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We present a versatile model of gapped graphene to manipulate valley polarization by using ultrafast
linearly polarized pulses of zero areas. First, a circularly polarized pulse of a single oscillation produces
a valley-selective population of the conduction band by means of topological resonance. Then we apply
a linearly polarized femtosecond-long pulse that changes the valley polarization. The magnitude of such
a change depends on the amplitude and the direction of polarization of the pulse. Our protocol provides

a favorable platform for applications in valleytronics.

I. INTRODUCTION

The development in the ultrafast laser technology has
led to the coherent control of electron dynamics in solids
at a time scale of sub-femtosecond [1]. Specifically, two
dimensional (2D) materials exposed to ultrafast laser
pulses provide a remarkable platform to study highly
nonlinear phenomena [2-9]. Graphene [10] is a
wellknown 2D material that has unique physical
properties [11-16]. For instance, (i) the electron
dispersion in pristine graphene is gapless [17], (ii) the
electron dynamics in it can be studied using a massless
Dirac equation [18], and (iii) its Berry phase is +m at the
two Dirac points [19-21]. Interestingly, the honeycomb
lattice structure of pristine graphene possesses both
inversion and timereversal symmetries.

Despite the distinctive properties, the pristine
graphene is not suitable for applications in valleytronics.
This is due to the gapless electron spectrum in graphene
which is attributed to its inversion symmetry.
Consequently, the valley polarization generated by chiral
ultrafast pulses remains very small in pristine graphene.
However, the stacking of graphene layers produces
dramatic changes in the electronic properties. For
instance, a band gap can be created in biased bilayer
graphene and as a result, it becomes suitable for
achieving valley polarization [22-24].

Likewise to bilayer graphene, for the realization of the
device functions [25], there exist other 2D lattice
structures where inversion symmetry is broken and a
finite band gap is generated. Transition metal
dichalcogenides (TMDCs), hexagonal boron nitride
(hBN), black phosphorus, Antimonene, Bismuthene,
topological insulators, doped MXenes [26] are such
materials that posses band gap. These materials are
suitable for the generation of valley polarization and
applications in optoelectronics [27] and pulsed lasers
[28, 29]. Another equivalent material is gapped graphene
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where band gap at the Dirac points [9] is created by
removing the center of symmetry through sublattice-
specific oncite energies. This makes gapped graphene
versatile for device applications [11] such as transistors
[30], sensors [31, 32], all-optical ultrafast information
storage [9] and single-channel quantum wire [25]. The
gapped graphene structures can be accomplished by
several experimental approaches, namely, epitaxial
growth of graphene on a silicon-carbide [33], adsorption
of hydrogen on graphene [34], and the quantum
confinement effect [35]. In such gapped graphene, the
inversion symmetry is broken whereas K and K°valleys
are still protected by time-reversal symmetry which can
further be broken by using chiral ultrashort pulses of
single-oscillation. This induces an imbalance in the valley
populations and creates valley polarization within a
single cycle of the optical pulse. Such a high valley
polarization arises due to topological resonance [7, 9]
which occurs due to the cancellation of the dynamic
phase and the geometrical (Berry) phase. Note that
topological resonance depends strongly on the amplitude
of the pulse. This is unlike the regular resonance which
depends on the frequency of the field. Thus, the electrons
which are promoted to the conduction band (CB)
utilizing topological resonance occupy Bloch states with
a wide range of energy. This ultrawide bandwidth of the
topological resonance allows to obtain high CB
population within a single oscillation of the ultrafast
pulse thereby making it fundamentally the fastest
process.

Motivated by the above mentioned all-optical
topological ultrafast phenomenon, in this paper, we use a
model of gapped graphene to study how the valley
polarization can be controlled by a sequence of ultrafast
optical pulses of zero areas. First, a circularly polarized
pulse of a single oscillation produces valley selective CB
population by means of topological resonance [7, 9].
Then, we apply a femtosecond-long linearly polarized
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pulse that changes the valley polarization of gapped
graphene. In general, the applied ultrafast linearly
polarized depolarizes the system. Here we show that the
magnitude of such a depolarization depends on the
amplitude and the angle of polarization of the linearly
polarized pulse. Our results pave a suitable pathway for
all-optical ultrafast valleytronic information processing.

The structure of the paper is the following. In Sec. I],
we describe the model of gapped graphene and introduce
the corresponding equations. In Sec. III, we present and
discuss our main results. Finally, the concluding remarks
are given in Sec. IV.

II. MODEL AND MAIN EQUATIONS
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FIG. 1. (a) The honeycomb lattice structure of gapped graphene
with two sublattices A and B. The system interacts with a
sequence of right-circularly polarized (Fc) and linearly
polarized (Fi) pulses. (b) The first Brillouin zone of the
reciprocal space of graphene. Points K and K’ are the Dirac
points that corresponds to two valleys. (c) Energy dispersion of
gapped graphene with band gap of 1 eV.

Graphene is a two-dimensional hexagonal lattice that
consists of two sublattices A and B as shown in Fig. 1(a).
The first Brillouin zone of graphene [Fig. 1(b)] is also a
hexagon whose vertices are the Dirac points and given by

K= 2—"(—— —)and K' = 2:”(%,%), where a = 2.46 Ais
the lattice constant. Our model consists of a system of
gapped graphene described by the nearest neighbor
tight-binding model with a finite band gap, which arises
from the difference in the on-site energies for the two

sublattices, A and B. The corresponding Hamiltonian has
the following form
A vf (k)>

mo=(,

Tk A
where 2A is the band gap, y = -3.03 eV is the hopping
integral and the expression of f(K) reads a

_ % _iaky ak,
f(k)—exp(\/§>+2exp< 2\/§>cos< > )

(1)

(2)
It is to be noted that here we consider a general model of
gapped graphene with an adjustable band gap and can be
readily applicable to other 2D honeycomb lattice
structures with broken inversion symmetry. The intense
optical pulses induce highly nonlinear electron dynamics
in these materials and affect almost all the CB states.
These effects can be well described within our simplified
two-band model of gapped graphene. Moreover, it can be
extended to include higher CBs for some realistic
systems such as TMDC monolayers and hBN. Recent
analysis shows that both for TMDC [7] and hBN [36]
higher CBs produce minimal changes on the generated
asymmetric valley populations. Thus, the simplified
description of our two-band model of gapped graphene
is suitable to study the proposed effects.
Using Eq. (1), the energy spectrum of the gapped
graphene can be obtained which consists of a CB and a
valence band (VB) with the corresponding energy

dispersion E.(k) = +/A?2 +y2|f(k)|? and E,(k) =
—/A%? +y?|f(K)|?, and is shown in Fig. 1(c). Here, ¢ (v)
represents the CB (VB).

In the presence of the optical pulse, the total
Hamiltonian of the system takes the following form:

H(t) = Ho- er - F(£), (3)

where, e is the electron charge, F(t) is the electric field of
the pulse and Hyis defined in Eq. (1). First, we apply an
ultrafast circularly polarized pulse of a single oscillation
which is parametrized by the following equations:

Fop = Feo(1 - 2u§)e'“g, (4)

F., = +Fouce %, (5)

where * determines the handedness of the pulse: +(-)
sign represents the right (left)-handed circular
polarization, F is the amplitude of the optical oscillation,
and uc= t/t1, where t1is the pulse duration. Such a chiral



pulse is shown to induce large valley polarization in
gapped graphene [9]. Note thatx and y-components of
the chiral pulse in Egs. (4-5) are known as cosine (even)
and sine (odd) waveforms. Such waveforms represent an
idealization of a circularly polarized pulse albeit of the
fact that its electric field cannot simply rotate within a
single oscillation.

To control the valley polarization generated by chiral
optical pulse, next, we apply an ultrafast linearly
polarized pulse with the following profile:

Fl = FlO(l - Zuf)e_ulz, (6)

where Fyis the amplitude of the linearly polarized pulse,
ui= (t - to)/72 tois the center of the linearly polarized
pulse and t;is the pulse duration. Note that pulse in Eq.

(6) has zero area, f_+;° F;(t)dt= 0. The polarization of the

pulse is characterized by angle 6 relative to xaxis such
that Fy= [Fi(t)cos6,Fi(t)sind]. Thus, the combined pulse
profile reads as
_(F\ _ (Fx t+F cosb
F(t) = (Fy) = (ch + Fysin 91)' 7

For example, a sequence of the right-handed circularly
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FIG. 2. The components of the pulse sequence of righthanded
circularly polarized and linearly polarized pulse for 6;=30".
Here solid line corresponds to x —component and dashed line
represent y-component of the pulse described by Eq. (7).
Parameters chosen are Feoo= 0.3 V/A, Fo= 0.4 V/A, T1=1fs, 2=
1fs,and to=8fs.

polarized (F.o= 0.3 V/A) and the linearly polarized (Fo=
0.4 V/A) pulses for 6;=30"is shown in Fig. 2. Note that
such ultrafast optical pulses of linear [37- 40] and
circular [41] polarizations have been realized
experimentally in near-ultraviolet as well as the
terahertz range.

To describe the electron dynamics, we use following
time-dependent Schrédinger equation (TDSE)

ih" = H(OW. @)

Note that electron dynamics described by Eq. (8) is
assumed to be coherent since the typical duration of the
applied ultrafast optical pulse is shorter (< 10 fs) than
the incoherent processes, such as electron scattering [8,
42, 43], involved in the system. Such coherent electron
dynamics contains contributions from interband and
intraband. The intraband electron dynamics is governed
by the Bloch acceleration theorem [44], which has the
following form:

hE=eF@®). (9

Now from the solution of Eq. (9) the time-dependent
crystal momentum k(q,t) is written as

k(g.t) = q+ 5[ F(t)dt, (10)

where q is the initial crystal momentum. Here, we define
the separatrix paramterized by the following equation

q(t) =K - k(0,6), or q(t) =K' - k(0,6), (11)

where t € (—o0,400). Thus, separatrix is a set of initial
points q in the reciprocal space for which trajectories of
the electron pass exactly through the Dirac points.

The solution of Eq. (8) gives the corresponding wave
functions for intraband electron dynamics which are well
known Houston functions [45]

oW (1, t) = ¥, @expli(6P (0 + ¢ ()],

(12)
where LPIE‘Z) are the Bloch-band eigenfunctions without
optical pulse and a = v,c stands for VB and CB,

respectively. Further, gbéD)(t) is the dynamic phase in
band
a!

¢ (O) = —3 L Eolk(qtH]dt',  (13)

and the topological (Berry) phase, ¢§(B) (t), in the band «
is given by,

By =2[", A(k(g t"))F(t)dt', (14)
where the non-Abelian Berry connection [46] reads as

X122 (CI) — <Lpéa1)

i (a2)
i 6q|lpq > (15)
where aya; = v,c and ‘Péa) are the periodic Bloch

functions. The analytic expressions of the matrix
elements of Eq. (15) are provided in Appendix A.



The interband electron dynamics from the solutions of
TDSE, Eq. (8), can be expressed in the following form in
the basis of the Houston functions [Eq. (12)]

q(rt) =Da= cvﬂaq(t) (D(H)(r' t),
where fqq(t) are the expansion coefficients.
In the interaction picture the expansion coefficients
obey following differential equations

9By (t)
290 = H'(q,)Bq (D).

where Bq(t) and the Hamiltonian H'(q,t) are defined as

(16)

ih (17

B, (t)>
Be®)=(po 1), 18
q( ) <Bvq(t) ( )
H'(qt) = —eF()A(q 1) , (19)
- _ 0 D(q, t)
Now the matrix elements in Eq.(20) are defined as
D% (q 1) = A“[k(q t)]exp (i (¢ @o+

3 t))), (21)

¢o) () = 3 [1 (Eclk(a t)] - B, k(g t)]dt', (22)

¢& () == [ (A" [k(g )] — A[k(g, DF(t)dt,

(23)

where the non-Abelian Berry connection is defined in Eq.
(15), ¢C(3) (g, t) is the dynamic phase and ¢C(5) (g t)is
the topological phase. Using Eqs. (A1-A2) from Appendix,
we can write

A Ky V3ak
M, = E_c(lf(i)lz) sma—sm Z Y (24)
Iy A ( a >[ ak, V3ak, "
=———]|cos—=cos — cosak,|,
Y E\V3If®? 2 2 *
(25)

where M = A" — A°. It is obvious from Egs. (24-
25) that the topological phase in Eq. (23) is
proportional to the band gap and vanishes for
graphene i.e. for zero band gap. Also, the coupling of
VB to CB is determined by interband dipole matrix
element defined as D (q) = eA(q).

III. RESULTS

For the sequence of circularly and linearly polarized
pulses given in Eq. (7), we numerically solve Eq. (17)
with initial condition (Scq(t),8vq(t)) = (0,1) i.e. when VB
is fully occupied and CB is completely empty. From
this solution, we can calculate the CB population after
the sequence of pulses which is known as residual
CB population, N3 (q) = |Beq(t = +00)|2.
dependence of CB population, see Appendix B.

In the following, we describe the effect of a sequence
of a circularly polarized pulse and a linearly polarized
pulse on the CB population and, especially, on the
valley polarization. The final valley polarization of the
system depends on the parameters of the linearly
polarized pulse: its amplitude (Fp), and angle of
polarization (6)).

For, time

A. Effect of amplitude
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FIG. 3. Residual CB population NC(ZES)(q) for gapped graphene in
the reciprocal space as a function of the wave vector (q) for
different values of Fio. The boundary of the first Brillouin zone
is shown by white lines and separatrix is represented by black
closed line. The amplitude of righthanded circularly polarized
pulse is fixed at F.o= 0.3 V/A while the amplitude of linearly
polarized pulse is (a) Fio= 0, (b) Fo= 0.3 V/A, (c) Fio= 0.5 V/A,
and (d) Fo= 0.7 V/A. Here 2A = 2 eV, 6/=0"and rest of the
parameters are same as in Fig. 2.

First, we consider a case of ;= 0, i.e., the x-polarized
linearly polarized pulse which follows a right-handed
circularly polarized pulse. In Fig. 3, we illustrate the
distribution of the residual CB population in the first
Brillouin zone after the linearly polarized pulse for the



gapped graphene with a band gap of 2 eV. The results are
shown for different amplitudes of the linearly polarized
pulse and a fixed amplitude, 0.3 V/A, of the circularly
polarized pulse. A strong right-circularly polarized pulse
produces a high electron population at the K-valley as
depicted by the bright closed arc around the separatrix
(black solid closed line) in Fig. 3(a). The K'-valley, on the
other hand, remains less populated. A strong circularly
polarized pulse produces a valley polarization, i.e., there
is a strong imbalance of the population at the K and K'-
valleys [7] [Fig. 3(a)]. Such a valley polarization is
attributed to the topological resonance which occurs
when the time variations of topological and dynamic
phases cancel each other. The data shown in Fig. 3
illustrates that it is possible to further modify this valley
polarization using a linearly polarized pulse of zero area.
Once a linearly polarized pulse is introduced the hot
spots with a large CB population and with adjacent
interference fringes clearly appear. This leads to changes
in the CB population of different valleys.

To characterize the effect of linearly polarized pulse,
we calculate the valley populations ngand nyrat K and
K'-valleys along with the total CB population n = ng+
ngr after the linearly polarized pulse. Here, ng (ng)is
obtained by summing over all the k points at the K (K")
valley. For a fixed amplitude, F.o= 0.3 V/A of the right-
circularly pulse and different band gaps, Fig. 4 displays
the valley populations and total population as a function
of the amplitude, Fi, of the linearly polarized pulse.
There is a strong asymmetry in valley populations at the
end of circular pulse (Fp= 0) which eventually decreases
with an increase in the amplitude of the linearly
polarized pulse. The total CB population, however,
increases with the field amplitude.
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FIG. 4. CB population for gapped graphene as a function of the
amplitude, Fo, of the linearly polarized pulse. Total CB
population (black lines) along with corresponding populations
in K (blue lines) and K’ (red lines) valleys are shown for band
gaps of 1 eV (dashed lines) and 2 eV (solid lines). Here, Foo= 0.3

V/A, Fo= 0.3 V/A and rest of the parameters are same as in Fig.
3.

As explained above, the chiral optical pulse produces
asymmetry in the valley populations and consequently
generates valley polarization which can be manipulated
by a linearly polarized pulse. To quantify this, we obtain
the valley polarization [47-49] defined by following
relation:

ng—n

— K’ 26
n= ng+ngr ( )

where ngand ny- are the valley populations as described
above.

In Fig. 5, we show the residual valley polarization as a
function of the amplitude of the linearly polarized pulse
for different bandgaps of gapped graphene and different
amplitudes of the circularly polarized pulse. Here, Fio= 0
quantifies the valley polarization just after the circularly
polarized pulse. For example, for F,o= 0.3 V/A and band
gap of 2 eV, the valley polarization after right-handed
circularly polarized pulse (Fp=0) is
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FIG. 5. Valley polarization after the linearly polarized pulse as a
function of its amplitude. The solid and dashed lines
correspond to band gap of 2 eV and 1 eV, respectively. The
amplitude of the right-handed circularly polarized pulse is 0.3
V/A, 0.5 V/A, and 0.7 V/A, for black, red and blue lines,
respectively. The rest of the parameters are the same as in Fig.
3.

~ 64%. Now, when the linearly polarized pulse is
introduced then for a given amplitude of the circularly
polarized pulse and a given band gap, the system quickly
gets depolarized with increase its amplitude, as shown in
Fig. 5. For instance, for F,o= 0.3 V/A and band gap of 2
eV, the valley polarization decreases by about ~ 40% for



a reasonable amplitude of Fip~ 0.5 VA of the linearly
polarized pulse. Such a depolarization occurs because
linearly polarized pulse start populating the K’-valley as
depicted by fringes in Fig. 3.

To further describe the manoeuvring of the residual
valley polarization by linearly polarized pulse, we fix the
amplitude of the linearly polarized pulse and change the
amplitude of the circularly polarized pulse. The valley
polarization for such a case is shown in Fig. 6 both after
the circularly polarized pulse and after the linearly
polarized pulse which, however, remains less than the
preceding one. After the circularly polarized (Fio = 0), the
valley polarization decreases and even gets inverted with
an increase in its amplitude, as depicted in Fig. 6. This is
expected because at a sufficiently strong amplitude the
electron trajectory at K valley starts merging to the K'-
valley thereby providing population to both of them.
However, a dramatic change in the valley polarization
occurs once the linearly polarized pulse is introduced.
For a particular amplitude of the linearly polarized pulse,
the valley polarization suddenly drops to zero for smaller
values of the amplitudes of the right-circularly polarized
pulse. This is because the linearly polarized pulse is
strong enough to produce a fringe pattern at both the
valleys which result in equally populating the two
valleys. Once the right-handed circularly polarized
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FIG. 6. Valley polarization after circular (solid black line) and
linearly polarized (dashed lines) pulse as a function of the
amplitude of the right-handed circularly polarized pulse. Here
Fo=0.3 V/A (dashed black line), Fo= 0.5 V/A (dashed red line),
Fo= 0.7 V/A (dashed blue line), Fio= 1 V/A (dashed green line)
and rest of the parameters are same as in Fig. 3.

pulse becomes stronger then it selectively populates K
valley and generates valley polarization, as shown in Fig.
6. However, the valley polarization after the linearly
polarized pulse also decreases at sufficiently stronger

amplitudes of the circularly polarized pulse for the same
reason as explained above.

100

FIG. 7. Valley polarization as a function of the band gap (24A).
Here, solid lines give the valley polarization after a circular
pulse of amplitude F.o= 0.1 V/A (solid magenta line) and Feo=
0.3 V/A (solid cyan line), respectively. For these respective
amplitudes of the circular pulse, the valley polarization after a
linearly polarized pulse is represented by dotted and dashed
lines with Fio= 0.1 V/A (black line), Fio= 0.3 V/A (red line), Fio=
0.5 V/A (blue line) and Fo= 0.7 V/A (green line). Rest of the
parameters are same as in Fig. 3.

Further, in gapped graphene, the circularly polarized
pulse differently populates K and K' valleys and the effect
becomes more pronounced with an increase in band gap
[7] [Fig. 3(a)]. As a consequence in the presence of a
circularly polarized pulse, a higher band gap in gapped
graphene produces high valley polarization, as shown in
Fig. 7. However, the valleys get rapidly depolarized and
the valley polarization even vanishes almost completely
once a linearly polarized pulse is introduced. This
happens for a weaker circular pulse (Fo = 0.1 V/A)
followed by a strong linearly polarized pulse (Fio=0.7 V/
A). Under this condition, the valley polarization remains
very small (~ 0.1%) for all band gaps, as shown in Fig. 7.
On the other hand, for a strong circular pulse (Foo=0.3V/
A), it is still possible to achieve a high depolarization of
50% for Fp= 0.7 V/Aand even higher depolarization
~57% is possible to achieve for Fip= 1 V/A (not shown in
Fig. 7). Thus, the amplitude of linearly polarized pulse
plays a vital role to manoeuvre the valley polarization in
gapped graphene.

To obtain numerical results, we use strong pulses of
realistic amplitudes between 0.3 V/A and 0.7 V/A. Such
pulses are of few femtoseconds long. Therefore, the
exposure time of graphene to these pulses is shorter than
the breakdown time [51]. Thus, we can apply very strong
fields of above-mentioned amplitudes without causing



damage to the graphene sample. However, depending on
the substrate and longer pulses of durations 50-100 fs,
the damage threshold of graphene [52-55] ranges
between 0.015 V/A and 0.3 V/A.

B. Effect of the angle of polarization

Above we have described the influence of the
amplitude of a x -polarized pulse on the valley
polarization generated by a right-handed circularly
polarized pulse. However, the residual valley
polarization can also be controlled by the direction of
polarization of the linearly polarized pulse. The
dependence of the pulse profile on the angle of
polarization is given by Eq. (7) and is shown in Fig. 2.

The residual CB population of the gapped graphene is
depicted in Fig. 8 for different polarization angles. Here
we keep the amplitudes of the circularly and linearly
polarized pulses at 0.3 V/A and 0.7 V/A, respectively. We
can see from Fig. 8 that the fringe pattern, induced by
linearly polarized optical pulse, rotates with the
polarization angle. As a result of this, the fringe pattern
starts interfering with the population created by a right-
circularly polarized pulse at K and K'valleys. Such an
interference becomes maximum at ;=90 and causes
population at K' valley thereby reducing the valley
polarization, as shown in Fig. 8(d). Consequently, the
residual CB population of two valleys and hence the
valley polarization changes by means of the angle of
polarization.

To describe this, in Fig. 9 we depict residual valley
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FIG. 8. The residual CB population after the linear pulse for
different angles of polarization. Here the amplitudes of
circularly polarized pulse and linearly pulse are fixed to 0.3 V/A
and 0.7 V/ A respectively and the rest of the parameters are the
same as in Fig. 3.

polarization after the linearly polarized pulse as a
function of the angle of polarization. The results are
shown for F= 0.3 V/A, Fio= 0.7 V/A and two values of
the band gap, 1 eV and 2 eV. For these set of band gaps,
the valley polarization after the x-polarized (6;=0")
changes by ~ 27% and ~ 50%, respectively [see, Fig. 6].
As shown in Fig. 9, the valley polarization attains a
maximum value for a particular band gap. For instance,
for a band gap of 1 eV, the extreme value of valley
polarization occurs at ~ 8= 20°. This happens because at
this angle the rotation of the fringe pattern causes an
increase in the chirality of the electron distribution of the
two valleys. However, beyond this angle of polarization,
the rotation of the fringe pattern puts more population in
the separatrix at K'valley and causes a depolarization of
upto ~ 10% in the valley polarization for a band gap of 1
eV. Further, the maximum in the valley polarization can
be tuned by changing the band gap, as shown in Fig. 9.
Thus, the residual valley polarization has a strong
dependence on the angle of polarization of the linearly
polarized pulse.

Unlike the angle of polarization, we have found (not
shown) that the valley polarization after the linear pulse
has a weak dependence on the time gap between chiral
and linear pulse. For instance, for a temporal shift which
is < 10 fs, valley polarization changes by 1-2 % for a
given field amplitude and band gap.
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FIG. 9. The valley polarization after the linearly polarized pulse
as a function of its polarization angle (6:). The amplitudes of the
circularly polarized pulse and the linear pulse are 0.3 V/A and
0.7 V/A&, respectively. The solid blue and red lines correspond
to the band gaps (2A) of 1.0 eV and 2.0 eV respectively. Other
parameters used are the same as in Fig. 3.



IV. CONCLUSION

We have demonstrated numerically that, in gapped
graphene, it is possible to manipulate the valley
polarization by using a sequence of ultrafast pulses of
zero areas. The sequence of pulses consists of a circularly
polarized pulse of a single oscillation and a femtosecond-
long linearly polarized pulse. First, the circularly
polarized pulse results in the valley selective population
of the CB of gapped graphene by means of topological
resonance. Then the linearly polarized pulse changes the
valley polarization induced by the circularly polarized
pulse. The magnitude of the change depends on the
amplitude and the angle of polarization of the linearly
polarized pulse. The linearly polarized pulse, in general,
causes the depolarization of the system. We have shown
that for a weaker circularly polarized pulse, a strong
linearly polarized pulse can result in an almost complete
depolarization. For instance, for a circular pulse of
amplitude ~ 0.3 V/A, a strong depolarization of upto
40% can be achieved by using linearly polarized pulses
of amplitude ~ 0.5 V/A. Nevertheless, it is also possible
to change the valley polarization upto 10% by tuning the
angle of polarization of the linearly polarized pulse. Thus,
our results show that, while the linearly polarized pulse
alone does not produce any valley polarization, it can be
used to control the valley polarization that is created by
other methods, for example, by a circularly polarized
pulse.

The proposed valley polarization can be measured
experimentally by means of time-resolved angle-
resolved photoelectron emission spectroscopy [19, 50]
provided if it has a temporal resolution < 10 fs. An
alternative way is to measure electric current and charge
transfer generated during and after the pulse [3, 6]
which arise due to asymmetric CB population. The
predicted effects have potential applications to design
ultrafast all-optical information processing [47].
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Appendix A: Matrix elements of the non-Abelian
Berry connection

The matrix elements of the non-Abelian Berry
connection in Eq. (15) can be written as



2
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Appendix B: Conduction Band Population Dynamics

In Sec. IIl, we have described the residual valley and
total CB population to characterize the valley
polarization. Here, we explore their temporal evolution
which is shown in Fig. 10. The data shows that the
electron Kkinetics in each valley is irreversible i.e. valley
populations and total CB population at the end of the
pulse (both circular and linear) does not become zero.
Moreover, populations stay close to their maximum value
during the pulse.

The electrons under the influence of linearly polarized
pulse get accelerated along its polarization direction. For
an initial wavevector q, the trajectory of the electrons in
reciprocal space is governed by the acceleration theorem
[see Eqg. (10)]. As an example, we choose an initial wave
vector at one of the Dirac points, say at K point, then the
set of electron trajectories in the presence of x-polarized
pulse are shown in Fig. 11 for different amplitudes. For a
given tp and t;fs, the maximum acceleration of the

electrons is obtained att =t, i%and in Fig. 11 this

corresponds to t = 8.7 fs and 7.3 fs, respectively. Further,
stronger fields extend the region of acceleration of

a ) . (lkm . \/?_)aky
B S

(A1)
k,
% — cos akx] ,
(A2)
A
+ ZE ( sin ak, + sin % cos \/ggky )] )
(& (A3)
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FIG. 10. CB population for gapped graphene as a function of
time. Total CB population (black lines) along with
corresponding populations in K (blue lines) and K’ (red lines)
valleys are shown for band gaps of 1 eV (dashed lines) and 2 eV
(solid lines). Here, Feo= 0.3 V/A, Fio= 0.3 V/A and rest of the
parameters are same as in Fig. 3.

electrons in reciprocal space. To further describe this, we
obtain CB population distributions, NC(,?(q), at t= 8.7 fs
i.e. at time where electron displacement is maximum and
before the completion of the pulse. Such distributions are
shown in Fig. 12. Clearly, at this instant of time, the
electrons extend to a significant region of k-space as the
field gets stronger.
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FIG. 11. K-space trajectory under the influence of liearly
polarized pulse for an initial wave vector chosen at one of the
K-point. Valley polarization as a function of the band gap (24A).
Here, Fio= 0.1 V/& (red line), Fo= 0.3 V/A (blue line), Fo= 0.5
V/A (green line) and Fo = 0.7 V/A (black line). Rest of the
parameters are same as in Fig. 3.

B/

ky(1/A)

FIG. 12. CB populationNC(g)(q) for gapped graphene in the
reciprocal space as a function of the wave vector (q) for
different values of Fio. Here t = 8.7 fs corresponds to maximum
displacement in K-space. The boundary of the first Brillouin
zone is shown by white lines and separatrix is represented by
black closed line. The amplitude of right-handed circularly
polarized pulse is fixed at Feo= 0.3 V/A while the amplitude of
linearly polarized pulse is (a) Fo= 0.1 V/A, (b) Fo= 0.3 V/A, (c)
Fo= 0.5 V/A, and (d) Fio= 0.7 V/A. Here 2A = 1 eV and rest of
the parameters are same as in Fig. 2.
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