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By numerically solving the two-dimensional semiconductor Bloch equation, we study the high-order harmonic

emission of a monolayer ZnO under the driving of co-rotating two-color circularly polarized laser pulses. By chang-

ing the relative phase between the fundamental frequency field and the second one, it is found that the harmonic

intensity in the platform region can be significantly modulated. In the higher order, the harmonic intensity can

be increased by about one order of magnitude. Through time-frequency analysis, it is demonstrated that the

emission trajectory of monolayer ZnO can be controlled by the relative phase, and the harmonic enhancement

is caused by the second quantum trajectory with the higher emission probability. In addition, near-circularly

polarized harmonics can be generated in the co-rotating two-color circularly polarized fields. With the change of

the relative phase, the harmonics in the platform region can be altered from left-handed near-circularly polariza-

tion to right-handed one. Our results can obtain high-intensity harmonic radiation with an adjustable ellipticity,

which provides an opportunity for syntheses of circularly polarized attosecond pulses.
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Interactions of intense laser pulses with gas, solid, and

liquid can produce a series of nonlinear phenomena, [1–3] in-

cluding high-order harmonic generation (HHG). [4–14] The

harmonic spectrum of solids contains the information of

interaction between light and matter. At present, it has

been successfully applied to reconstruction of crystal band

structures [15–17] and transition dipole moments [18–21] in

reciprocal space, measurement of atomic position in real

space, [22] and imaging of Berry curvature. [23] In addition

to being a more easily integrated and compact extreme ul-

traviolet light source, the solid-state high-order harmonic

generation is also an important method for synthesizing

attosecond pulses. [24–29] The ultra-short pulse can be used

to study motion of electrons with high resolution on the

attosecond time scale, which is an important and effec-

tive means to realize ultra-fast measurement. Moreover,

by controlling polarization of harmonic emission, ellipti-

cal or circularly polarized HHG and attosecond pulses can

be generated, which have important applications in x-ray

magnetic circular dichroism, ultrafast spin dynamics, chi-

ral recognition, and so on. [30–32]

In 2011, Ghimire et al. first obtained non-perturbative

solid-state HHG by using bulk ZnO crystals as target

materials, [33] which triggered a research boom of solid-

state HHG. In the past decade, a large number of theoret-

ical and experimental studies related to HHG have been

carried out for series of solid materials with different band

gaps and properties. [34–48] Among them, two-dimensional

crystal materials have become popular target for solid

high-order harmonics due to their unique electronic struc-

ture, excellent optical properties, strong electron-electron

interaction, and negligible propagation effects. [49,50] In ad-

dition, polarization characteristics of high-order harmonics

of two-dimensional materials have a strong tunability, and

it is possible to utilize two-dimensional materials to gen-

erate circularly polarized high-order harmonics.

Driving laser field pulse plays an important role in the

generation process of high-order harmonics. By changing

the parameters of the laser field, the efficiency and ellip-

ticity of the solid harmonic can be controlled. With the

change of the ellipticity of the laser field, the harmonic ef-

ficiency of the solid can appear atomic-like ellipticity and

anomalous ellipticity dependence. [51–54] Using multi-color

linearly polarized combined pulses, Song et al. improved

the harmonics in the plateau region of ZnO crystals by 2–

3 orders of magnitude. [55] Via varying the relative phase

of orthogonally polarized two-color fields, Tang et al. in-

creased the harmonic efficiency of ZnO crystals. [56] Un-

der monochromatic circularly polarized pulses, Chen et

al. and Saito et al. obtained circularly polarized har-
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monics in graphene [57] and crystalline solids, [58] respec-

tively. Through elliptically polarized pulses, Klemke et al.

produced circularly polarized harmonics different from the

polarization of the driving laser. [59] He et al. studied the

harmonic radiation process of MoS2 with valley-selective

circular dichroism, and they observed circularly polarized

harmonics under counter-rotating two-color circularly po-

larized pulses. [60]
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Fig. 1. Schematic diagram of the monolayer ZnO and

co-rotating two-color field in real space. The counterclock-

wise rotation direction of the laser field is marked with red

arrows.

Compared with the case of the counter-rotating two-

color circularly polarized field, [60,61] there are few studies

on the co-rotating two-color circularly polarized laser in

solids. However, according to the study of the interac-

tion between the co-rotational two-color field and the hy-

drogen molecular ion, [62] it can be noticed that the near-

circularly polarized harmonics of odd and even orders can

be generated under the co-rotational two-color field, and

the intensity is comparable to that of the counter-rotating

circular polarized laser pulse. Therefore, the co-rotating

two-color field is an effective tool to obtain high-intensity

near-circularly polarized harmonics.

Based on this, we apply the co-rotating two-color circu-

larly polarized field to the solid in our work, and system-

atically study the high-order harmonic radiation process

of the monolayer ZnO crystal under the action of the co-

rotating two-color field of 4000–2000 nm. Monolayer ZnO

is a graphene-like two-dimensional honeycomb lattice. [63]

Figure 1 shows the relationship of the monolayer ZnO with

the co-rotating two-color field in real space. The 𝑥 and 𝑦

components of the field are given (atomic units are always

used in this study unless stated otherwise) as follows:

𝐸𝑥(𝑡) = 𝐸0𝑓(𝑡)[cos(𝜔𝑡) + cos(2𝜔𝑡+ 𝜙)],

𝐸𝑦(𝑡) = 𝐸0𝑓(𝑡)[sin(𝜔𝑡) + sin(2𝜔𝑡+ 𝜙)]. (1)

Here, 𝑓(𝑡) is the Gaussian envelope of the laser pulse with

a full width at half maximum of 93.5 fs, corresponding to 7

optical periods (o.c.) of 4000 nm. 𝐸0 = 0.0105 is the peak

amplitude of the laser electric field, and 𝜔 = 0.01139 is

the angular frequency of the fundamental laser field (corre-

sponding to the wavelength of 4000 nm), and 𝜙 represents

the relative phase between the fundamental frequency field

and the second one.
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Fig. 2. The energy band structure of the monolayer ZnO: (a) conduction band, (b) valence band. (c) The variation

of harmonic spectra of the monolayer ZnO with relative phase 𝜙.
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The monolayer ZnO can be modeled by the tight-

binding model including the 𝑠 orbital of Zn atom and 𝑝𝑥,

𝑝𝑦 orbitals of the O atom. Figures 2(a) and 2(b) show

the conduction band and valence band structures of the

monolayer ZnO, respectively. The detailed parameters of

constructing Hamiltonian can be found in the work of Hu

et al. [63] By numerically solving the two-dimensional semi-

conductor Bloch equation, [64] we calculate the intensity

of the total harmonic spectra of the monolayer ZnO as a

function of relative phase 𝜙, as shown in Fig. 2(c). In our

simulation, the dephasing time is set to about a quarter

cycle of the incident fundamental laser pulse. The 𝑥-axis

is the relative phase between the fundamental frequency

field and the frequency doubling field, the 𝑦-axis is the

harmonic order, and the color represents the harmonic in-

tensity in the log scale. We can see that under the action

of co-rotating field, both odd and even harmonics exist be-

cause the laser-crystal system does not have an order-2 dy-

namic symmetry. [65,66] With the change of relative phase,

the intensity of harmonics in the platform area is greatly

modulated. Compared with the result of 𝜙 = 0, the yield

of higher-order harmonics is significantly enhanced in the

case of 𝜙 = 𝜋.
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Fig. 3. (a) Comparison of harmonic spectra from 𝜙 = 0 (black dashed line) and 𝜙 = 𝜋 (red solid line). (b) The

enlarged graph of (a). (c) The total harmonic spectrum (red solid line), the harmonic spectra generated by the

interband (blue dashed line) and the intraband currents (black dotted line) when 𝜙 = 𝜋. (d) The electron population

in the conduction band when 𝜙 = 0 (black dashed line) and 𝜙 = 𝜋 (red solid line).

In order to observe the difference of harmonic inten-

sity under different relative phases more clearly, we com-

pare the total harmonic spectra when 𝜙 = 0 (black dashed

line) and 𝜙 = 𝜋 (red solid line) in Fig. 3(a). It can be seen

that in the high-order region, the harmonic intensity of

𝜙 = 𝜋 can be increased by about one order of magnitude.

Figure 3(c) shows the total harmonic (red solid line), inter-

band harmonic (blue dashed line), and intraband harmonic

(black dotted line) when 𝜙 = 𝜋, where the gray dotted line

marks the harmonic order corresponding to the minimum

band gap between the valence band and conduction one

of the monolayer ZnO. It can be observed that the har-

monics with energy lower than the minimum band gap are

mainly dominated by intraband harmonics, the harmonics

with energy higher than the minimum band gap are appar-

ently originated from the interband polarization. There-

fore, one can deduce that the harmonic enhancement in

Fig. 3(a) may come from the modulation of the interband

HHG by changing the relative phase. Since the harmonic

generation is closely related to the electron population,

we analyze the evolution of the electron population of the

system in the conduction band with time under different

relative phases, as shown in Fig. 3(d). It can be seen that

the conduction band electron population changes slightly

when 𝜙 = 0 (black dashed line) and 𝜙 = 𝜋 (red solid

line). Based on the above results, one can know that the

enhancement of higher-order harmonics occurs under the

condition that the ionization is almost unchanged. There-

fore, we guess that this enhancement may be due to the

modulation of the relative phase between the fundamen-

tal frequency field and the frequency doubling field on the

electron and hole recollision trajectories.

In order to verify our view, we analyze the physi-

cal mechanism of harmonic generation from time-domain

and frequency-domain information by using wavelet

transform. [67] The time-frequency analyses of harmonic

emission for 𝜙 = 0 and 𝜙 = 𝜋 are given in Figs. 4(a)

and 4(b), respectively. It can be seen that the time-
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frequency distributions show different characteristics in

the two cases. When 𝜙 = 0, there is a strong harmonic

emission trajectory in each frequency doubling optical cy-

cle. When 𝜙 = 𝜋, there are two strong emission trajec-

tories in a frequency doubling optical cycle, and the har-

monic frequency ranges of the two trajectories are signifi-

cantly different. The harmonic frequency range of the first

trajectory with earlier emission time is similar to that of

𝜙 = 0, while the energy of the second trajectory with later

emission time is mainly concentrated in the high-order re-

gion. The intensity of the second trajectory is stronger

than that of the first trajectory. Therefore, when 𝜙 = 𝜋,

the enhancement of higher-order harmonic emission in the

platform region of harmonic spectrum mainly comes from

the second emission trajectory. The above results show

that the relative phase of the co-rotating two-color circu-

larly polarized laser field can control the emission trajec-

tory and enhance the recollision probability.
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Fig. 4. Time-frequency analyses of HHG spectra for (a)

𝜙 = 0 and (b) 𝜙 = 𝜋.
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Fig. 5. Harmonic ellipticity in the plateau as a function

of the relative phase 𝜙.

In addition, we find that the relative phase 𝜙 of the

co-rotating two-color circularly polarized laser field can

not only improve the harmonic intensity, but also reg-

ulate the harmonic ellipticity. Figure 5 shows the har-

monic ellipticity of the plateau region at different rela-

tive phases. The ellipticity is represented by color. The

right circular polarization is +1, which is indicated with

red. The left circular polarization is −1, expressed in

blue. The harmonic ellipticity can be calculated by 𝑒 =

(|𝑗+|−|𝑗−|)/(|𝑗+|+ |𝑗−|), [62,68,69] where 𝑗± = 1√
2
(𝑗𝑥±𝑖𝑗𝑦),

𝑗𝑥 and 𝑗𝑦 are the 𝑥 and 𝑦 components of the laser-induced

current inside the crystal in the frequency domain, re-

spectively. It can be observed from the figure that the

harmonic ellipticity is significantly affected by the relative

phase. With the change of relative phase 𝜙, the harmonics

in the platform region are converted between left-handed

circular polarization, linear polarization and right-handed

circular polarization. Combined with the harmonic inten-

sity at different relative phases given in Fig. 2(c), higher

intensity near-circularly polarized harmonics can be ob-

tained. For example, when 𝜙 = 1.8𝜋, the 18th-order har-

monic with a strong intensity close to the right-handed

circular polarization can be produced; when 𝜙 = 1.7𝜋,

the 20th-order harmonic with a high intensity close to the

left-handed circular polarization can be generated.

In summary, by numerically simulating the interaction

between monolayer ZnO crystals and co-rotating two-color

polarized laser pulses, we find that the relative phase be-

tween the fundamental frequency field and the second one

has a significant modulation on the harmonic spectrum.

Under some relative phase conditions, the higher-order

harmonic intensity of the monolayer ZnO crystals can

be significantly enhanced. Through analyses of electron

time-dependent population under different relative phase

conditions, it is proved that this enhancement cannot be

attributed to the change of electron population. Fur-

ther through time-frequency analysis, it is found that the

higher-order harmonic enhancement at 𝜙 = 𝜋 is due to the

additional emission trajectory contribution. In addition,

the ellipticity of harmonics can also be modulated by the

relative phase of the co-rotating two-color laser pulse. Un-

der certain conditions, near-circularly polarized harmon-

ics with high intensity can be obtained. Our results im-

prove the direction for the generation of the polarization-

controlled coherent high-frequency light source with high

intensity in the experiment.
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