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The successful realization of the topological Weyl semimetals has revolutionized contemporary physics.
In recent years, multi-Weyl semimetals, a class of topological Weyl semimetals, has attracted broad interest
in condensed-matter physics. Multi-Weyl semimetals are emerging topological semimetals with nonlinear
anisotropic energy dispersion, which is characterized by higher topological charges. In this study, we investigate
how the topological charge affects the nonlinear optical response from multi-Weyl semimetals. It has been
observed that the laser-driven electronic current is characteristic of the topological charge, and the laser
polarization’s direction influences the current’s direction and amplitude. In addition, the anomalous current,
perpendicular to the laser’s polarization, carries a distinct signature of the topological charges and encodes the
information about the parity and amplitude of the nontrivial Berry curvature. We show that the anomalous current
associated with the anomalous Hall effect remains no longer proportional to the topological charge at higher laser
intensity—a significant deviation from the linear response theory. High-harmonic spectroscopy is employed to
capture the distinct and interesting features of the currents in multi-Weyl semimetals where the topological

charge drastically impacts the harmonics’ yield and energy cutoff.
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I. INTRODUCTION

Recent years have witnessed a proliferation in studies of
quantum materials, such as topological insulators, Dirac and
Weyl semimetals, as these materials are not only crucial for
fundamental research but also have immense applications in
upcoming quantum technologies. Owing to the presence of
the topologically protected Weyl points, Weyl semimetals
(WSMs) have become a focal point among the quantum ma-
terials [1-3]. Isolated points in momentum space at which
valance and conduction bands, with linear energy dispersions,
touch are known as Weyl points. These points appear in pairs
with opposite chirality and can be visualized as the source
and sink of the Berry curvature. The low-energy collective
excitations in WSMs are massless Weyl fermions, which make
an elegant connection between high-energy and condensed-
matter physics.

The three-dimensional Dirac semimetals possess both
time-reversal and inversion protection, giving fourfold degen-
erate Dirac points. If one of these two symmetries is broken,
then these Dirac points transform into Weyl points. The ab-
sence of the time-reversal or inversion symmetry in the WSMs
gives rise to the Berry curvature. The topology of the Berry
curvature in WSMs results in a series of exotic phenomenons,
such as the chiral magnetic effect [3—5], the circular photogal-
vanic effect [6-9], and the anomalous Hall effect [10-12] to
name but a few [13—15]. Interaction of light with WSMs has
been a frontier approach to probe various exotic phenomena
associated with the Berry curvature in WSMs [16-25]. The
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WSMs also hold promise for future technologies based on the
ultrafast photodetector, the chiral terahertz laser source, and
quantum physics [26,27].

Earlier realizations of the WSMs have a unit topologi-
cal charge, n = 1 [28-32]. The sign of the Berry-curvature
monopole determines the sign of the topological charge of
the WSMs. The magnitude of the topological charge is n =
fBZ Vi - Q(k) dk, with Q(k) being the Berry curvature. A
class of WSMs, multi-Weyl semimetals (m-WSMs), with
topological charges higher than 1 came into existence in re-
cent years. The m-WSMs with topological charges 2 and 3 are,
respectively, manifested by quadratic and cubic energy disper-
sions along particular directions, whereas they exhibit linear
dispersion along other directions [33—36]. This contrasts with
“conventional” WSMs with topological unit charges, which
exhibit isotropic linear energy dispersion. Weyl points in m-
WSMs can be formed by annihilating Weyl points of the
same chirality in WSMs with lower topological charges [37].
The upper bound on the topological charge in m-WSMs is
limited to 3 by certain crystalline symmetries [33,35,38]. A
few possible potential candidates for the m-WSMs are SiSr;
and HgCr,Se4 [33-35].

The m-WSMs manifest unique quantum response due to
the higher topological charges and resultant anisotropic en-
ergy dispersions [39]. It has been shown that the chirality
accumulation is possible without a magnetic field due to
higher topological charges [40]. A distinct chiral anomaly-
induced nonlinear Hall effect, associated with the different
topological charges in m-WSMs, has been discussed [41].
Moreover, transport properties are significantly altered in
comparison to the single-WSMs [42—47]. It has been found
that the anomalous Hall current in the nonperturbative regime
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saturates, and the anomalous Hall conductivity scales linearly
with the topological charges [20,48]. By employing the effec-
tive field theory, the signature of a non-Abelian anomaly in
m-WSMs has been investigated [49].

In this work, we investigate how the nonlinear optical re-
sponses in m-WSMs are sensitive to the topological charges
for different laser intensities. In the following, we show that
the current, parallel to the laser’s polarization, and the anoma-
lous current, perpendicular to the laser’s polarization, exhibit
distinct behavior as a function of the laser’s intensity for
different topological charges. In addition, we demonstrate that
the current is anisotropic in nature, which strongly depends on
the direction of the laser polarization. Moreover, the anoma-
lous current is sensitive to the line connecting the Weyl points.
The parallel current increases linearly below a critical laser’s
intensity. However, above a critical intensity, the parallel cur-
rent shows a nonlinear increment for different topological
charges, and it starts saturating after another critical intensity.
On the other hand, the anomalous current displays linear
behavior for relatively larger intensity. The Berry-curvature
driven anomalous current approaches similar values for dif-
ferent topological charges at large intensity limits. We employ
high-harmonic spectroscopy to probe the distinct behaviors
of the normal and anomalous currents in m-WSMs. It has
been found that the topological charge drastically alters the
harmonics’ yield and energy cutoff.

II. THEORETICAL FRAMEWORK

Interaction of a m-WSM with an ultrashort intense laser
pulse is simulated by solving density-matrix-based semicon-
ductor Bloch equations in the Houston basis [50] as
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Here, ef.‘; and D}ffv are, respectively, energy band gap and
dipole matrix elements between conduction and valence bands
at k;. In the presence of an intense laser, the crystal momen-
tum changes from k to k; as k; = k + A(¢), where A(¢) as
the vector potential of the laser and is related to the laser’s
electric field E(r) as A(t) = — fioc E(t')dt’. A phenomeno-
logical term 75 is introduced to account for the decoherence
between the hole and the electron during the light-matter
interaction process. Fourth-order Runge-Kutta method is used
to solve Eq. (1) numerically for p at each time step. The
completely filled valence band (p,, = 1) and the empty con-
duction band (p.. = 0) are used as initial conditions. The
dipole matrix element and the energy are obtained from eigen-
states and eigenenergies by the diagonalizing Hamiltonian
given in Eqgs. (2)—(4) as discussed in Ref. [51].
The total current is evaluated as J(k,7)=
Y mncien) ok p& . with p&  being the momentum
matrix-element. The total current is decomposed into
two components: intraband and non-intraband currents.
The intraband current is solely originating due to group
velocity and can be expressed as Jinra (K, 1) = Zn Vke}l" ,o,ll‘n.
On the other hand, the non-intraband current contains the

contribution due to the Berry curvature, among others
[52]. The Berry curvature is expressed in terms of the
curl of the Berry connection: € =V x A. The Berry
connection between conduction and valence bands can be
evaluated as A, (k) = —i(Viu(k)|u,(k)) = A (k), which
is visualized as the off-diagonal dipole matrix elements
[53,54]. Thus, the Berry curvature between conduction and
valence bands is written as .,(K) = i[A,.(K) x A.,(K)].
The current due to the Berry curvature is evaluated
as  Ja(k, 1) = E() x ch,vv 2., (k) pcc,vv(kv t) and is
commonly known as the anomalous current.

Inversion-symmetric m-WSM with broken time-reversal
symmetry for different topological charges n can be collec-
tively written as H" (k) = d"(k) - o, with ¢’s being the
Pauli matrices and d = [d,, d,, d.] [49]. The full expressions
of the three components of d® (k) for topological charges
n =1, 2, and 3 are written as

d"V(k) = [t sin(ka), t sin(kya),
t{cos(k.a)—cos(koa) + 2—cos(k.a)—cos(kya)}],
2

d? (k) = [t{cos(k,a) — cos(kya)}, t sin(k,a) sin(k,a),
t{cos(k.a)—cos(koa) + 2 —cos(k.a)—cos(kya)}],
3)
and
d® (k) = [t sin(k,a){3 cos(k,a) — cos(k.a) — 2},
t sin(kya){3 cos(kca) — cos(k,a) — 2},
t{cos(k.a)—cos(koa) + 2—cos(k.a)—cos(kya)}].
)

Here, ko determines the positions of the Weyl nodes, which
we have taken to be kg = 7 /(2a) in this article throughout,
unless stated otherwise. Thus, the positions of Weyl points for
Egs. (2)-(4) are (0, 0, =k¢) as shown in Fig. 2.

III. RESULTS AND DISCUSSION

Let us apply a laser polarized along the z direction to
induce electron dynamics in m-WSMs. Figure 1 presents the
total current in m-WSMs with different topological charges.
The current in a WSM with n = 2 is approximately 1 order
higher in magnitude in comparison to the current for n = 1.
However, the total current is comparable for n = 2 and 3 as
evident from Fig. 1. The overall shape of the currents in all
cases are significantly distorted with respect to the shape of
the laser’s electric field as shown in the inset. This distortion
indicates the involvement of nonlinear optical processes dur-
ing electron dynamics. Note that the laser polarized along the
z direction does not yield current along any direction other
than the polarization direction, which will be discussed later.

To understand the unusual behavior in the strength of the
total current for different n values, let us first analyze the
energy band structures of the m-WSMs. Owing to a similar
structure of H(k), the eigenvalues can be succinctly writ-

ten as E., = £V df + df + dzz, where E., corresponds to
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FIG. 1. Total current along the z direction in multi-Weyl
semimetals for different topological charges . The linearly polarized
laser pulse along the z direction is employed to generate the current
and is shown in the inset. The pulse is approximately 100 fs long
with a wavelength of 3.2 um and an intensity of 10'' W/cm?. The
value of the phenomenologically decoherence time 7; is 1.5 fs.

conduction and valence bands, respectively; and the d’s are
corresponding d’s for each n as given in Egs. (2)-(4).

Figure 2(a) shows the energy band structures along the
k, direction for different n values. The band structures with
two Weyl nodes of opposite chirality at +k, are identical for
n =1, 2, and 3 as evident from the figure. The reason behind
the identical energy dispersion along k, can be attributed to the
same hopping parameter ¢ and lattice parameter a for different
n’s. However, the band structures near one of the Weyl nodes
are significantly different along k, for different n’s as docu-
mented in Fig. 2(b). Note that the band structures along &, and
ky are identical. The different energy dispersions along k, are
directly related to the topological charges of the Weyl nodes.
The relation between the energy dispersion and the topologi-
cal charge is apparent from the low-energy Hamiltonian near
a Weyl node as H" (k) = v(k]o, + ko, + k.0;) forn = 1,2,
and 3. It is straightforward to see that the effective low-energy
band structures are linear, quadratic, and cubic for n = 1, 2,
and 3, respectively. Furthermore, it can be shown explicitly
by calculating Berry curvature that the Chern numbers corre-
sponding to linear, quadratic, and cubic dispersions are 1, 2,
and 3, respectively, as calculated elsewhere [44].

Analysis of Fig. 2 indicates that the current should be
comparable for the m-WSMs with different n’s as the en-
ergy dispersions are identical along the direction of laser
polarization. However, the energy gap between valance and
conduction bands is smaller for n = 2 and 3 in comparison
to n = 1 around the Weyl node as evident from the energy
dispersion along k,, which translates into a higher proba-
bility of electron excitation for n = 2 and 3. Moreover, the
energy dispersions for n =2 and 3 are similar. The distinct
energy dispersion naturally leads to the distinct gradient of the
group velocity. Thus, the cubic band dispersion offers a larger
intraband current compared to the quadratic one. Similarly,
the linear dispersion has the smallest current flow out of the
three. Both these facts explain why the total current exhibits
similar features for n = 2 and 3 and is higher in magnitude
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FIG. 2. Energy band structure corresponding to multi-Weyl
semimetals with different topological charges along (a) the k, direc-
tion and (b) the k, direction around a Weyl node. The band structures
along the k, and k, directions are identical. The band structure is
obtained by diagonalizing the Hamiltonian H™ for different values
of n with the hopping parameter # = 1.2 eV and the lattice parameter
a = 6.28 A. The purple line corresponds to the valence band in all
cases.

in comparison to n = 1. Note that the entire Brillouin zone
contributes to the total current in three-dimensional systems
like WSMs [55].

So far, we have witnessed that the laser polarized along the
z direction does not generate current along any perpendicular
direction. Let us see how this observation is modified when
the polarization of the laser is tuned from the z direction
to the x direction. Figure 3(a) presents the current parallel to
the laser polarization for different topological charges. The
strength of the current is drastically different for different n’s,
which is expected from the band structures along k, as shown
in Fig. 1(b). The current increases monotonically as the band
dispersion goes from linear to quadratic and cubic with the
increase in n. This observation is in contrast with the previous
one where the current was comparable for n = 2 and 3. Before
we delve into the detailed reason for the increase in current as
a function of n, let us focus on the perpendicular component of
the total current along the y direction as shown in Fig. 3(b). A
similar perpendicular component appears along the x direction

224308-3



AMAR BHARTI AND GOPAL DIXIT

PHYSICAL REVIEW B 107, 224308 (2023)

(@  x107?

(arb. units)

Jx

(b  x103

w

Inl A

Jy (arb. units)
o

Time (fs)

FIG. 3. Total current along (a) the direction of the laser polariza-
tion, i.e., normal current, and (b) along the perpendicular y direction,
i.e., anomalous current. The laser is polarized along the x direction.
Details of the simulation and the laser parameters are the same as
those in Fig. 1.

when the laser is polarized along the y direction. In the fol-
lowing, let us use the terminology normal and anomalous
currents for the currents along and perpendicular to the laser
polarization, respectively, as used in a previous study [56].

We employ a semiclassical equation of motion for laser-
driven electron dynamics to understand why the x-polarized
laser generates anomalous current, whereas z polarization
does not. It is known that the WSM has a nonzero Berry
curvature, which results an anomalous velocity as E(¢) x €.
Moreover, the Berry curvature in an inversion-symmetric
WSM follows 2(—k) = £(k), which leads to nonzero current
due to the anomalous velocity of fk p(K{E x (k)}dk. The
parity of the Berry curvature’s components in the present
case (see Supplemental Material for details [57]) is such that
there is no anomalous velocity if the electric field is along
the same direction as the line connecting the Weyl nodes as
discussed in Ref. [56]. Moreover, the anomalous current in
the time-reversal broken WSM produces the anomalous Hall
effect [58]. Thus, the anomalous current is zero when the
laser is polarized along the z direction, the direction along
which the two Weyl nodes are situated. The situation changes
drastically as the polarization direction changes from z to x
ory.

The anomalous current is proportional to 2, which means
it is also proportional to n. Thus, the strength of the anomalous
current increases as n increases [see Fig. 3(b)]. However,
the anomalous currents due to n = 2 and 3 are out of phase
with respect to n = 1. This behavior is due to the sign of
the integral of the Berry curvature’s components as shown in
Ref. [56]. The sign of fk{E x Q(k)}dKk is positive for n = 1
and 3 and negative for n = 2, which leads the anomalous
current for n =2 out of phase. Thus, the strength and the
phase of the anomalous current encode the information about
the nontrivial topology of the Berry curvatures in m-WSMs.
Note that the anomalous current is 1 order weaker than the
normal current as evident from Fig. 3. At this juncture, it is
interesting to wonder how these features in the normal and
anomalous currents alter with the laser’s intensity.

Figure 4 presents variation in the peak current for different
n values as a function of the intensity ranging from 108 to 10!
W /cm?. In the beginning, the anomalous current dominates
over the normal current for each n at 10% W/cmz. However,
the normal current takes over the anomalous current at some
critical intensity. On comparing the normal and anomalous
currents for each n, we find that this critical intensity gets
lower as n increases. In addition, the normal current starts
to grow exponentially at a much lower intensity for higher
n values. The peak current increases linearly as the intensity
increases from 10% to 10’ W/cm? [see Fig. 4(a)]. Moreover,
the rate of increase is much higher for the normal current as
compared to the anomalous current, which starts to saturate at
an intensity much lower than that of the normal current. There
is no exponential growth region in the anomalous current
compared to the normal current, which grows exponentially in
the intensity window of 10" to 10" W/cm2 [see Fig. 4(b)].
It is expected that the laser drives electrons further away in
the energy band as the intensity increases, and therefore the
normal current increases. However, the comparatively large
anomalous current at lower intensity is interesting. Moreover,
the subdued increment in the anomalous current needs further
investigation. To understand these interesting observations,
we analyze the laser-driven electronic population in the con-
duction band.

Electronic population in the conduction band for n = 1 is
1 order in magnitude weaker than the population for n = 3
as shown in Fig. 5(a). Moreover, the conduction band is
sparsely populated for n = 1 at 103 W/cm?. As the intensity
increases from 10® to 10" W/cm?, the overall population
increases by 2 orders in magnitude [see Fig. 5]. The con-
duction band population for n = 3 remains substantially more
significant than that of the lower topological charges even at
10'" W/cm? as evident from Fig. 5(b). Similarly, the overall
nature of the populations remains the same and the difference
in populations is also pronounced for different n values at 10°
W /cm? (not shown here). There are two key factors govern-
ing the overall behavior of the conduction band population
for different n values at two intensities: the first one is the
reduction in the energy gap between valence and conduction
bands around a Weyl node as n increases [see Fig. 2(b)].
This results in higher probability of excitation and thus more
population as n increases. The other important factor is the
dipole matrix amplitude and its relation with n [see Eq. (1)],
which manifests higher electronic population as n increases.
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FIG. 4. Variations of the maximum amplitude for (a) the normal current along x and (b) the anomalous current along y as a function of the
laser’s intensity for multi-Weyl semimetals with topological charges n = 1, 2, and 3. The other parameters are the same as those in Fig. 3.

Thus, it can be concluded from Fig. 5 that the population
increases monotonically with n irrespective of the laser’s
intensity.
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FIG. 5. Temporal evolution of the conduction band population
e for different n values during the laser for two intensities: (a) 10
W /cm? and (b) 10'"" W/cm?. The other parameters are the same as
those in Fig. 3.

Returning back to the considerable anomalous current at
the lowest intensity 103 W /cm?, let us explore how the topo-
logical charge impacts the anomalous current. By following
the analysis of the linear response from the WSM, the anoma-
lous current is proportional to n as Jg o n(b x E), where
b is the vector joining the Weyl nodes [48]. The quantity
b x E determines the direction of the anomalous current. Note
that the same reasoning we have used earlier to explain why
the laser polarized along the direction of the line connecting
the Weyl nodes results in no anomalous current. If we con-
sider the expression of Jg to be true for the considered
laser intensities then, the anomalous current should increase
monotonically with intensity as Jg o< E. However, the anoma-
lous current deviates significantly from this expectation at
higher intensity, signaling a nonlinear optical response from
m-WSMs. It is important to emphasis that the anomalous
current along the perpendicular direction is mainly driven by
the Berry curvature as shown in Fig. S1 [57].

To corroborate our claim about the nonlinear optical re-
sponse, let us analyze the ratio of the anomalous current’s
peak for different n values as a function of the laser’s intensity.
The ratios of the peak current forn =3ton =1andn =2 to
n =1 are presented in Fig. 6(a). Within the linear response
framework, it is expected that the ratios Jq|,=3/Jal.=1 and
Jaln=2/Jel.=1 should be 3 and 2, respectively as Jq o< n.
This expectation is true at 103 W/cm? where the ratios are
close to 3 and 2 as evident from Fig. 6(a). However, both
ratios decrease monotonically as intensity increases, albeit at
different rates. The ratios Jgl|,.—3/Jal.=1 and Jel|.=2/Jalm=1
reach approximately 2 and 1.5 at 10'© W /cm?, respectively—
a drastic deviation from the expectation of linear response
theory. The ratio Jg|,—3/Jal,=1 decreases with a much faster
rate compared to Jg|,=2/Je|,=1. This implies that the anoma-
lous current due to the Berry curvature decreases faster with
an increase in n. Thus, Jg originating from two different
topological charges may be comparable at a certain intensity.
However, it is practically not feasible to keep increasing the
intensity as it can go above the damage threshold of the
material.
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FIG. 6. (a) Ratio of the anomalous current’s peak, Jq, as a
function of the laser’s intensity, and (b) variation in the anomalous
current’s peak, Jgo, as a function of the separation between two
Weyl nodes, ko, at intensity 10'" W /cm? for different topological
charges n.

So far, we have investigated how the anomalous current be-
haves with respect to the intensity. Recently, it has been shown
that the nonlinear anomalous current in a Weyl semimetal
with n = 1 decreases with increasing the distance between
the Weyl nodes [56,59]. Let us see how the reported obser-
vation changes for m-WSMs. Figure 6(b) presents how the
anomalous current’s peak varies with the distance between
the Weyl nodes for different n values. The current due to the
Berry curvature decreases with an increment in the distance
between the nodes, and the decrease is different for each
n. Similar observations can be made when the intensity lies
within the linear-response regime as evident from Fig. S2 [57].
The overall behavior of the anomalous current remains same,
but the response due to the change in the distance is nontrivial
when we compare for different n values.

The normal and anomalous currents are analyzed as the
optical responses in m-WSMs, which transit from a linear
regime to a nonlinear regime as the laser’s intensity in-
creases, even from a perturbative regime to a nonperturbative
regime. High-harmonic generation (HHG) is a hallmark ex-
ample of a nonperturbative nonlinear optical process, which
has become a method of choice to probe various static and

(a)
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-4

logio (Intensity) [arb. units]
% o A

1 3 5 7 9 1" 13 15 17
Harmonic Order

FIG. 7. Higher-order harmonic spectrum corresponding to multi-
Weyl semimetals with topological charges (a) n =1, (b) n =2,
and (c) n = 3. The driving laser is 100 fs long with a wavelength
of 3.2 um and an intensity of 1 x 10" W/cm?. The laser pulse
is linearly polarized along the x direction. A phenomenologically
decoherence time 7, of 1.5 fs is added in the simulation. The
harmonic spectrum is simulated by taking the modules square of
the Fourier transform of the time derivative of the total current as
|F T(%[ f J(k, t) dk])|? [60]. "1:he distance between two Weyl node
is kg = w/(2a), with a = 6.28 A.

dynamical aspects of solids [50,61-69]. In addition, HHG
from topological materials has become a center of attention
as it allows one to investigate nonequilibrium topological as-
pects of topological insulators, Dirac and Weyl semimetals, in
recent years [17,20,70-73]. Recently, it has been shown that
high-harmonic spectroscopy can be used to probe the light-
induced nonlinear anomalous Hall effect in a Weyl semimetal
[56]. Thus, it is interesting to explore how the topological
charge impacts HHG from m-WSMs.

The higher-order harmonic spectra corresponding to m-
WSMs are distinct for different n’s as can be seen from
Fig. 7. Odd-order harmonics are only generated as m-WSMs
exhibit inversion symmetry in the present case. The harmonic
cutoff not only increases drastically but also the yield of the
harmonics is boosted by several orders as n increases. The
energy cutoff increases from 7 to 13 as n changes fromn = 1
to n = 2. Moreover, the yield of the seventh harmonic is 2
orders in magnitude boosted as n transits from 1 to 2 as is
evident from Figs. 7(a) and 7(b). Similar observations can
be made for the harmonics shown in Fig. 7(c) for n = 3.
The Berry-curvature-driven anomalous current in m-WSMs
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results in anomalous odd harmonics along the y direction.
The presence of the anomalous harmonics is a signature of
the light-induced anomalous Hall effect, and the strength of
these harmonics gives the measure of the Hall effect [56].

The characteristic dependence of the relative yield of the
normal and anomalous harmonics on the harmonic order of-
fers a route to tailor the polarization of the emitted harmonics,
which carry information about the topology of the Berry
curvature in m-WSMs. The ellipticity of the first, third, and
fifth harmonics for n = 1 reads as 0.85, 0.17, and 0.55, re-
spectively. As the value of the topological charge changes to
n = 2(3), the ellipticity of the first, third, and fifth harmonics
changes drastically as 0.41(0.2), 0.25(0.11), and 0.72(0.45),
respectively. The reduction of the ellipticity of a given har-
monic with an increase in the topological charge can be
attributed to a significant change in the yield of the anomalous
harmonic. Thus, the ellipticity of the emitted harmonic for a
given harmonic order is significantly different for different n
values and can be potentially used as a characterization tool
for the topological charge in m-WSMs.

IV. CONCLUSION

In summary, we have explored the impact of the topo-
logical charge on laser-driven electron dynamics in Weyl
semimetals. For this purpose, multi-Weyl semimetals with
topological charges n =1, 2, and 3 are considered. It has
been found that the laser-driven electronic currents are distinct
for different n’s. Moreover, the direction and amplitude of
the current strongly depend on the laser polarization. The
parity and amplitude of the Berry curvature determine the

behavior of the anomalous current—current perpendicular to
the laser polarization. As the laser’s intensity increases, the
scaling of the anomalous current with n deviates drastically
from the linear response theory, i.e., Jg o n. Owing to the
large linear response from the Berry curvature, the anoma-
lous current dominates at lower intensity. However, the ratio
of the anomalous current from higher to lower topological
charge decreases, which leads the saturation of the anoma-
lous current relatively at lower intensity. On the other hand,
normal current—current parallel to the laser polarization—
scales with the topological charge and therefore remains
separated in magnitude at relatively higher intensity. As the
intensity increases, the optical responses from multi-Weyl
semimetals transit from a linear regime to a nonlinear regime,
and from a perturbative regime to a nonperturbative regime.
High-harmonic spectroscopy is used to probe the distinct and
interesting features of the currents in multi-Weyl semimetals.
It has been observed that the harmonic yield and the energy
cutoff of the higher-order harmonics increase drastically as n
increases. Moreover, the polarization of the emitted harmonics
encodes information about the phase and magnitude of the
Berry curvature’s components. It can be anticipated that the
topological charge of the multi-Weyl semimetal can be char-
acterized by the polarization of the emitted harmonics in an
all-optical way.
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