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Topological resonance in Weyl semimetals in a circularly polarized optical pulse

Fatemeh Nematollahi

, S. Azar Oliaei Motlagh, Jhih-Sheng Wu, Rupesh Ghimire ®, Vadym Apalkov, and Mark I. Stockman

Center for Nano-Optics (CeNO) and Department of Physics and Astronomy, Georgia State University, Atlanta, Georgia 30303, USA

® (Received 8 April 2020; revised 17 August 2020; accepted 27 August 2020; published 9 September 2020)

We study theoretically the ultrafast electron dynamics of three-dimensional Weyl semimetals in the field of
a laser pulse. For a circularly polarized pulse, such dynamics is governed by topological resonance, which
manifests itself as a specific conduction band population distribution in the vicinity of the Weyl points. The
topological resonance is determined by the competition between the topological phase and the dynamic phase
and depends on the handedness of a circularly polarized pulse. Also, we show that the conduction band
population induced by a circularly polarized pulse that consists of two oscillations with opposite handedness
is highly chiral, which represents the intrinsic chirality of the Weyl points.
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I. INTRODUCTION

The interaction of ultrafast laser pulses with solids was
a subject of intensive theoretical and experimental research
over the last two decades. Such interaction is characterized by
highly nonlinear electron dynamics and strong perturbation
of electron systems and can be used to probe and control
the transport and optical properties of solids within a fem-
tosecond timescale [1-6]. The ultrafast electron dynamics in
the field of the pulse is determined by electron energy dis-
persion and interband dipole matrix elements. Such matrix
elements strongly depend on the topology of the system and
have singularities in the reciprocal space for topologically
nontrivial solids. Such singularities strongly modify ultrafast
electron dynamics and result in unique features in both elec-
tron population of the conduction band and generated electric
currents. One of the materials with nontrivial topology is a
two-dimensional (2D) graphene monolayer, which belongs to
the class of Dirac semimetals that have linear energy disper-
sion near special points called the Dirac points [7].

Graphene is a unique material, which has amazing electri-
cal, optical, and mechanical properties as well as numerous
potential applications [8,9]. Graphene is a single layer of
carbon atoms with a honeycomb crystal structure that has two
inequivalent Dirac points (K and K') in the first Brillouin
zone. These two Dirac points have nonzero Berry flux of
opposite signs, which makes graphene a locally topologically
nontrivial material, while the total Berry flux through the
whole Brillouin zone is zero. While in graphene, the rela-
tivistic energy dispersion and nonzero Berry flux at the Dirac
points are realized in 2D, the corresponding Dirac points can
be also realized in three-dimensional (3D) solids, i.e., in Dirac
semimetals. In 3D, the Dirac points are double degenerate.
Such degeneracy is protected by time-reversal and inversion
symmetries of the solid. To lift the degeneracy, either time-
reversal symmetry 7 [10] or inversion symmetry P [11]
should be broken. In this case the Dirac point is transformed
into a set of separated Weyl points, which are monopoles of

2469-9950/2020/102(12)/125413(9)

125413-1

Berry curvature. Such materials are called Weyl semimetals.
Due to the fermion doubling theorem [12], the Weyl points
appear in pairs with opposite chiralities, i.e., the Weyl points
in a pair are sink or source of the Berry curvature.

Recent studies have revealed that Weyl semimetals show
strong nonlinear optical response such as the second harmonic
generation (SHG) [13] and nonlinear Hall effect [14]. These
nonlinear effects are of topological origin and are due to large
Berry curvature localized near the Weyl points. Furthermore,
a circularly polarized pulse can excite electrons near the Weyl
points selectively [15,16]. Such selectivity can open new op-
portunities for device applications.

The response of the Weyl semimetals to a linearly polarized
ultrafast pulse has been studied theoretically in Ref. [17].
The results show that the electron dynamics in such mate-
rials is coherent and highly anisotropic. At the same time,
in Refs. [5,18] it was shown that the response of a solid to
a circularly polarized ultrashort pulse can have some extra
features. Namely, for gapped graphenelike materials, such
as transition metal dichalcogenides, the electrons experience
topological resonance in the field of circularly polarized pulse,
while there is no such resonance for linearly polarized pulse.
The topological resonance occurs due to competition between
the topological phase and the dynamic phase and results in
predominant population of one of the valleys of graphenelike
materials. The topological resonance occurs only for gapped
graphene materials but not for pristine graphene and strongly
depends on the magnitude of the band gap. In this rela-
tion the Weyl semimetal becomes an interesting system to
study the topological resonance since near each Weyl point,
in the reciprocal space, the 2D cross sections are equivalent to
gapped graphene systems with the band gap that depends on
the distance of the 2D cross section to the Weyl point. Thus,
by studying the interaction of Weyl semimetals with circularly
polarized pulse we can study the ultrafast electron dynamics
for both pristine graphene and gapped graphene with differ-
ent band gaps. In this paper, we consider the interaction of
Weyl semimetals with ultrafast circularly polarized pulses of
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different handedness. We identify the features of topological
resonance in the conduction band population distribution in
the reciprocal space of Weyl semimetal.

II. MODEL AND EQUATIONS

In the presence of an external electric field, the full Hamil-
tonian of the system becomes

H(t) = Hy + eF(t)r, (1

where e is the electron charge and Hy is the field-free Hamil-
tonian of the system. For the field-free Hamiltonian we use
the two-band model of Weyl semimetals. Such Hamiltonian
H,j describes the low-energy excitations near two Weyl points
located at ki (£ko, 0, 0) in the reciprocal space. Below we
will mainly con51der type I Weyl semimetals, for which there
is a well-pronounced topological resonance. The Hamiltonian
of the type I Weyl semimetals has the following form [19]:

Ho(k) = A(k)ox + B(k)o, + C (K)o, @)

where k = (ky, ky, k;) is a vector of the reciprocal space, oy,
oy, o, are Pauli matrices, and A(k), B(k), C(k) are given by
the expressions

A(K) = t[cos(ka) — cos(kpa)]
+ty[cos(kyb) — 1]+ t;[cos(k;c) — 1],
B(k) = t,sin(k,b), C(k) = t; sin(k;c). 3)

Here, a, b, and c are lattice constants along x, y, and z direc-
tions, respectively, and 1, t,, t; are hopping integrals which are
related to the Fermi velocities vy, vy, and v, at the Weyl points
through the following expressions:

vy = —(a/R)tsin(koa), vy = (b/A)ty, v, = (c/h)..

“

First, we apply our analysis to TaAs (Weyl semimetal
type 1), which has a body-centered tetragonal lattice
system, with lattice constants a = b =3.437 A along x
and y directions, respectively, and ¢ = 11.646 A along z
direction. The space group in TaAs is [4;md (No. 109,
Cyy) [20]. The important symmetries are the time-reversal
symmetry (7), the fourfold-rotational symmetry around
the Z axis (Cy;), and two mirror reflections about x =0
and y=0. TaAs has 24 Weyl points: 8 Weyl points
are located at (+0.0072xw/a, 0.4827x7 /b, 1.0007 /c)
and are called W) and 16 Weyl points are located at
(£0.01857 /a, 0.2831x7 /b, 0.60007r /c) and are called
W, [21,22]. The two-band Hamiltonian (2) is used to describe
the electron dynamics near one pair of Weyl points. Below
we consider the Weyl points that are located at (£0.1, 0, 0).
The hopping integrals are f, = 1.8801 eV, ¢, = 0.4917 eV,
and 7, = 0.1646 eV. The energy dispersion of TaAs near the
Weyl points as a function of k, and k, and at k; = 0 is shown
in Fig. 1.

We assume that during the pulse the electron dynamics is
coherent and is described by the time-dependent Schrédinger
equation (TDSE)
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FIG. 1. Energy dispersion of TaAs as a function of k, and k, at
k, =0.

The electric field of the pulse generates both interband and
intraband electron dynamics. The intraband dynamics is de-
termined by the Bloch acceleration theorem [23]

hdk = eF(t) (6)
a0
solution of which has the form

e

—0Q

t

F(@)dt', @)

where q is the initial electron wave vector.

The corresponding wave functions, which are solutions
of the time-dependent Schrddinger equation within a single
band, are Houston functions [24] and are given by the expres-
sion

U (r, 1) = W) () exp (ip(q, 1) + igP(q, 1)), (8)

where \Ill((a)(r) are Bloch wave functions with wave vector
k at band «, o = v for the valence band, and « = ¢ for the
conduction band. The dynamic phase ¢{”) and the geometric
(Berry) phase ¢ are defined by the following expressions:

1
(D) —
¢a (qvt) - Fl/

—00

t

dt'Eq[k(q, )], ©))

t

® _¢
6P (q.1) = h/

—0Q

dt'F(t)A"[k(q, )], (10)

where A“* = (Wi %Wf"")) is the intraband Berry connec-
tion for band «.

It is convenient to express the solution of TDSE (5) in the
basis of Houston functions as

Wilan @ = D BugPL)(x, 1), (11)

k(q,
a=v,c

where B,q(¢) are expansion coefficients. These coefficients
satisfy the following system of equations:

3By (0)

= H'(q,
Y (q

1)Bqy(1), (12)
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where Bq(¢) and Hamiltonian H'(q, ) are defined as

~ (Bog®
By(t) = (/30’(1([)) (13)
and
H'(q,1) = eF(t)A(q, 1), (14)
where
< B 0 D (q, 1)
Ag, )= [Dm‘(q’t) 0 } (15)
DV(q, 1) = A[k(q. )] exp (i[¢D(q. 1) + ¢ (q, 1)]),
(16)
Dq, 1) = ¢P(q,1) — 9P (q, 1), (17)
e(q, 1) =P (q.1) — P (q, 1). (18)

Here, ¢®)(q, t) is a dynamic phase, ¢)(¢) is a topological
phase, and matrix A.,(Kk) is the non-Abelian k-space gauge
potential called Berry connection and expressed as [25,26]
0
c _ ©|; (v)

A (q) = (¥ |z£|wq‘) ), (19)
which can be found analytically in the case of type I Weyl
semimetals as

ve __ v La
AY = (Ax ) T 2i(A2(K) + B2(k) + C2(Kk))

y sin(k.a)
VA2(K) + B*(k)
x [A(K)C(k) — iB(k)\/Az(k) + B%(k) + C*(k)],
(20)

ta
~ 2i(A2(k) + B2 (k) + C2(K))

A;)c — (Acv)*

y

[C(k)(A(K) sin(kya)

1
* VA2(K) + B2(k)
— B(k) cos(kya)) — i\/Az(k) + B%(k) + C%(k)
x (A(K) cos(kya) + B(K) sin(k,a))], 21

A% = (A)F = t.c\/A2(k) + B2(k)

©2i(A2(k) + B2(k) + C%(k))

sin(k,c)

[eostieer + e

x (A(k)C(k) — iB(k)\/Az(k) + B%(k) + C2(k)):|.
(22)

We numerically solve differential equation (12) with initial
conditions (B,q, Beq) = (1, 0). A general solution can be ex-
pressed in terms of the evolution operator U (q, ¢) as

By(t) = U(q, )By(—00), (23)
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FIG. 2. Residual CB population distribution as a function of
(ky, k) for different values of k, after a single-oscillation left-handed
circularly polarized pulse. The pulse with the field amplitude of
Fy = 3 mV/A propagates along the z direction.

t

U(q,t) =T exp |:i / A(q,1")dk(q, t’):|, 24)
r/

where T denotes the time-ordering operator and the integral

is affected along the Bloch trajectory k(q, #). We characterize

the electron dynamics in terms of the conduction band popula-

tion distribution Ncg(q, 1) = |Bc, (t)|? in the reciprocal space.

=—00

III. RESULTS AND DISCUSSION

The rest of the paper is organized as follows: In the
Sec. III A we consider a circularly polarized pulse propagating
along the z direction. We characterize the electron dynamics
in the field of the pulse by the residual conduction band (CB)
population distribution in the reciprocal space. The data show
that a circularly polarized single oscillation pulse induces the
topological resonance in the system. In Sec. III B we apply
a circularly polarized pulse that consists of two cycles. The
optical pulse propagates in the z direction and induces a CB
population distribution in the reciprocal space, which is highly
chiral and shows the chirality of the Weyl points.

A. A single-oscillation circularly polarized pulse
1. Type I Weyl semimetals

We study the response of Weyl semimetals type I to a
single-oscillation circularly polarized pulse in terms of resid-
ual CB population in the reciprocal space. We assume that
the left-handed circularly polarized optical pulse propagates
along the z direction and its components are defined as

Fu(t) = —Foe ™ (1 — 2u?), quadF,(t) = 2uFye™, (25)

where the field amplitude Fy = 3 mV/A, u=t/t,and v =
10 fs is the pulse duration. We numerically solve TDSE [see
Eq. (12)], with initial condition (B.q, Bcq) = (1, 0). Applied
optical field causes redistribution of electrons between the
valence and conduction bands, which results in finite CB pop-
ulation. The residual CB population, i.e., the CB population at
the end of the pulse, t = 25 fs, is shown in Fig. 2.
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FIG. 3. Residual CB population distribution in the reciprocal
space as a function of (k,, k,) for k, = 0.2 (1 /A) after a single-
oscillation left-handed circularly polarized pulse. The pulse with the
field amplitude Fy = 3 mV /A propagates along the z direction. The
separatrix is shown by a solid blue line.

Atk, = 0, the electron system in the (k,, k,) plane is equiv-
alent to pristine graphene and the responses at both Weyl
points to an external electric field are similar. The correspond-
ing CB population distribution is symmetric with respect to y
axes. The large CB population is located near the Weyl points
(see Fig. 2), which correlates with the profile of the interband
dipole coupling that is the strongest near the Weyl points.
This property is similar to what we have in graphene [27]
and is due to singularity of the dipole coupling exactly at the
Weyl points or Dirac points for graphene. Since the interband
dipole matrix elements are highly localized near the Weyl
points, the conduction band population distribution has sharp
maxima along the separatrix (solid blue line in Fig. 3). Here,
the separatrix is defined as a set of points in the reciprocal
space, for which the electron trajectory during the pulse goes
directly through the Weyl point.

For a nonzero value of k;, the electron system in the
ky-k, plane, near each Weyl point, becomes similar to gapped
graphene [18] with the band gap that is proportional to |k,|.
The corresponding CB population distribution as a function
of k. and k, and for different k, is shown in Fig. 2. The
data show that for nonzero k,, the W, (—0.1,0,0), and W’,
(0.1,0,0), points are populated differently. For k, > 0, the CB
is highly populated in the vicinity of W’ point, while it is less
populated for k, < 0. This is different from the CB population
distribution for k, = 0 and is due to the fact that for k, #~ 0,
the effective 2D system (in ky-k, plane) becomes similar to
gapped graphene, for which there is the effect of topological
resonance. The origin of the topological resonance can be un-
derstood by looking at the expression for the CB population in
the first order of the perturbation theory. Namely, within this
approximation, the CB population is given by the expression

2
nep = ‘ f | Aculk(q, )In()| exp (19 (q, 1))dk(q, 1)| |

(26)
where n(¢r) = F(t)/F(t) is the unit vector tangential to the
Bloch trajectory and the total phase ¢V is

P8 = ¢P(q. 1)+ ¢ (@, 1) + 9. 1), (27)

where the dipole matrix element phase ¢{2)(q, t) is defined as

MN(q, 1) = arg(Ae, (k(q, £)n(t)). (28)

— ¢P(at) —¢W(q,t) — ¢Pqt) — ¢t(q,t
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FIG. 4. Phases ¢! (q.1), $&(q.1), $%(q.1), and ¢{2(q. 1)
for different initial wave vectors in the vicinity of the separatrix.
The initial wave vectors (qy,qy,q.) are (a) (—0.07, —0.06,
—0.02), (b) (-0.07,—-0.06,0.02), (c) (0.07,—-0.06,—0.02),
(d) (0.07, —0.06, 0.02). The amplitude of the pulse is Fy = 3 mV/A
and it is left-hand circularly polarized.

Since |A.,[k(q, ?)In(¢)| is a smooth function of time, the
residual CB population [Eq. (26)] is determined by oscillating
phase factor exp[igp?)(q, t)] and the topological resonance
occurs when the total phase is stationary, i.e., the topological
phase, which is the combination of the geometric phase and
the phase of the dipole matrix element, and the dynamic phase
cancel each other.

Figure 3 shows the residual CB population distribution at
k. = £0.02 1/A induced by a circularly polarized pulse. The
topological resonance, which manifests itself as a large CB
population, can be explained by Fig. 4, where the correspond-
ing phases ¢{,(q, 1), $%(q, 1), (q. 1), and ¢V (q, 1) are
shown.

Since the magnitude of the interband coupling is the
strongest near the Weyl points, which corresponds to t = 0
in Fig. 4, then we need to study the behavior of the total
phase at ¢ close to zero. For a given Weyl point, the phases
¢£‘v\)(q,t) and qﬁg)(q,t) have opposite signs. Figures 4(a)
and 4(b) show the different phases for a point near the W point
for k, = —0.02 1/A and k. = 0.02 1/A, respectively. The
topological resonance is determined by behavior of the total
phase ¢{°)(q, ), around ¢ = O fs. The total phase is almost
constant for k. = —0.02 1/A, and has strong time dependence
for k, = 0.02 1/A. Thus, the topological resonance results in
large CB population for the W point at k. = —0.02 1/A while
the CB population is relatively small for the W point at k, =
0.02 1/A plane. Opposite, for the W’ point, the total phase
is almost constant around # = 0 fs for k, = 0.02 1/A, which
results in corresponding large CB population [see Figs. 4(c)
and 4(d)].

In Fig. 5, we show the CB population of four different Weyl
semimetals type I as a function of k, and k, for kK, = —0.02
(1/A) after a single-oscillation left-handed circularly polar-
ized pulse. The field amplitude of the pulse is Fy = 3 mV/A,
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FIG. 5. Residual CB population distribution in the reciprocal
space as a function of (k,, k,) for k, = —0.02 (1 /A) for TaAs, TaP,
NbAs, NbP after a single-oscillation left-handed circularly polarized
pulse. The pulse with the field amplitude F, = 3 mV /A propagates
along the z direction.

and the pulse propagates along the z direction. TaAs, TaP,
NbAs, and NbP have the same body-centered tetragonal
structure with different lattice parameters and different mean
velocities at Weyl points [22]. The results show that the effect
of topological resonance is present in all cases, regardless
of their different parameters, and this is due to the fact that
such effect mainly depends on the large Berry curvature at
Weyl points at Weyl semimetals and it does not depend on the
parameters of the Hamiltonian.

In addition, the total CB population as a function of time
for TaAs, TaP, NbAs, and NbP is illustrated in Fig. 6. The
results show that the total conduction band population of TaAs

Total CB Population (%)
[=))

4 i
2 4
0 : , : ‘ :
-20 -10 0 10 20
Time (fs)

FIG. 6. Total conduction band population as a function of time
for TaAs, TaP, NbAs, NbP for a single-oscillation left-handed circu-
larly polarized pulse. The field amplitude is Fy = 3 mV//A.

and TaP is almost the same, which is due to the fact that the
parameters of Hamiltonian (2) for TaAs and TaP are similar,
and it is smaller than the conduction band population of NbAs
and NbP.

The response of Weyl semimetals to an ultrafast circularly
polarized optical pulse is the same as what was predicted for
gapped graphene. In the case of gapped graphene, the right-
hand circularly polarized pulse mostly populates the K valley
while the CB population at the K’ valley is small [18].

2. Type II Weyl semimetals

The type II Weyl semimetals are characterized by strong
tilting of its energy dispersion near the Weyl points. As a
result of such tilting, there are regions near the Weyl points
where there are only VB states or only CB states. In terms of
application to ultrafast electron dynamics in these regions, the
interband coupling becomes effectively intraband coupling,
i.e., at the same reciprocal vector two VB states (or two CB
states) at different energies but with the same wave vector are
coupled by the optical pulse. Such regions do not contribute
to the topological resonance. As a result, for the type II Weyl
semimetals we should expect suppression of effects related to
the topological resonance.

To illustrate the ultrafast electron dynamics in type I Weyl
semimetals, we consider a simple model of type II Weyl
materials, which is described by the following Hamiltonian:

Ho(k) = A(k)op + B(k)o: + C(K)o, + D(k)oz,  (29)

where k = (k;, ky, k;) is a vector of the reciprocal space, oy,
oy, 0, are Pauli matrices, and A(k), B(k), C(k), and D(k) are
given by the expressions
A(k) = 1; sin(kya) + t, sin(kya),
C(k) = 1 — cos(k.a) — cos(k.a),

B(k) = sin(k,a),

D(k) = sin(k,a), (30)

where t; = —0.8,1, = —0.6,a = 7 A, and o is the 2 x 2 unit
matrix [28]. The corresponding energy dispersion is given by
the expression

E.(k) = A(K) + v/B2(k) + C2(k) + D2(k),
E,(k) = A(k) — v/B2(k) + C2(k) + D*(k),

€1V}

where ¢ and v stand for the CB and VB, respectively. The
energy dispersion is shown in Fig. 7.

We apply a circularly polarized optical pulse [see Eq. (25)],
which has the same profile as for the type I Weyl semimetals.
The residual CB population is shown in Figs. 8 and 9. For k, =
0, the CB population distribution is symmetric with respect to
the k, axis and has maxima near the Weyl points, which is
similar to what we see in the type I Weyl semimetals. At the
same time, while for type I Weyl semimetals the CB popula-
tion distribution has a single maximum without any internal
structure near each Weyl point, for type II Weyl semimetals
the CB population distribution shows interference pattern with
local maxima and minima (see Fig. 8). This is due to the fact
that near each Weyl point of type I Weyl semimetals, there
are regions with pure intraband dynamics.

For k, # 0 (see Fig. 9), we can clearly see that CB popu-
lation distribution is different around two Weyl points, which,
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FIG. 7. Energy dispersion of type II Weyl semimetals as a func-
tion of k, and k, for k, = 0.

similar to type I Weyl semimetals, is due to topological res-
onance. For type II Weyl semimetals, this difference is less
pronounced than for type I materials. The reason for this is
that the topological resonance occurs due to accumulation
of the topological phase, which comes from the interband
dynamics. For type II Weyl semimetals, in part of the region
around the Weyl points the interband dynamics transforms
into intraband dynamics, which finally results in suppression
of the topological resonance.

B. Two-cycle circularly polarized pulse

We consider the response of the Weyl semimetal to a cir-
cularly polarized pulse consisting of two cycles. The pulse is
incident normally on the system along the z direction and has

-0.2 0.2

0
k. (1/A)

FIG. 8. Residual CB population distribution in the reciprocal
space as a function of (k,, k,) for k, = O for type II Weyl semimetals.
The left-handed circularly polarized pulse propagates along the z
direction and the field amplitude is Fy = 3 mV/A.

N C(];‘es)
1

k.=-0.01(1/A)
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k=-0.02(1/A) k.=0.02(1/A)

-0.2 0 0.2 -0.2 0 0.2
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FIG. 9. Residual CB population distribution in the reciprocal
space as a function of (k,,k,) for nonzero k, for type II Weyl
semimetals. The left-handed circularly polarized pulse propagates
along the z direction and the field amplitude is Fy = 3 mV/A.

the following profile:
Fu(t) = B[ — e (1 = 2u) F ae™ ™ [1 = 2(u — uy)*]],
Fy(t) = 2F[ue™ + a(u — ug)e™ @], (32)

Here, F sign determines the handedness of the second cycle
of the pulse relative to the handedness of the first cycle. Here
the minus sign corresponds to the same handedness of two
cycles, while the plus sign corresponds to the opposite hand-
edness of two cycles. The amplitude of the first pulse cycle
is Fy = 3 mV/A, while the amplitude of the second cycle is
aFy, where « = 0.75 in Figs. 10 and 11 and & = 1 in Figs. 12
and 13. The duration of a single cycle of the pulse is 7 = 10 fs
and the time interval between the cycles is 7y = 50 fs, where
up = 1H/7.

The CB population distribution in the k,-k, plane is shown
in Fig. (10) for k£, = 0 and for two optical cycles of opposite
handedness. The results clearly show that the distribution is
highly chiral at both Weyl points and is also characterized
by interference fringes. The origin of such interference is a
double passage by an electron of the region close to the Weyl
points. Namely, at the end of the first cycle of the pulse,
t =25 (fs), the CB population distribution has maximum
along the corresponding separatrix (see Figs. 2 and 3), but
does not produce any interference fringes. Then, during the
second cycle of the pulse, whose circularity is opposite of the
circularity of the first cycle, electron passes through the Weyl
point the second time resulting in the interference pattern.
Such interference occurs because of highly localized nature
of the interband dipole coupling, which has sharp maximum
at the Weyl points, and because for a two-cycle pulse there
are two amplitudes that determine the transfer of an electron
from the valence band to the conduction band. Here, the first
amplitude corresponds to the electron transfer from VB to CB
during the first cycle, while the second amplitude corresponds
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FIG. 10. Residual CB population distribution in the reciprocal
space as a function of (k,, k,) at k, = 0, after a two-cycle optical
pulse. Here, the first cycle of the pulse is right-handed circularly
polarized with the amplitude of F, = 3 mV /A, and the second cycle
is left-handed circularly polarized with the amplitude of 0.75F;,. The
separatrix corresponding to two cycles of pulses is shown by a solid
blue line.

to the electron transfer from VB to CB during the second
cycle. The phase, both the dynamic and topological, accumu-
lated between these two transfers determines the interference
pattern in the CB population distribution. This interferometer
does not need an external reference source and, therefore, is
self-referenced.

The results for two-cycle pulse, illustrated in Fig. 10, show
that the CB population distributions are different for two Weyl
points, while they are the same for one-cycle pulse. Such
difference is due to intrinsic chirality of electron states at the
Weyl points.

The results shown in Fig. 10 correspond to k, = 0 when
the interband dipole matrix element is highly localized at the
Weyl points and there is no topological resonance during the

k. =0.01 (1/A) k. =0.02 (1/A) NE
0.05 ¢/0 1) 21
0.8
—~ 0
’i 0.6
=
- -0.05 0.4
>
0.2
0.1
0
(1 /A k (1 /A

FIG. 11. Residual CB population as a function of (k,, k,) for two
nonzero values of k,. The profile of the pulse is the same as the one
in Fig. 10.
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FIG. 12. Residual CB population as a function of (k, k,) at
k, = 0 after a two-cycle optical pulse. The two cycles have the same
circular polarization. The amplitude of the electric field for both
cycles is Fy = 3 mV/A. The separatrix is shown as a blue line. The
inset shows the profile of two-cycle optical pulse.

pulse. For the cross sections with k, # 0, the electron sys-
tem behaves similar to gapped graphene with well-developed
topological resonance and broaden interband coupling. The
corresponding results for a two-cycle pulse is shown in
Fig. 11. The results clearly show that with increasing k, the
interference fringes become smeared. This is mainly related
to the fact that for two-cycle pulse, which consists of two
cycles with opposite handedness, the topological resonance,
for a given Weyl point, occurs only for one of the cycles. As a

k.=0.02 (1/A) N
0.05 1
0.8
0
oet! 0.6
g
L
>-0.05 0.4
0.2
-0.1
0
-0.1 0 01
ke (1/A)

FIG. 13. The same as Fig. 12, but for k, = 0.02 1/A).
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result, one of the amplitudes that determines CB-VB mixing
during the two-cycle pulse becomes small compared to the
other one, which finally smears the interference pattern. For
example, in Fig. 11, the first cycle of the pulse has counter-
clockwise polarization and it populates the W point, while
the second cycle of the pulse has clockwise polarization and
populates mainly the W’ point.

The CB population distribution for two-cycle pulse with
the same circular polarization and the same amplitude (@« = 1)
for two cycles is shown in Figs. 12 and 13. For k, = 0 (see
Fig. 12), when the system is similar to pristine graphene,
the CB population distributions at two Weyl points are
the mirror image of each other (with respect to the k,-k;
plane). The interference fringes in this case are mostly par-
allel to the separatrix, which is shown by blue line in the
figure. This is due to the fact that the time between the
first and the second passages by an electron of the Weyl
points is large and is almost the same for all points on a
given line parallel to the separatrix. This results in strong
dephasing and the same interference conditions along such
lines.

For nonzero k,, the system is equivalent to gapped
graphene with well-pronounced topological resonance. For
two-cycle optical pulse with the same handedness for both
cycles, the topological resonance is realized only for one of
the Weyl points for both cycles. In this case, the whole CB
population distribution becomes strongly suppressed for one
of the Weyl points. This behavior is clearly illustrated in
Fig. 13, where the whole CB population of Weyl point W’
is suppressed.

IV. CONCLUSION

The ultrafast interband electron dynamics in Weyl
semimetals is controlled by competition between the dynamic
phase and the topological phase, which occurs in the field of
a circularly polarized femtosecond long optical pulse. When
these two phases cancel each other, the system exhibits the
topological resonance, which results in large residual con-
duction band population. For Weyl semimetals, for the pulse

propagating along, for example, the z direction, the topolog-
ical resonance results in predominant CB population of the
region in the reciprocal space near one of the Weyl points, say
W, for k, < 0 and the region near the other Weyl point, W’,
for k, > 0. Exactly at k, = 0 conduction bands at both Weyl
points are equally populated. The reason for such behavior is
that for each cross section k, = const, the Weyl semimetals
behave as a 2D gapped graphene system with the gap that
is proportional to k. Since the strength of the topological
resonance in gapped graphene system increases with the mag-
nitude of the band gap and manifests itself in predominant
population of one of the valleys, then similar features of
topological resonance are visible in 3D Weyl semimetals. At
the same time, the dynamics of Weyl semimetals in circularly
polarized pulse can be used to study the properties of topo-
logical resonance, i.e., its dependence on the band gap and
energy dispersion of the material, and profile and intensity of
the optical pulse.

Furthermore, employing a two-cycle circularly polarized
pulse causes the formation of interferogram in the conduction
band population distribution in the reciprocal space. Such
distribution is also highly chiral for the two Weyl nodes and
illustrates the intrinsic chirality of the Weyl points. The in-
terferogram also depends on the strength of the topological
resonance and can be used to study the properties of the
topological resonance in topological materials.
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