprocal vector is measured relative to the Weyl point,
i.e., the coordinates of the Weyl point are (0,0,0). Con-
sidering the dipole matrix element as a function of k,
and k, at a fixed value of k., we can characterize its
behavior as follows. At k, = 0, the dipole matrix ele-
ment is singular at the Weyl point. This singularity is
exactly of the same type as the singularity of the inter-
band dipole matrix element in graphene. For nonzero
k. the system becomes similar to graphene with a gap.
As a result, the dipole matrix element has two peaks
(one is positive and another is negative) near the origin
(Weyl point). The corresponding distribution of the
dipole matrix element is shown in Fig. 3. For k, # 0,
the dipole matrix element has both real and imaginary
parts.

Figure 4 shows the conduction band population near
Weyl point W7 as a function of a reciprocal vector at
different moments of time. The residual conduction
band population has two peaks, the positions of which
are correlated with the positions of the peaks of the
dipole matrix element, D,, shown in Fig. 3.

The time evolution of CB population distribution can
be understood from the intraband electron dynamics

in the reciprocal space. Such dynamics is described by
the acceleration theorem, Eq. (8). The electron wave

vector follows the vector potential, f i (t1)dt1, see
Eq. (8). Then, for t < —15 fs, the electric field moves
electrons in the negative direction of axis k, i.e., the
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FIG. 2: (Color online) Body-centered tetragonal
structure of TaAs.
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FIG. 3: (Color online) Interband dipole matrix element
D, as a function of reciprocal vector (k;, ky,0.05) near
the first Weyl point W7. Both real (a) and imaginary
(b) parts of D, are shown.
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FIG. 4: (Color online) Conduction band population as
a function of wave vector near the first Weyl point, W7,
at different moments of time. The results are shown for
x polarized pulse with the amplitude of Fy = 0.003
(V/A) and for k, = 0 (1/A).
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FIG. 5: (Color online) Interband dipole matrix element
D, as a function of reciprocal vector (k, ky,0.05) near
the first Weyl point W;. Both real (a) and imaginary
(b) parts of D, are shown.

vector potential is negative. During such motion the
interband mixing of the conduction and valence band
states is the strongest when an electron passes the re-
gion near the Weyl point, where the interband dipole
matrix element is the largest. This behavior produces a
hot spot with large CB population (almost 1) near the
Weyl point at ¢ = —15 fs (see Fig. 3). At ¢t > —15f{s,
the electrons move in the positive direction of axis k;
and crosses again the region of Weyl point with large
interband coupling. Such crossing transfers electrons
from the conduction band into the valence band, result-
ing in small CB population at ¢ = 0 fs when electrons
return to their initial positions in the reciprocal space.
Attt > 0 fs, electrons continue their motion in the
position direction of axis k,, resulting again in large

CB population, but now to the right from the Weyl
point, at ¢ = 7.5 fs. This population becomes small
when electrons cross the region near the Weyl point the
second time. Finally, at the end of the pulse, the CB
population near the Weyl point becomes small, while it
is large at some distance from the Weyl point, where a
single passage does completely transfer an electron from
the valence into the conduction bands. Such behavior is
similar to what has been observed in graphene.

B. y-polarized pulse

In this case the light is polarized along y axis and is
incident along the z direction, see Fig.2. The profile

of the dipole matrix element D, as a function of the
reciprocal vector is similar to the one of D,. At k, = 0,
the dipole matrix element D, as a function of k, and
k, is singular at the Weyl pomt At nonzero k,, the
dipole matrix element D, has two peaks near the origin
[(kz,ky) = (0,0)] - see Flg 5. The only difference be-
tween D, and D, is that D, has a smaller magnitude,
by &~ 50%.

The conduction band population distribution for the
Weyl point W7 is shown in Fig. 6 at different moments
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FIG. 6: (Color online) Conduction band population as
a function of wave vector near the first Weyl point, W7,
at different moments of time. The results are shown for
y polarized pulse with the amplitude of Fy = 0.003
(V/A) and for k, = 0 (1/A).
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FIG. 7: (Color online) Interband dipole matrix element
D, as a function of reciprocal vector (k,0, k.) near the
first Weyl point W7. Only imaginary part of D, is
shown. The real part is zero.

in time. Similar to z-polarized pule, the residual con-
duction band population has two well-pronounced max-
ima, which are at the same positions as the maxima of
the dipole matrix element, D,. This behavior is similar
to the one observed for z-polarized light. The main dif-
ference is that, the maximum residual conduction band
population for y-polarized light is almost two times
smaller than the maximum conduction band population
for z-polarized light. This is due to a smaller value of
the corresponding interband dipole matrix element.
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FIG. 8: (Color online) Conduction band population as
a function of wave vector near the first Weyl point, W1,
at different moments of time. The results are shown for
z polarized pulse with the amplitude of Fy = 0.003
(V/A) and for k, = 0 (1/A).

C. z-polarized pulse

The dependence of the interband dipole coupling on the
reciprocal vector is determined by parameters of the
effective Hamiltonian. The parameters of the Hamilto-
nian, which characterize the electron dynamics along

x and y directions, are almost the same (see Table 1),
which results in similar responses of the system to x
and y polarized pulses. Along z direction, the corre-
sponding parameters of the Hamiltonian (v, and v;)
are small, which strongly modifies the dipole matrix
elements and the electron dynamics along z direction.
The dipole matrix element D, for the Weyl point W1
is shown in Fig. 7. The dipole matrix element D, has
a maximum at the Weyl point. This behavior is dif-
ferent from D, and D,, which have two maxima near
the Weyl point. This property of the dipole matrix
element, D,, determines the electron dynamics in the
pulse polarized along z axis. Here, we assume that the
pulse propagates along y direction, see Fig.2.

The conduction band population distribution in the
reciprocal space is shown in Fig. 8 for Wj for the field
amplitude of Fy = 0.003 (V/A). During the pulse, there
is a large conduction band population near the Weyl
point. Such large population is due to strong mixing
of the valence and conduction band states when an
electron passes the region of large interband coupling,
which is near the Weyl point. The first passage of such
region results in large conduction band population,
while after the second passage the conduction band
population becomes almost zero. Such cancellation of
the conduction band population is the effect of destruc-
tive interference, which was also observed in graphene.
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FIG. 9: (Color online) Conduction band population as
a function of wave vector near the second Weyl point,
Ws, at different moments of time. The results are
shown for z polarized pulse with the amplitude of

Fy =0.003 (V/A) and for k, =0 (1/A).

Finally the residual conduction band population be-
comes almost zero. This is a unique feature of Weyl
point Wi, which is due to highly localized nature of
the interband dipole coupling near the Weyl point.
The strength of localization of the dipole matrix ele-
ment depends on the corresponding parameters of the
Hamiltonian. For Weyl point W5, which has order of
magnitude larger velocities v, and vg, (see Table 1),
the residual conduction band population is relatively
large and has two maxima near the Weyl point - see
Fig. 9. Such conduction band population distribution is
similar to the one for x and y-polarized light.

D. Total occupation of the conduction band

Another important characteristic of electron dynamics
in the field of the pulse is the total population of the
conduction band, N¢g(t). The total CB population
can be used to determine if the electron dynamics dur-
ing the pulse is reversible or irreversible. If the electron
dynamics is reversible then the residual CB popula-
tion (CB population after the pulse) is much smaller
than the CB population during the pulse, while if the
electron dynamics is irreversible then the residual CB
population is comparable to the maximum CB popula-
tion during the pulse.

The total conduction band population as a function of
time is shown in Fig. 10 for Weyl point W7 and differ-
ent pulse amplitudes. For x and y polarized pulses the
electron dynamics is highly irreversible, which means
that the residual conduction band population is com-
parable to the maximum conduction band population
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FIG. 10: (Color online) Total conduction band
population as a function of time for the first Weyl
point, Wj. The pulse is polarized along (a) = (b) y (c)
z directions.
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FIG. 11: (Color online) Total conduction band
population as a function of time for the second Weyl
point, W5. The pulse is polarized along z direction.

during the pulse [see Fig. 10(a,b)]. Such irreversible
dynamics is similar to the electron dynamics in two
dimensional (2D) materials such as graphene and
phosphorene???4. For z-polarized pulse the behavior

is completely different [see Fig. 10(c)]. The electron
dynamics in this case is highly reversible - the resid-
ual conduction band population is almost zero, which
means that the system returns to its initial state.
During the pulse, the conduction band population

is relatively large. In all cases (x, y, and z polarized
pulses) the conduction band population monotonically
increases with pulse amplitude.

For the second Weyl point, W5, the electron dynamics
for the x and y polarized pulses is similar to the one for
the first Weyl point, W;. The electron dynamics is ir-
reversible and the residual conduction band population
is comparable to the maximum conduction band popu-
lation during the pulse. However, for z polarized pulse,
the electron dynamics for Weyl point W5 is completely
different from the electron dynamics for Weyl point Wj.
For z polarized pulse, the electron dynamics becomes
highly irreversible - see Fig. 11.

Thus, the results for z polarized pulse illustrate that
the reversibility of electron dynamics is determined

not only by the bandgap but also by the properties of
interband dipole coupling.

The residual conduction band populations, NA™*)
Nyms), and Nz(ms), for the first Weyl point, W7 are
shown in Fig. 12 as a function of the pulse amplitude.
The residual conduction band population for z polar-
ized pulse is almost zero for all values of Fy, which
illustrates reversibility of electron dynamics along z
direction. For the x and y polarized pulses the residual

conduction band population monotonically increases
with Fo.
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FIG. 12: (Color online) Residual conduction band
populaion as a function of pulse amplitude, Fj, for the
first Weyl point, W7. The results are shown for the x
polarized (Ngﬁms)), y polarized (Ny(Tes)), and z polarized

(Nz(res)) pulses.

E. Transferred charge

Interband electron dynamics results in redistribution of
electrons between the valence and conduction bands,
while intraband dynamics determines the transport of
electrons within a single band. Combination of these
two types of dynamics results in generation of elec-

tric current, which can be found from Eq. (20). The
current as a function of time is shown in Fig.13. The
current itself has two contributions: interband and
intraband. Our results show that the electric current

is mainly determined by the intraband contribution.

This can be also seen in Fig. 13, where both the current

and the vector potential are shown. The results show
that the current follows the vector potential. As we
discussed in section II, the intraband electron dynam-
ics is determined by the acceleration theorem and the
corresponding electron momentum follows the vector
potential. Then the intraband contribution to the cur-
rent, which is proportional to electron group velocity,
should also approximately follow the vector potential.
At the same time, the interband contribution to the
current is mainly determined by population of the con-
duction band, which follows the electric field of the
pulse. Thus the interband contribution should mainly
follow the electric field of the pulse but not the vector
potential. Since the total current, shown in Fig. 13,
follows the vector potential, then we can conclude that
the total current is mainly determined by the intraband
contribution. This is valid for all directions of pulse
polarization.

With the known electric current, the charge transferred
through the system can be calculated as an area under
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FIG. 13: (Color online) Current and vector potential ,
J F(t)dt, as a function of time for z polarized pulse
with the amplitude of Fy = 0.001 (V/A). The results
are shown for the first Weyl point, Wj.
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FIG. 14: (Color online) Transferred charge through
Weyl semimetal as a function of pulse amplitude for the
first Weyl point, W7. The results are shown for z
polarized and y polarized pulses.

the current versus time graph. The transferred charge
as a function of field amplitude, Fy, is shown in Fig. 14
for the first Weyl point. Here @, and @), correspond to
x and y polarized pulses, respectively. For z polarized
pulse, the transferred charge is almost zero. The trans-
ferred charges @), and @), monotonically increase with
the field amplitude. The transferred charge for y po-
larized pulse is almost fourteen times smaller than the
transferred charge for x polarized pulse. In all cases,
the transferred charge is positive, which means that the
direction of the transfer is the same as the direction

of the field maximum. A non-zero transferred charge
means that the electron dynamics in the field of the



0 1 2 3
Fo(V/A)

FIG. 15: (Color online) Charge transferred through
Weyl semimetal for z polarized pulse (Q.), y polarized
pulse (@), and z polarized pulse (Q). The transferred
charge is shown as a function of field amplitude for the
second Weyl point, Ws.

pulse is highly non-linear. The direction of the charge
transfer also depends on the carrier envelope phase of
the pulse.

The transferred charge for the second Weyl point,
Ws, is shown in Fig. 15. The transferred charge for z
polarized pulse is nonzero and is almost equal to the
transferred charge for x polarized pulse. For all direc-
tions of polarization, the transferred charge is positive
and monotonically increases with field. The data also
show that the transferred charges (), and @, for Weyl
point Wy is less than the corresponding charges for
Weyl point Wj.

IV. CONCLUSION

The Weyl semimetals have zero bandgap, which sug-
gests that femtosecond dynamics of electrons in such
materials should be highly irreversible, i.e., the resid-
ual electron population after the pulse is comparable
to the conduction band population during the pulse.
Such dynamics has been observed in graphene, which
is a 2D version of Weyl semimetals. Our results show
that irreversibility of ultrafast electron dynamics is
determined not only by the bandgap of the material

but also by the profile and the magnitude of the inter-
band dipole elements. We considered the case of TaAs
Weyl semimetal, which has two sets of Weyl points. We
found that for the first set of Weyl points, the electron
dynamics is highly anisotropic. Namely, while for x
and y polarized optical pulses the electron dynamics is
irreversible, for z polarized optical pulse the electron
dynamics is highly reversible. For z polarized optical
pulse, the residual conduction band population is al-
most zero after the pulse. Such high reversibility is due
to relatively small value of z component of interband
dipole matrix element and its high localization near
the Weyl point. Although, in this case, the residual

CB population is small, the maximum CB population
during the pulse is large. Possibility of realization of
reversible electron dynamics in gappless materials dur-
ing femtosecond pulse is crucial for applications of laser
pulses for femtosecond optical control of solids.

For the second set of Weyl point, the electron dynamics
is irreversible for all directions of polarization of the
optical pulse. In all cases, the residual conduction band
population is comparable to the maximum conduction
band population.

The femtosecond optical pulse also causes the charge
transfer through the system during the pulse. The
magnitude of the charge transfer strongly depends on
the direction of polarization. For the first set of Weyl
points, for z polarized pulse, the transferred charge is
almost zero. For x and y polarized pulses the charge

is transferred in the direction of the pulse maximum.
The magnitude of the transferred charge for x polarized
pulse is almost fourteen times larger than the magni-
tude of the transferred charge for y polarized pulse.

For the second set of Weyl points, the charge is trans-
ferred through the system for all directions of polariza-
tion.
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