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Generation of circularly polarized high harmonics with the same helicity to all orders is indispensable
for chiral-sensitive spectroscopy with attosecond temporal resolution. Solid-state samples have added a
valuable asset in controlling the polarization of emitted harmonics. However, maintaining the identical
helicity of the emitted harmonics to all orders is a daunting task. In this work, we demonstrate a robust
recipe for efficient generation of circularly polarized harmonics with the same helicity. For this purpose,
a nontrivial tailored driving field, consisting of two co-rotating laser pulses with frequencies w and 2w, is
utilized to generate harmonics from graphene. The Lissajous figure of the total driving pulse exhibits an
absence of rotational symmetry, which imposes no constraint on the helicity of the emitted harmonics. Our
approach to generating circularly polarized harmonics with the same helicity is robust against various per-
turbations in the setup, such as variation in the subcycle phase difference or the intensity ratio of the w and
2w pulses, as rotational symmetry of the total driving pulse remains absent. Our approach is expected to
be equally applicable to other two-dimensional materials, among others, transition-metal dichalcogenides
and hexagonal boron nitride, as our approach is based on the absence of rotational symmetry of the driv-
ing pulse. Our work paves the way for establishing compact solid-state chiral extreme ultraviolet sources,

opening a realm for chiral light-matter interaction on its intrinsic timescale.
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I. INTRODUCTION

In the last few decades, high-harmonic generation
(HHG) has become an essential ingredient in attosecond
science. HHG is a strong-field-driven highly nonlinear fre-
quency up-conversion process. HHG provides a route not
only to generate attosecond pulses in the extreme ultra-
violet (XUV) energy regime [1] but also to interrogate
electron dynamics on its natural timescale [2—5]. Owing
to the recollision mechanism of HHG in gases [6], the
harmonic yield drops markedly as the polarization of the
driving laser pulse changes from linear to circular. To
circumvent this problem, a combination of two counter-
rotating circularly polarized laser pulses with frequencies
o and 2w has been employed to generate circularly-
polarized harmonics. The resultant harmonic spectrum
displays doublets of circularly polarized harmonics where
(3n+ 1) and (3n 4 2) harmonics exhibit the polarization
of w and 2w fields, respectively. However, 3n harmon-
ics do not conserve parity and thus they are forbidden
[7,8]. Different variants of the bichromatic counter-rotating
w-2w schemes, such as varying the ratio of the ellipticities
and/or of the intensities of the two driving pulses [9,10],
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controlling the subcycle phase between the two pulses
[11], introduction of an additional seed pulse with differ-
ent polarization [12,13], adding plasmonic field enhance-
ment [14], and noncollinear geometry of the w-2w scheme
[15,16], are employed to control the polarization of the
emitted harmonics. It is important to emphasize that the
recognition of chiral molecules [17,18], circular dichroism
in magnetic materials [19], spin and magnetization dynam-
ics in solids at their natural timescales [20,21], to name but
a few, are examples of chiral-sensitive light-matter interac-
tion phenomena where the desired control over the polar-
ization of the emitted harmonics and resultant attosecond
XUV pulses is quintessential.

The extension of HHG from gases to solids offers an
attractive option for compact tabletop sources of coher-
ent XUV attosecond pulses. Because of the periodic nature
of solids with higher electron density in comparison with
gases, HHG in solids seems a better option for higher yield
of harmonics [22,23]. Moreover, solid HHG has added
a further dimension in attosecond spectroscopy to shed
light on various equilibrium and nonequilibrium aspects of
solids [24—39]. In comparison with HHG from gases, HHG
from solids exhibits different sensitivity toward circularly-
polarized laser pulses [40,41]. It has been shown that a
high degree of control over the polarization of emitted
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FIG. 1.

Polarization-resolved high-harmonic spectrum of graphene driven by (a) single-color circularly polarized, (b) bicircular

counter-rotating w-2w, and (c) bicircular co-rotating w-2w laser pulses. In all cases, the fundamental @ pulse is left-handed polar-
ized. Lissajous figures of the total driving fields are shown in the respective insets. In all cases, the peak intensity of the w pulse is
0.3 TW/cm? and the wavelength is 2 wm. The subcycle phase difference between the two pulses ¢ is zero, and the relative strength of

the electric fields between w and 2w pulses R is 2 in (b),(c).

harmonics can be achieved by the dynamic control of crys-
tal symmetries and intertwined interband and intraband
electronic dynamics [42]. Saito et al. have demonstrated
the generation of harmonics with alternate helicity using
a circularly polarized laser pulse, owing to the selection
rules derived from the symmetry [43]. Recently, bicircu-
lar counter-rotating w-2w laser pulses have been employed
to generate circularly polarized harmonics in solids, which
has enabled one to perform symmetry-resolved chiral spec-
troscopy [44] and to probe valley-selective excitations in
two-dimensional materials [45—47]. In all cases, the har-
monic spectra of solids, similar to gases, are composed
of pairs of circularly polarized harmonics with opposite
helicity owing to the threefold rotational symmetry of the
bicircular counter-rotating pulses. Thus, the generation of
circularly polarized harmonics with the same helicity to all
orders is missing—a major impediment in the realization
of a compact all-solid-state XUV source for chiral spec-
troscopy. The main focus of the present work is to address
this major obstacle.

Our work provides a robust recipe to generate circularly-
polarized harmonics with the same helicity to all orders.
For that purpose, a nontrivial tailored driving field
without any rotational symmetry is designed for HHG.

The total electric field of the co-rotating bicircular w-2w
pulses does not exhibit any symmetry, which is in contrast
to the counter-rotating w-2w pulses with threefold symme-
try. Thus, it is expected that the absence of any symmetry
of the total driving field will impose no symmetry con-
straint on the helicity of the emitted harmonics. To test
our idea, monolayer graphene is exposed to a combina-
tion of bicircular co-rotating w-2w laser pulses. It is worth
mentioning that HHG from graphene and the underlying
mechanism have been extensively explored in recent years
[48-57]. Moreover, the anomalous ellipticity dependence
of HHG from graphene has been explored experimentally
[54,58] as well as discussed theoretically [53,54,58—61].

II. COMPUTATIONAL DETAILS

Semiconductor Bloch equations in the Houston basis are
solved to simulate the interaction of laser with graphene.
The nearest-neighbor tight-binding approach is used to
represent graphene as discussed in our previous work [62].
High-harmonic spectrum is simulated by performing the
Fourier transform (F7) of the time derivative of the total
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FIG. 2. Time profiles of the emitted harmonics, shown in Fig. 1(c), generated by bicircular co-rotating w-2w laser pulses (red color).
The x and y components of the harmonics are shown in blue and green colors, respectively. The Lissajous figures of the emitted
harmonics are shown in cyan color. All harmonics are left-handed circularly polarized. The ellipticities of the 3rd, 4th, 10th, and 11th

harmonics are 0.8, 0.8, 0.8, and 0.9, respectively.

current as

I(w) = ‘.7:7 (i |:/ J(k,t)dki|)
dt BZ

Here, J(k, ?) is the current at any k-point in the Brillouin
zone as a function of time.

2

(1)

III. RESULTS AND DISCUSSION

Before we discuss results obtained for bicircular
co-rotating w-2w laser pulses, let us revisit the results
for single-color and bicircular counter-rotating w-2w laser
pulses. The polarization-resolved high-harmonic spectrum
of graphene driven by a single-color left-handed circularly-
polarized pulse is shown in Fig. 1(a). Owing to the sixfold
rotational symmetry of graphene and conservation of spin
angular momentum of the driving laser pulse, selection
rules indicate the generation of (6n % 1)-order harmon-
ics with n =0, 1,2,3,.... Moreover, the helicity of the
6n+ 1 (6n — 1) harmonics is the same (opposite) helic-
ity as the driving pulse [63]. Our results in Fig. 1(a) are in
prefect agreement with the selection rules and with an ear-
lier report [55]. Moreover, the low harmonic yield of the
fifth and seventh harmonics with opposite helicity has been
observed in an experiment [58]. It has been anticipated that
the yield of harmonics can be improved by increasing the
intensity of the driving field [55].

The total vector potential corresponding to w-2w circu-
larly polarized laser pulses is given as

A@) = A—Qf(t) <|:cos(a)t +¢) + R cos(Za)t)] e
= ﬁ 5 X

+ |:sin(a)t +¢) + g sin(2a)t):| éy> ) 2)

Here, Ay is the amplitude of the vector potential, f (¢)
is the temporal envelope of the driving field, ¢ is the
subcycle phase difference between w and 2w pulses, and
R is the ratio of electric field strength of the two pulses. +
(—) represents the co-rotating (counter-rotating) laser pulse
configuration. In this work, a fundamental w pulse with a
peak intensity of 0.3 TW/cm? and a wavelength of 2 pm
is used for HHG from graphene. The fundamental driving
pulse has eight cycles with sin-square envelope. Similar
laser parameters have been employed to study coherent
electron dynamics in graphene [64,65].

Figure 1(b) presents the polarization-resolved harmonic
spectrum of graphene driven by bicircular counter-rotating
w-2w laser pulses. The resultant vector potential exhibits
a trefoil symmetry as shown in the inset. Following
the threefold symmetry and conservation of spin angular
momentum, nw = pw + 2qw with p = g = 1 harmonics
are allowed, whereas 3n harmonics are symmetry forbid-
den [8]. p (¢) is the number of photons of the w (2w) pulse.
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FIG. 3. High-harmonic spe-
ctra of graphene driven by
bicircular co-rotating w-2w
laser pulses for different val-
ues of (a),(b) the subcycle
phases ¢ and (c),(d) the rel-
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ative electric field strengths
R. Left- and right-hand panels
show the contributions of left-
and right-handed polarization
to the harmonics, respec-
tively. Lissajous figures of
the resultant vector potential,
associated with bicircular co-
rotating w-2w laser pulses,
are shown above and below
the panels for different val-
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Moreover, the allowed (3n + 1)- and (3n 4 2)-order har-
monics follow the helicity of the w and 2w pulses, respec-
tively [19,44,45]. From the figure, our results are consistent
with the selection rules and an earlier report [46]. Note that
the polarization of one of the driving pulses individually
impacts the helicity of the emitted harmonics significantly.

Analysis of results in Figs. 1(a) and 1(b) establishes
that the generation of harmonics with circular polariza-
tion, using either a single-color circular pulse or bicir-
cular counter-rotating w-2w pulses, is possible. In both
cases, the adjacent harmonics are of opposite helicity,
which has a serious consequence for the helicity of the
resultant attosecond pulses. If the intensities of adjacent
harmonics with opposite helicity are the same then the gen-
erated attosecond pulse exhibits linear polarization with a
rotating axis of polarization. In such circumstances, one
needs to induce an imbalance in the intensity of the adja-
cent harmonics to have a control over the helicity of the
resultant attosecond pulses [10—12].

The total harmonic spectrum in polarization-resolved
fashion for the bicircular co-rotating w-2w laser pulses

ues of ¢ and R, respectively.
The x and y components of
the total vector potential as
given in Eq. (2) are plotted
omitting the envelope func-
tion along the X and Y axes
for different values of ¢ and
R as mentioned in the inset.
These inset plots are aimed
to display the symmetry of
the total field corresponding
to different phase and inten-
sity relations between @ and
2w fields. The black dot in
each Lissajous figure corre-
sponds to the start of the vec-
tor potential at = 0.

&

is presented in Fig. 1(c). As evident from the Lissajous
figure in the inset, the total field does not exhibit any rota-
tional symmetry. Thus, the conservation of spin angular
momentum does not impose any constraint on the helicity
of the generated harmonics and none of the harmonics are
symmetry forbidden. As a result, all-order circularly-
polarized harmonics are generated with the same helicity
as that of the driving pulse. Analysis of the relative yield
of the spectrum reveals that the left-circularly polarized
harmonics are the leading harmonics.

After demonstrating the capability of the co-rotating
w-2w scheme to generate circularly polarized harmonics
with the same helicity, let us analyze the temporal evo-
lution of the emitted harmonics in the time domain. For
this purpose, Fig. 2 presents the time profiles of a few
selected harmonics corresponding to Fig. 1(c). All the har-
monics are left-handed circularly polarized as evident from
the Lissajous figure and the x and y components of the
harmonics in the time domain.

At this juncture it is natural to wonder how robust are the
features of the spectrum shown in Fig. 1(c) with respect to
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the variations in the subcycle phase ¢ and the relative ratio
R. To avoid overlapping and have a better representation,
we present the harmonics with left- and right-handed circu-
lar polarization in the left- and right-hand panels of Fig. 3,
respectively. Figures 3(a) and 3(b) display the harmonic
spectrum for different values of ¢. From the figure, the
polarization state of the emitted harmonics is insensitive
with respect to variations in ¢, and all the harmonics are
left-handed circularly polarized in nature. To understand
the insensitivity, let us look at the total electric field of the
co-rotating w-2w scheme for different values of ¢» as shown
above the panels. As evident from the Lissajous figures
of the total field, the variation in ¢ results in the rotation
of the resultant field. However, the fields have no rota-
tion symmetry. Thus, there are no significant changes in
the polarization and the intensity of the emitted harmonics
[see Figs. 3(a) and 3(b)].

Now let us explore how the variation in the R value
affects the harmonic spectra. The peak intensity of the
resultant field is maintained at 0.3 TW/cm? while vary-
ing the R value. As expected, an increase in the R value
results in an increase of the harmonic yield [see Figs. 3(c)
and 3(d)]. However, the overall nature of the spectra does
not change with respect to R, i.e., harmonics are still cir-
cularly polarized in the direction of the driving field. The
reason for that can be attributed to the similar Lissajous fig-
ures of the resultant field for different R values as evident
from the bottom panel. Thus, the investigation of Fig. 3
leads us to conclude that the generation of circularly polar-
ized harmonics with same helicity via the co-rotating w-2w
scheme does not require fine tuning of subcycle phase ¢
or intensity ratio R between the pulses. Therefore, the co-
rotating scheme is robust in generating circularly polarized
harmonics with the same helicity to all orders.

Before making a summary, let us examine how the
harmonic spectrum is sensitive to the dephasing time—a
phenomenological term accounting for the decoherence
between electrons and holes within the semiconductor
Bloch equations framework. Figure 4 presents how the dif-
ferent values of the dephasing time affect the harmonic
spectrum corresponding to co-rotating w-2w laser pulses.
As evident from the figure, lower-order harmonics are

10 11 used in Fig. 1(c).

insensitive to the dephasing time as they are dominated
by the intraband current [54,62,66]. On the other hand,
higher-order harmonics are dominated by the interband
current as their intensities are boosted with an increase in
the dephasing time. The interband channel is prone to the
coherence between the excited electrons and their corre-
sponding holes [54]. Also, longer electron-hole trajectories
are sensitive to the decoherence time as the corresponding
excursion time allows for more scattering events dur-
ing HHG [66]. Thus, relatively smaller dephasing time
means more scattering events for the same excursion time.
Hence, the yield of higher harmonics will be suppressed
for smaller dephasing time [66]. Note that the increase
in the harmonic yield with increase of dephasing time
does not alter the polarization properties of the emitted
harmonics as evident from Fig. 4.

IV. CONCLUSION

In summary, we explore the possibility of generating cir-
cularly polarized high harmonics with the same helicity
in solids. To achieve this goal, we harness the no rota-
tional symmetry of the tailored driving field consisting
of two co-rotating circular pulses with frequencies w and
2w. The absence of rotational symmetry of the driving
field enforces no constraint on the helicity of the emitted
harmonics. It is observed that the spectrum of monolayer
graphene, driven by the bicircular co-rotating pulses, con-
sists of circularly polarized harmonics with the same helic-
ity to all orders as that of the fundamental w pulse. The
Lissajous figure of the total driving pulse exhibits no rota-
tional symmetry for different subcycle phase differences
between w and 2w pulses and different intensity ratios
between the pulses. Moreover, dephasing time, associated
with the decoherence between electrons and holes, does
not alter the nature of the harmonic spectrum. Thus, our
approach for generating circularly polarized high harmon-
ics with the same helicity is robust against any imperfec-
tion in the driving pulses. Furthermore, we anticipate that
our approach will be applicable to other hexagonal two-
dimensional materials, such as hexagonal boron nitride and
molybdenum disulfide, as our approach is based on the
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absence of rotational symmetry of the total system consist-
ing of the total driving field and the two-dimensional mate-
rial. However, unlike gapless graphene, the interplay of
the interband and intraband currents is different in gapped
graphene [67], and therefore the value of the dephasing
time will play a crucial role in determining the helicity
of the emitted harmonics in gapped graphene. Thus, laser
parameters need to be optimized to obtain a desired con-
trol over the helicity of the emitted harmonics from gapped
graphene. Also, based on the results presented in Ref. [44],
our approach could be extended to bulk materials. The
present work offers an avenue for detailed chiral-sensitive
light-matter interactions on natural timescales.
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