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We propose to combine a circularly polarized first-color laser with a linearly
polarized second-color laser to control the polarization of THz radiations in the
low-frequency region from single-layer graphene. We find that the THz ellipticity
can be greatly adjusted by varying the wavelength of second color, and it can be
slightly modified by varying the intensity ratio of two colors. We then show that the
polarization direction of THz emissions can be dramatically changed by changing
the phase difference between two colors. We also identify that the intensity,
ellipticity, and polarization direction of THz wave can be changed simultaneously
with the time delay between two colors. These can be understood by analyzing
the electron currents, intensities of THz emissions in two orthogonal directions,
and the phase difference between them. Our proposed scheme can be easily
performed in the experiment based on the laser technology nowadays.
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1 Introduction

Terahertz (THz) technology has attracted much attention due to its potential
applications [1–6] in nonlinear spectroscopy, remote sensing, imaging, antiterrorism
detection and biomedicine, and so on. It has also been applied to capture the ultrafast
electronic or nonlinear optical response of air and solid materials [7–9]. In past years, THz
radiations from different frequency bands have been coherently generated through laser-
matter interaction by using gases [10], air plasma [11–13], solids [14], and liquids [15, 16].
With the advancement of optical parametric amplification (OPA) and optical parametric
chirped pulse amplification (OPCPA) technologies, it has become mature to precisely
synthesize multi-color laser pulses [17–19]. This provides with new opportunities to modify
the properties of THz emissions. For example, THz radiations in both low- and high-
frequency regions have been enhanced by using two- or three-color linearly polarized laser
pulses with air plasma or gases [5, 11–13, 20].
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Since the elliptically and circularly polarized THz waves are
essential light sources for applications in dichroism [21], THz
imaging [22], and polarimetry [23], it is very crucial to control
the polarization of THz emissions in the generation process. In
general, there are two ways to generate the elliptically polarized THz
waves. The first one is using laser-induced gas plasma, which can
generate the THz radiations with an ultrabroad bandwidth
(> 50 THz) and has a higher damage threshold. Either circularly
polarized few-cycle laser pulses [24, 25] or two-color laser pulses [26,
27] were employed to control the polarization characteristics of the
THz waves generated from the gas plasma. The second approach is
generating the polarization controllable THz radiations by using
functional devices, such as waveplates and polarizers. These devices
are usually made by some special materials, for instance, liquid
crystal and metamaterials [28–30]. You et al. [28] used two-layer
graphene grating to achieve a switchable quarter-wave plate (QWP),
which can convert a linear polarization of THz waves to a left- (or
right-) handed circular polarization in the ON state. Liu et al. [30]
demonstrated that VO2-based grating structure with a total internal
reflection geometry is a powerful device for actively controlling the
broadband THz polarization. Elliptically polarized THz waves
generated through above two ways are distributed in quite
different frequency regions. By using laser-induced gas plasma,
THz frequencies can reach 10 THz or above. With functional
devices, THz frequencies are mostly limited below 5 THz. But
low conversion efficiency and limited solid materials restrict
further applications of such low-frequency polarized THz
emissions. To overcome these shortcomings, it has been
proposed to produce THz emissions with ellipticity through the
shift current of solid materials, generated by the coherent evolution
of electron and hole wave function in noncentrosymmetric materials
[31, 32]. However, how to use centrosymmetric materials to
effectively achieve the same goal is still challenging.

Graphene is a representative two-dimensional and
centrosymmetric material. THz emissions from graphene have
been extensively studied in both theory and experiment [33, 34].
For example, laser pulses with duration of 110 fs at oblique incidence
were used to drive the graphene to generate a coherent THz
radiation ranging from 0.1 to 4 THz [35] and THz polarization
states in vertically grown graphene were well controlled [36]. Single-
layer graphene with zero gap is a special centrosymmetric material,
and it exhibits weak screening, high damage threshold, and unique
optical properties [37, 38]. Thus it is an ideal candidate material to
efficiently generate the polarized THz emissions. However, it
becomes difficult to directly apply existent (or present-day)
methods into the single-layer graphene. If it is used as a
functional device, it becomes hard to achieve the THz QWP [28]
since it has a very low phase difference due to insufficient thickness.
Meanwhile, as a centrosymmetric material, the single-layer
graphene cannot generate the shift current with a linearly
polarized driving laser, so the polarized THz waves cannot be
prompted. It is thus required to come up with new solutions.
Two-color scheme has shown its advantages in the THz
generation with single-layer graphene. THz intensity can be
greatly enhanced due to the weak screening of single-layer
graphene [38]. Similar to the laser-induced gas plasma, the
frequency regions of THz emissions can be tailored [35].
Furthermore, it has been demonstrated theoretically that the

polarization controllable THz waves in the relatively high-
frequency regions can be obtained from gases by using two-color
laser pulses [39]. Thus, it is desirable to examine whether the two-
color scheme is able to control the polarization of low-frequency
THz emissions from single-layer graphene.

In this work, we suggest to use incommensurate two-color laser
pulses to generate the polarization-controllable THz radiations in the
low-frequency regions with the single-layer graphene. Two-color laser
pulses consist of a circularly polarized laser and a linearly polarized
laser. The article is organized in the following. Section 2 introduces the
theoretical methods for simulating the laser-graphene interaction.
Section 3 presents the detailed results of ellipticity, electric
waveform, and intensity of THz emissions. The simulations are
performed by varying the wavelength of the linearly polarized laser,
or by varying the intensity ratio, time delay, and relative phase between
two colors. Meanwhile, the electron currents and THz radiations in two
orthogonal directions are analyzed. And the summary of this paper is
given in Section 4.

2 Theoretical methods

We employ the time-dependent tight-binding (T-B)
approximation to study the laser-graphene interaction. Band
energies near the Dirac points can be precisely calculated unless
the applied laser intensity is too higher. Time-dependent
Schrödinger equation can be written as [40],

iZ
∂ψ

∂t
� Ĥ k + A t( )( )ψ, (1)

where

Ĥ t( ) � 0 f k + A t( )( )
f* k + A t( )( ) 0

[ ], (2)

hereA(t) is the vector potential of driving laser, and f(k) is a complex
function, which can be written as

f k( ) � γ eiaky/ �
3

√
+ 2e−iaky/2 �

3
√

cos akx/2( )[ ], (3)

where a = 2.46 �A, γ = −2.9 eV, and |k| �
������
k2x + k2y

√
.

We define the time-dependent wave function ϕk(t) � Ck
v(t)ϕkv +

Ck
v(t)ϕkc in terms of Bloch basis. Here ϕkv � (1, 0)T and ϕkc � (0, 1)T.
By using Bloch basis, Eq. 1 can be transformed as

iZ
∂ϕk

∂t
� ĤB t( )ϕk . (4)

And the corresponding two-band equations are [41–43].

d

dt
Ck

v t( ) � i

2
−B1 t( )Ck

v t( ) − B2 t( )Ck
c t( )[ ],

d

dt
Ck

c t( ) � i

2
−B3 t( )Ck

v t( ) − B4 t( )Ck
c t( )[ ]. (5)

Here,

B1 t( ) � − f k + A t( )( )e−iθf k( ) + f* k + A t( )( )eiθf k( )[ ],
B2 t( ) � − f k + A t( )( )e−iθf k( ) − f* k + A t( )( )eiθf k( )[ ],
B3 t( ) � f k + A t( )( )e−iθf k( ) − f* k + A t( )( )eiθf k( )[ ],
B4 t( ) � f k + A t( )( )e−iθf k( ) + f* k + A t( )( )eiθf k( )[ ].

(6)
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Next, we define �ρvv � (Ck
v )†Ck

v as the electron population in the
valence band, �ρcc � (Ck

c )†Ck
c as the electron (or hole) population in

the conduction band, and �ρcv � (Ck
v )†Ck

c as the inter-band
polarization. The coupled equations can be obtained as [44].

d

dt
�ρcv t( ) � −iB4*�ρcv t( ) + iB1*�ρcv t( )

−iB3 1 − fe t( ) − fh t( )( ) − γr�ρcv t( ),
d

dt
fe t( ) � 2Im B3*�ρcv t( )[ ] − γlfe t( ),

d

dt
fh t( ) � 2Im −B2*�ρcv t( )[ ] − γlfh t( ),

(7)

where fe � �ρcc and fh = fe denote the electron and hole population,
respectively, and γr and γl are the transverse and longitudinal
relaxation constants, respectively. In the most simplified case,
|f(k)| ≈ (k2/2mu + Eg/2) with electron mass of mu and the band
gap energy of Eg, and θf(k) = θk, where θk define the directional angle
of vector [kx, ky]. The single-electron current can be evaluated
as [45].

jk t( ) � 〈ϕk r, t( )|p̂ + A t( )|ϕk r, t( )〉. (8)
And the THz field can be calculated via derivative of the electron
current:

ETHz t( ) � ξ
dJ
dt

[ ]. (9)

Here the scale factor ξ can be obtained as [38].

ξ2 � ∫+∞
−∞ EL

x t( )∣∣∣∣ ∣∣∣∣2dt + ∫+∞
−∞ EL

y t( )
∣∣∣∣∣ ∣∣∣∣∣2dt

∫+∞
−∞

dJx t( )
dt

∣∣∣∣ ∣∣∣∣2dt + ∫+∞
−∞

dJy t( )
dt

∣∣∣∣∣ ∣∣∣∣∣2dt , (10)

and the conversion efficiency of THz in the frequency region ofω1 to
ω2 can be calculated as

η � σ · ∫ω2

ω1
ETHz
x ω( )∣∣∣∣ ∣∣∣∣2dω + ∫ω2

ω1
ETHz
y ω( )

∣∣∣∣∣ ∣∣∣∣∣2dω
∫+∞
0

EL
x ω( )∣∣∣∣ ∣∣∣∣2dω + ∫+∞

0
EL
y ω( )

∣∣∣∣∣ ∣∣∣∣∣2dω (11)

Here EL
i (ω) and ETHz

i (ω) (i = x, y) are Fourier transforms of driving
laser and THz fields, respectively, and σ is the light transmission
coefficient. For the single-layer graphene, σ is chosen as 100%.

Since the single-layer grapene is thin enough, the propagation of
driving laser and THz field in the medium can be neglected.

3 Results and Discussion

3.1 Formulation of incommensurate two-
color laser pulses and THz ellipticity

In our simulations, the electric field of two-color laser pulses in
two orthogonal x and y directions takes the form in the following:

EL
x t( ) �

�
2

√
2

��
I1

√
f t( )cos ω1t + ϕ1( )

+ ��
I2

√
f t − td( )cos ω2 t − td( ) + ϕ2)[ ],

EL
y t( ) �

�
2

√
2

��
I1

√
f t( )cos ω1t + ϕ1 + π/2( ),

(12)

where
�
2

√
2

��
I1

√
is the field amplitude in x or y direction of the

circularly polarized laser,
��
I2

√
is the field amplitude of the linearly

polarized laser, ϕ1 and ϕ2 are carrier-envelope phases (CEPs) for
circularly and linearly polarized lasers, respectively, td is the
relative time delay between two-color laser pulses, and f(t)
represents a cos4 pulse envelope. We set the angular frequency
of first color as ω1 = 0.028 a.u. (1,600 nm), fix the total intensity as
I1 + I2 = 7.1 × 1011 W/cm2, and set td = 0 unless otherwise defined.
The ellipticity ε of THz wave for a given angular frequency ω is
defined as

ε � tan χ,
sin 2 χ � sin 2β( )sin δ,
tan β � ETHz

y /ETHz
x ,

(13)

where ETHz
y and ETHz

x are THz intensities in the x and y directions,
respectively, δ is the phase difference between THz waves in the two
directions.

Note that Hafez et al. [38] have experimentally demonstrated
that emissions from SiO2, a commonly used substrate for single-
layer graphene, are much weaker than that from single-layer
graphene in the frequency region of 1–3 THz. So we ignore the
effect of substrate on the THz emission in our simulations since we
mainly focus on the THz emission near 2 and 3 THz. Damage
threshold of material is also considered when we choose the laser
parameter. We have checked that the maximum fluence is about

FIGURE 1
(A) Dependence of THz ellipticity on the frequency with different
durations of single-color circularly laser and under an
incommensurate two-color laser. (B) THz yields integrated below
80 THz (black squares or red circle) as a function of pulse
duration. Period T is defined with respect to the 1600-nm laser.
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80 mJ/cm2 with our laser parameters, which is well below the
damage threshold of single-layer graphene [46].

3.2 Comparison of THz generationwith one-
color circularly polarized laser and
incommensurate two-color laser pulses

First, we simulate the THz emissions with the one-color
circularly polarized laser only. By varying the full laser duration
(in terms of period T of 1600-nm laser), the dependence of THz
ellipticity on the frequency are shown in Figure 1A. For each fixed
duration, the THz ellipticity is gradually increased from 0 (linearly
polarized) to 1 (circularly polarized) with the increase of THz
frequency. With the longer duration, the THz ellipticity can
quickly reach to 1 at lower THz frequency. For example, for 8 T
case (blue line), the ellipticity is dramatically changed in the
0–30 THz frequency band. This means the THz ellipticity in low-
frequency regions can be controlled much easier with longer-
duration driving laser. We also show the THz yields (i.e., the
summed THz intensities in both x and y directions) integrated in
the 0–80 THz frequency band as a function of pulse duration in
Figure 1B (black points). The THz yields are greatly decreased with
the increase of pulse duration. Thus it is not appealing to control the
THz ellipticity in the low-frequency regions by solely increasing the
duration of one-color circularly polarized laser. Alternatively, we
add the second-color linearly polarized laser, take the full duration of

first color as 8 T, and set the following parameters: I2/I1 = 0.25, ϕ1,2 =
0, ω2 = 0.0175 a.u. (2,600 nm), the full duration of second color is
also set as 8 T (in term of period T of 1600-nm laser). The resulted
THz ellipticity (green line) and THz yields (red point) are plotted in
Figures 1A,B, respectively. One can see that the THz ellipticity is
effectively changed in an even narrower frequency region (below
10 THz) compared to that obtained with the first color alone.
Meanwhile, the THz intensity is remarkably enhanced. Therefore,
the generation of polarization controllable THz radiations in the
low-frequency regions can be efficiently achieved under the two-
color scheme.

To understand above results, we examine the electron currents
versus time, and individual THz spectra in x and y directions with
frequency in Figure 2. For the first-color lasers, as shown in Figures
2A,C, the residual current in the x direction is approximately zero
while it decreases with the increase of the laser duration in the y
direction. This is the consequence of laser symmetry dependence on
the width of laser pulse. By introducing a linearly polarized laser in
Figure 2E, the residual current in the y direction can be enhanced in
comparison with that in Figure 2C. This explains the enhancement
of THz yields in Figure 1B by using incommensurate two-color laser
pulses. From Figures 2B, D, F, low-frequency THz emissions in the x
direction are always weak regardless of pulse duration or two-color
combination. In the y direction, they can be modified by changing
the laser duration or by changing the form of laser pulses. Besides,
the phase difference between THz emissions in the x and y directions
is nearly 0.5π in the low-frequency regions (for example, in the
0.1–5 THz region). Thus the THz ellipticity in the interested
frequency regions are mostly determined by the THz intensities
in the x and y directions. Furthermore, in Figures 2B,D, the cross of
THz intensities in the two directions occurs at about 30 THz for 8-T
laser while it takes place at 50 THz for 5-T laser. This explains why
the frequency region for controlling THz ellipticity in Figure 1A
becomes narrower by using a longer pulse duration of first-color
field. In Figure 2F, the cross of THz intensities appears in the
extremely low-frequency region (approximately 3 THz) with
incommensurate two-color laser pulses, leading to the
controllable THz ellipticity below 10 THz in Figure 1A.

Conversion efficiency is an important factor in the THz
generation. Here we gives this value for one set of laser
parameters, for example,. For the following laser parameters: I2/
I1 = 0.25, ϕ1,2 = 0, td = 0, laser duration is 8 T, and wavelength
combination of 1,600 + 2,600 nm, according to Eq. 11, we can
calculate that the conversion efficiency of 0.1–10 THz emissions is
3.05 × 10−6, and it is close to 10–4 for a broad frequency band of
0.1–100 THz.

3.3 Control of ellipticity of low-frequency
THz generation by varying two-color
parameters

Next, we check how the ellipticity and the polarization direction
of THz emissions are modified by varying two-color parameters. We
first vary the wavelength of second color λ2 from 1,200 to 2,600 nm,
and the following parameters are fixed: I2/I1 = 0.25, ϕ1,2 = 0, λ1 =
1,600 nm, and full pulse duration is 8 optical cycles of 1600-nm laser
for both colors. The resulted THz ellipticity as a function of THz

FIGURE 2
Comparison of electron currents (left) and THz intensities (right)
in the x and y directions by circularly polarized lasers with full durations
of 5 [(A) and (B)] and 8 optical cycles [(C) and (D)] and by an
incommensurate two-color laser [(E) and (F)]. In (B), (D) and (F),
phase differences between THz emissions in two directions are also
shown.
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frequency are plotted in Figure 3A. When the wavelength of second
color is 2,200 nm, the maximum THz ellipticity is about 0.75,
located at about 6 THz. By further increasing the wavelength, the
maximum ellipticity is increased up to 1, and its location goes to a
lower frequency. Thus the THz ellipticity in the low-frequency
regions (near 5 THz or below) can be tuned by varying the
wavelength of linearly polarized second-color laser. We plot the
waveforms of electric fields obtained by synthesizing THz emissions
centered at 2 THz in Figure 3B. It shows that the THz intensity is
increased with the decrease of the wavelength of second color. And
the major THz polarization direction is slightly adjusted by the
second-color wavelength. We take two examples of 1,600 +
2,600 nm and 1,600 + 2,200 nm to understand the underlying
physical mechanism. In Figures 3C,D, the phase differences
between THz emissions in the x and y directions are shown. For
the case of 1,600 + 2,600 nm, the phase difference is nearly 0.5π
while it is about 0.6π for 1,600 + 2,200 nm case by neglecting the
results below 1 THz. In these figures, THz intensities in two
directions are also plotted. One can see that the interaction of
THz intensities in the x and y directions takes place at 2.5 THz
for 1,600 + 2,600 nm case, and it is located at 6.5 THz for 1,600 +
2,200 nm case. The ellipticity is determined by both the phase
difference and intensities of THz emissions in the x and y
directions in Eq. 10 Since the phase difference for 1,600 +
2,600 nm case is closer to 0.5π, the corresponding maximum
ellipticity of the former is larger than that for the latter in
Figure 3A. Thus, the wavelength of the linearly polarized laser is
a key parameter to control the ellipticity of low-frequency THz
emissions.

We then change the intensity ratio of two colors, which is
defined as α = I2/I1. The wavelength of second color is fixed as

λ2 = 2,600 nm, and other parameters remain the same. In Figure 4A,
the THz ellipticity in low-frequency regions can be slightly tuned by
the α. When α changes from 0.75 to 0.25, the peak position of THz
ellipticity is varied in the frequency region of 2–2.5 THz. Its position
is almost not changed by further decreasing the value of the α. In
Figure 4B, we compare waveforms of electric fields at 2 THz with
different α. It shows that larger α results in stronger THz emission.
By tuning the α, the polarization direction is not changed much
since the ellipticity is relatively large at 2 THz. For example, it is
about 0.95 (or 0.82) for α = 0.5 (or 0.25). We employ the same
analysis method as in Figure 3 to understand these results. In Figures
4C,D, the phase difference between THz emissions in the x and y
directions does not change much for different α. It is about 0.5π for
α = 0.25, and this value is about 0.53π when α = 0.5. In these figures,
the crossing point of THz emissions in two directions does not
change much by varying the α as well. It locates at about 2.5 THz (or
2 THz) for α = 0.25 (or 0.5). Therefore, the THz ellipticity can only
be slightly tuned by varying the α in Figure 4A.

From above results, we conclude that the THz ellipticity or
intensity can be effectively tuned by varying the wavelength of
second color or the intensity ratio of two colors. However, the
polarization direction of THz wave can only be slightly modified.
We set the phase difference of two colors as a variable to check
whether the THz polarization can be significantly changed. The laser
parameters are the same as those used in Figure 3 except that ϕ2 is
varied and λ2 is chosen as 800 nm or 2,600 nm. In Figure 5A, we
show the electric waveforms of 2-THz field driven by 1,600 +
800 nm laser pulses. One can clearly see that by changing the ϕ2
(or the phase difference of two colors), the THz polarization
direction can be greatly changed. We have checked that the
intensity and the ellipticity of THz wave don’t change much by

FIGURE 3
(A) The ellipticity dependence of THz radiations below 20 THz on the frequency under different two-color combinations. (B)Corresponding electric
waveforms by synthesizing THz field centered at 2 THz (the spectral band is about 1 THz). Intensities of THz emissions in the x and y directions and phase
difference of them are shown for 1,600 + 2,600 nm (C) and 1,600 + 2,200 nm (D).

Frontiers in Physics frontiersin.org05

Guan et al. 10.3389/fphy.2023.1217439

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1217439


FIGURE 4
Similar figure to Figure 3 except that the intensity ratio α of two colors is varied. (A) The ellipticity of THz radiations below 8 THz as a function of the
frequency under different α. (B) Corresponding electric waveforms by synthesizing the THz field centered at 2 THz (the spectral band is about 1 THz).
Intensities of THz emissions in the x and y directions and phase difference of them are shown for α = 0.25 (C) and α = 0.5 (D).

FIGURE 5
Electric waveforms of 2-THz field obtained at different ϕ2 driven by 1,600 + 800 nm (A) or 1,600 + 2,600 nm laser (D). Intensities of THz emissions in
the x and y directions and phase differences between them are shown: (B) ϕ2 = 0.42π, 1,600 + 800 nm; (C) ϕ2 = 0.63π, 1,600 + 800 nm; (E) ϕ2 = 0.42π,
1,600 + 2,600 nm; and (F) ϕ2 = 0.63π, 1,600 + 2,600 nm.
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solely varying the ϕ2. Meanwhile the THz ellipticity maintains a
relatively small value. We select ϕ2 = 0.42π and 0.63π for detailed
analysis. In Figures 5B,C, we show the intensities of THz emissions
in the x and y directions, and the phase differences between two
directions. In comparison with Figures 3, 4, there are no crossing
points between THz intensities in the x and y directions in the
frequency regions below 10 THz. And the THz intensities in the x
direction are effectively enhanced. The phase difference between two
directions is not a constant any more. In Figures 5B,C, the phase
difference is linearly varied with the frequency for a fixed ϕ2. At
2 THz, it is about 0.04π for ϕ2 = 0.42πwhile it is 0.98π for ϕ2 = 0.63π.
This illustrates that the phase difference can be dramatically tuned
by varying the ϕ2, which is the major factor to determine the THz
polarization direction in Figure 5A. The similar results are shown in
Figures 5D–F for 1,600 + 2,600 nm case. The THz polarization
direction can be effectively tuned by varying the ϕ2 as shown in
Figure 5D. And the phase difference of THz emissions between two
directions is significantly changed at different ϕ2 as shown in Figures
5E,F. Although the wavelength of second color is different, the THz
polarization direction still can be greatly modified and the
underlying physical mechanism is not amended. Therefore, it is
quite general to control the THz polarization direction through the
phase difference between two colors.

We also check the effect of relative time delay between two-
color laser pulses, which is another important parameter to control
the THz polarization. We choose the laser parameters are the same
as those in Figure 3 except that td is varied in the unit of T, where T
is an optical period of fundamental 1600-nm laser, and λ2 is
chosen as 2,600 nm. In Figure 6A, the THz ellipticity in low-
frequency regions can be dramatically tuned by the td. When td is
changed from −T to T, peak position of THz ellipticity is greatly

shifted and even disappeared. In Figure 6B, we compare
waveforms of electric fields at 2 THz with different td, which
shows that intensity of THz wave and its ellipticity are
significantly changed by td, for example, intensity of THz wave
is stronger when td = −T or T, while ellipticity of THz wave is larger
at td = 0. In Figures 6C,D, we take two examples of td = −0.5T and
0.5T for analyzing the generation mechanism. These figures show
that THz emissions near 2 THz in two directions do not change
much, while their phase differences are dramatically changed,
indicating again that the phase difference is mainly responsible for
the change of THz polarization direction in Figure 6B. Besides, in
2–5 THz frequency regions, the phase difference is closer to 0.5π
for td = −0.5T, which explains the maximum ellipticity occurs near
4 THz for td = −0.5T in Figure 6A. Therefore, the time delay
between two-color laser pulses can also significantly change
ellipticity, intensity, and polarization direction of THz wave
simultaneously.

Finally, we remain td = 0 and investigate the control of the
THz ellipticity and polarization direction by varying the
intensity ratio and the phase difference of two colors
simultaneously. We focus on 2 THz under the 1,600 +
2,600 nm laser and 3 THz with the 1,600 + 2,400 nm laser. In
Figure 7A, we show the dependence of ellipticity of 2-THz field
on the intensity ratio α and the CEP ϕ2 of second color. When ϕ2
is around 0 or 2π, the ellipticity is close to 1 no matter how the
intensity ratio is changed. If ϕ2 = 1.0π, the ellipticity is increased
up to 1 with the increase of the α. For ϕ2 = 0.5π or 1.5π, the
dependence of the ellipticity on the α is similar to the case of ϕ2 =
1.0π, however, the value of ellipticity is smaller. At other ϕ2, the
THz ellipticity always maintains a very small value. In Figure 7B,
we show the similar results for the 3-THz field, which indicates

FIGURE 6
(A) Ellipticity dependence of THz radiations below 20 THz on the frequency under different time delays between two-colors. (B) Corresponding
electric waveforms by synthesizing THz fields centered at 2 THz (the spectral band is about 1 THz). (C) Intensities of THz emissions in the x and y
directions and phase difference of them are shown for (C) td = −0.5T and (D) td = 0.5T. T is the optical period of 1600-nm laser.
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the different dependence of the THz ellipticity on the α and the
ϕ2 from the 2-THz field. We can also see two common things.
First, the THz ellipticity has larger value at some selected ϕ2
only. Second, at some fixed ϕ2, the strong dependence of THz
ellipticity on the α can be seen. We then check the THz
polarization direction. In Figure 7C, the electric waveforms of
2-THz field with the same ellipticity of 0.25 are plotted. They are
taken from Figure 7A under different combinations of the
intensity ratio and the phase difference of two colors, labeled
as Ei (i = 1, 2, 3, 4). It clearly demonstrates that the THz
polarization direction can be greatly adjusted even though the
THz ellipticity and intensity are kept the same. In Figure 7D, the
3-THz fields with the ellipticity of 0.55 are chosen, marked as Si
(i = 1, 2, 3, 4) in Figure 6B, and corresponding electric waveforms
show the significant change of THz polarization direction
as well.

4 Conclusion

In summary, we demonstrated that by using a
centrosymmetric solid material it is able to control the
ellipticity and the polarization direction of THz emissions in
the low-frequency region from single-layer graphene. To
efficiently achieve this goal, we employed a scheme of
incommensurate two-color laser pulses, which is composed of a
circularly polarized first-color laser and a linearly polarized
second-color laser. We showed that the two-color laser can
enhance the THz intensity and enables to control the THz
ellipticity in a much lower frequency region in comparison with

the single-color circularly polarized laser. We found that the
dramatic change of THz ellipticity can be achieved by varying
the wavelength of second color and it can be fine tuned by varying
the intensity ratio of two colors. We also showed that the
polarization direction of THz emissions can be greatly changed
by changing the phase difference between two colors when the THz
ellipticity maintains a small value. By varying the phase difference
along with the intensity ratio of two colors, untrivial change of THz
polarization direction can be realized at higher THz ellipticity. We
checked that the relative time delay between two-color laser pulses
can change the polarization direction, intensity, and ellipticity of
THz emissions at the same time. Meanwhile, we performed the
detailed analysis of electron currents and THz emissions in two
orthogonal directions. Two-color laser can enhance the residual
current in the y direction, the THz ellipticity is mostly determined
by the THz intensities in the x and y directions, and the THz
polarization direction is closely related to the phase difference
between THz emissions in two directions. Note that our proposed
scheme can be realized experimentally by combining several
techniques available in the labs, such as the generation and
measurement of THz emissions from single-layer graphene
driven by single-color laser [35, 38, 47], the generation of high-
power few-cycle mid-infrared laser pulses [48–50], and the
synthesis of two-color laser pulses [51]. And it also increases
the operation complication and the cost in the experiment. Our
work provides with a new way to use the centrosymmetric solid
material to efficiently control the polarization of THz radiations.
Compared to the laser-induced gas medium [39], our method can
be applied to control the THz polarization in a much lower
frequency region.

FIGURE 7
(A) The ellipticity of 2-THz field as a function of α and ϕ2 by 1,600 + 2,600 nm laser. (B) Similar results for 3-THz field by 1,600 + 2,400 nm laser.
Electric waveforms for selected points Ei (i = 1, 2, 3, 4) in (A)with the same ellipticity of 0.25 (C) and for selected points Si (i = 1, 2, 3, 4) in (B)with the same
ellipticity of 0.55 (D).
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