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Using optical technology for current injection and electromagnetic emission simplifies the comparison
between materials. Here, we inject current into monolayer graphene and bulk gallium arsenide (GaAs) using
two-color quantum interference and detect the emitted electric field by electro-optic sampling. We find the
amplitude of emitted terahertz (THz) radiation scales in the same way for both materials even though they
differ in dimension, band gap, atomic composition, symmetry, and lattice structure. In addition, we observe the
same mapping of the current direction to the light characteristics. With no electrodes for injection or detection,
our approach will allow electron scattering timescales to be directly measured. We envisage that it will enable
exploration of new materials suitable for generating terahertz magnetic fields.
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Isolated terahertz magnetic fields are hard to produce,
yet they have unrivaled potential for controlling magnetic
materials on an ultrafast time scale [1–3]. One approach
to generating intense magnetic pulses has been to use the
magnetic field that accompanies the current of the high en-
ergy electron beam [4,5]. While effective, this approach is
complex, inflexible, and inefficient. A more practical ap-
proach is to adapt THz technology, [6,7] designed for linearly
polarized radiation, to generate azimuthal polarization with
spatially varying polarization, where the electric field vector
aligns along the azimuthal direction (around the propaga-
tion axis) [8]. In this structured light pulse, the magnetic
field is isolated at the center of the THz beam [9–11]. Any
THz technology that allows an electric field of 106 V/cm or
more for linearly polarized THz beams should be adaptable
to produce an isolated magnetic field at the center of a fo-
cused azimuthally polarized beam of ∼ 0.33 Tesla or more.
Solid-state materials like semiconductors and semimetals are
technologically relevant platforms for generating THz mag-
netic fields [11–15].

Quantum control proves remarkably efficient in inject-
ing directional currents by leveraging quantum interference
between absorption pathways induced by two harmonically
related laser pulses [16–20]. In this process the current density
(J) injection rate is given by the relation [13,16–19] dJ

dt =
2ηEωEωE2ωsin(�φ). Here, η is a constant related to fourth
rank tensor element, Eω and E2ω are field amplitudes of fun-
damental (ω) and second harmonic (2ω) pulses, respectively,
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and �φ denotes relative phase between two pulses. Using this
approach, we have demonstrated significant current injection
into GaAs [11–15]. A key feature of GaAs has been that
we can generate any structured current and hence any struc-
tured THz beam consistent with Maxwell’s equations, using
only a circularly polarized fundamental, a linearly polarized
second harmonic, and a spatial light modulator to control
their relative phase in a pixel by pixel manner [13–15]. Such
control enables the generation and reconfiguration of space-
time-coupled toroidal terahertz pulses and isolated magnetic
fields [11].

Despite the flexibility in THz waveform and spatial struc-
ture enabled by quantum controlled currents, scaling the THz
power radiated from bulk semiconductors is limited by several
factors. Phase walkoff between the two-color pulses, satura-
tion effects, and attenuation of the THz radiation by the free
electron plasma, all contribute to this limit [21–23]. Addi-
tionally, the shorter scattering time of the current limits the
frequency content and amplitude of the emitted single-cycle
THz pulse (see Fig. S1 in the Supplemental Material [24]).

In this context, graphene [25,26], a carbon-based mono-
layer semimetal with zero-bandgap energy represents an ideal
platform for quantum control. Moreover, as a 2D material,
scattering in graphene is restricted to two dimensions with
an additional contribution from material-substrate interaction.
With a high optical nonlinearity, high damage threshold, and
longer relaxation timescale, several layers of graphene having
spacing between layers could potentially enable scaling to
higher THz amplitudes than what is possible in bulk semi-
conductors such as GaAs.

Theoretical studies have shown that current injection is
possible in monolayer graphene [27–29] through quantum
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interference between single- and two-photon absorption, sim-
ilar to effects observed in bulk semiconductors. All-optical
current injection and measurement have been demonstrated
in multilayer epitaxial graphene [30] and graphite [31].
Recently, currents have been injected and controlled in mono-
layer graphene using near single-cycle laser pulse [32–34].
However, noncontact measurements in monolayer graphene
have not been reported much. To date, all experiments have
employed an integrated electrode geometry for current mea-
surement [32–34], making it difficult to distinguish between
electronic processes occurring in the graphene and those hap-
pening at the graphene-electrode interface.

Here, we demonstrate two-color quantum control in
metalorganic chemical vapor deposition (MOCVD) grown
monolayer graphene on sapphire by measuring the emitted
terahertz radiation. We quantitatively compare the results
from graphene, a zero-bandgap semimetal, having a symmet-
ric planar structure and composed of only carbon with GaAs,
a traditional semiconducting electro-optical material with a
bandgap of 1.43 eV and lacking inversion symmetry. Sur-
prisingly, aside from a much smaller amplitude for graphene,
we only see a small difference in the THz signal. Both scale
with intensity in the same way. Initially we use linearly po-
larized control pulses for simplicity. Using a combination of
circularly polarized fundamental and linearly polarized sec-
ond harmonic pulses, we also show 360◦ control over current
direction in graphene. If, as is proposed, petahertz electronics
becomes available from graphene, quantum control will be the
method by which we inject real or virtual currents and we will
monitor using direct emission.

We use femtosecond two-color laser pulses (λω=1480 nm
and λ2ω=740 nm) for THz generation [Fig. 1(a)] in monolayer
graphene or bulk GaAs wafer (see note 2 in the Supplemental
Material [24]). The optical parametric amplifier (OPA), oper-
ating at a 1 kHz repetition rate, generates a 40 fs fundamental
laser pulse at 1480 nm. A β-barium borate (BBO) crystal is
used to generate a second-harmonic pulse at 740 nm. The
two beams are combined and focused to a 700 µm diameter
spot on the sample. The two-color laser fields induce quan-
tum interference between single- and two-photon transitions
[Fig. 1(b)], resulting in a phase-controlled transient photocur-
rent at the sample, which radiates a single cycle THz pulse.
We employ free space electro-optic sampling [35] (EOS) to
characterize the radiated THz pulse [Fig. 1(a)]. We collect
the radiated THz beam from the front side of the sample in
a reflection geometry using a THz lens (f/1.5). The second
THz lens (f/2) is used to refocus the THz onto 1 mm thick zinc
telluride (ZnTe) crystal wherein THz pulse is sampled. We use
a 0.5 mm thick germanium substrate as a low-pass filter that
blocks the residual ω and 2ω pump beam and transmit THz.
A small part of the second harmonic (740 nm) beam is used
to sample the THz pulse.

The temporal traces of the radiated THz field from
graphene under excitation of two co-polarized laser fields
are shown in Fig. 1(c). Here, traces are presented for two
different values of relative phase (�φ) of the two-color fields.
It clearly depicts that the polarity of the THz waveform flips
after changing the relative phase (�φ) by π . A more detailed
dependence of the radiated THz field on the relative phase
(�φ) (see Fig. S3 in the Supplemental Material [24]) shows

FIG. 1. Generation and measurement of THz pulse under excita-
tion of two-color laser fields. (a) Experimental setup for measuring
THz radiation emitted from ultrafast injected currents in single-layer
graphene. Two-color laser pulse (1480 nm + 740 nm) generates
currents in graphene that radiates THz pulse. Ge: germanium wafer.
M1 − M2: metallic mirrors. L: focusing lens. LT HZ1 − LT HZ2: THz
lenses. QWP: quarter-wave plate. WP: Wollaston prism. BS: pel-
licle beam splitter. PD: photodiode. ZnTe: zinc telluride crystal.
(b) Illustration shows simultaneous single and two-photon electronic
transitions in graphene, resulting in asymmetric charge distribution.
(c) Measured THz pulses from monolayer graphene. Time depen-
dent electro-optic signals (EOS) for �φ = +π/2 (black) and �φ =
−π/2 (red) are presented.

that the peak THz electric field changes its amplitude and sign
as the relative phase (�φ) is adjusted. Sinusoidal oscillation
clearly indicates that the radiated THz field is generated from
quantum controlled current source induced by two-color
laser fields. Notably, the dependence of THz amplitude and
polarization on the relative phase offers a remarkable level of
control.

Figure 2 presents the dependence of the THz field on
the average power of the fundamental (Pω) pulse while the
power of the second harmonic pulse (P2ω) is kept constant.
We measure the power dependence of THz emission for
monolayer graphene and 110 µm thick bulk GaAs samples.
For the monolayer graphene, we observe a linear increase
in the THz field (ET Hz) with the fundamental pump power
(Pω), as expected from a quantum-controlled process, i.e.,
ET Hz ∝ EωEωE2ωsin(�φ) ∝ Pω

√
P2ωsin(�φ). However, for

the bulk GaAs sample, we initially observe the expected linear
dependence of the peak THz field on the ω beam power. At
higher power levels (> 10 mW), the slope starts to saturate.
This saturation of the THz field at high pump power can
be attributed to several factors: the rapid development of a
space-charge field, carrier-screening effects, and attenuation
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FIG. 2. Dependence of emitted THz field on pump power. Peak
THz fields (or EOS Signals) from single-layer graphene and 110 µm
thick GaAs samples, observed as a function of the average power
of the incident fundamental pulse (ω) when power of the second
harmonic pulse (2ω) is fixed. To represent in the same plot THz peak
fields from graphene are multiplied by a constant factor 20.

of THz radiation due to the presence of a dense free-electron
plasma [21–23] .

We also see that at the highest applied pump power, the
peak THz field from the graphene is approximately 20 times
smaller than that obtained from the GaAs sample using the
same laser parameters. However, it is important to note that
in GaAs, the quantum interference takes place within a layer
∼ 500 nm thick below the surface, limited by the penetration
depth [36] of the second harmonic pulse (2ω). Hence, the THz
signal in bulk GaAs originates from multiple atomic layers,
whereas in graphene, a single sub-nanometer-thick layer gen-
erates THz radiation. Based on this, we infer that graphene
exhibits greater efficiency in generating THz radiation com-
pared to its semiconductor counterparts. The peak field per
unit length estimation highlights graphene as a promising
platform for the efficient generation of THz magnetic fields
(see note 7 in the Supplemental Material [24]). We expect
that using multiple graphene layers, separated by h-BN, will
significantly enhance THz radiation efficiency, potentially ex-
ceeding that of GaAs.

To understand the influence of beam polarization on the
radiated THz from graphene, we first conduct measurements
with linearly polarized pump pulses. We used a THz wire
grid polarizer to measure the polarization of the radiated THz
pulse. We observe that the THz radiation exhibits almost the
same polarization as the two co-polarized pump beams (see
Fig. S4 in the Supplemental Material [24]). Next, we used
a combination of circularly polarized fundamental (ω) beam
and linearly polarized second-harmonic beam (2ω) and mea-
sure the radiated THz from graphene. We measure the x or
y components (EX and EY ) of the THz field as a function of
relative phase (�φ) between two laser fields. Figure 3 shows
that the two field components are oscillating π/2 out of phase
as we adjust the relative phase (�φ). We plot EX and EY

parametrically as a function of �φ over one cycle (see Fig. S5
in the Supplemental Material [24]). The figure is almost a
circle, a field of constant amplitude, which demonstrates that

FIG. 3. Polarization control of the THz pulse emitted from
graphene. A combination of circularly polarized ω and linearly polar-
ized 2ω fields is used to control the polarization of the radiated THz
pulse. x and y components (EX and EY ) of the radiated THz field are
measured as a function of relative phase (�φ) of the two-color laser
pulse. Both components (EX and EY ) are measured at the peak of the
THz waveforms.

by changing the relative phase the polarization axis of the
radiated THz pulse rotates, and with it the direction of the
injected current.

The same relationship between the current direction and
light characteristics was observed in GaAs [13]. Orienta-
tion manipulation of THz electric field could find many
applications in imaging and spectroscopy. For example,
linear dichroism and birefringence [37,38] of a wide va-
riety of materials can be measured using terahertz time
domain spectroscopy without rotating the sample under
investigation.

Finally, in Fig. 4(a) we compare the frequency spectrum
of the THz signal (see Fig. S6 in the Supplemental Material
[24]), as measured through our optical system, from GaAs
and graphene. We see there is a small difference. The GaAs
spectrum is slightly blue shifted compared to the graphene
spectrum. We associate this shift to the lower density of

FIG. 4. THz emission spectra. (a) Frequency spectrum of THz
pulses measured from single-layer graphene (red dashed) and bulk
GaAs (blue solid) samples under the same experimental condition.
Our measurements cannot capture the full spectrum of the THz
pulses due to the limitations of the collection optics and the fre-
quency response of the detection crystal. (b) Calculated THz spectra
for four different current relaxation times (50 fs, 100 fs, 150 fs,
200 fs). THz Spectra are normalized for better representation.
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states available in graphene to electrons leading to a lower
scattering rate.

Since the current is injected fast (in our case 40 fs, but
this could be decreased to 10 fs), we can have a source
in the high frequency region while the low frequency con-
tent of the THz signal will be a direct measurement of
the current decay (or the electron scattering rate). The for-
mer opens the possibility of producing very high-power
flying doughnut pulses at 30 THz [11,39] while the latter
opens the potential to study electron scattering in different
materials.

We numerically calculate the THz waveforms by varying
current relaxation times (see the Supplemental Material [24]).
Our results indicate that, in addition to changes in amplitude,
the peak frequency of the THz pulse shifts with relaxation
time (see Fig. S1 in the Supplemental Material [24]). Fig-
ure 4(b) presents the normalized THz spectra for four different
current relaxation timescales. We see as the current relaxation
time increases, the peak of the THz spectrum shifts toward
lower frequencies. It is important to mention that in the ex-
periment we were unable to capture the entire bandwidth of
the THz pulse due to the very weak electro-optic response
of the detection crystal (ZnTe) beyond 5 THz. Additionally,
numerical aperture of the collection optics limits the collec-
tion efficiency of the low frequency part of the THz pulse.
However, based on our measurements, we predict that the
current relaxation timescale in monolayer graphene will be
longer than that in GaAs [40].

In conclusion, we have measured THz pulses radiated
from a monolayer graphene irradiated by a two-color fem-
tosecond laser pulse. We observe that the amplitude and
polarity of the THz pulse is controllable with the relative
phase of two-color pulse, confirming that the current injection
results from quantum interference. We have systematically
investigated the effect of pump polarization and pump power
scaling on the radiated THz pulse. We show that using a
circularly polarized pump pulse enables the rotation of the
polarization of the radiated THz pulse, thereby controlling
the direction of the injected current. These results establish
graphene as a promising platform for generating structured
currents, space-time-coupled THz pulses, and isolated mag-
netic fields. Our all-optical current injection and measurement
approach also provides some insight into carrier scattering
timescales.

Our measurements show that although the radiated THz
field from the monolayer graphene is much weaker than that
measured from a bulk semiconductor (GaAs), considering the
thickness and absorption lengths of both samples, graphene
may prove to be an efficient source of THz radiation. We

used an undoped graphene sample, a zero band gap semimetal
with the Fermi level located at the junction of the two con-
ical bands, enabling single-photon absorption at both pump
wavelengths (ω and 2ω). This may decrease the available
fundamental beam (ω) power for two-photon absorptions. It is
important to note that, in graphene photoelectrons generated
from single-photon absorption of fundamental beam (ω) do
not contribute to the quantum interference process and hence
the background plasma density, electron-hole scattering, and
free carrier absorption will increase. Optimizing the Fermi
level in graphene samples through doping or applying gate
voltage might offer significant advantages. Additionally, it
may be important to consider using a semiconducting 2D
material instead of graphene.

We have presented the generation and measurement of THz
radiation in the far field, created from a monolayer graphene
and we quantitatively compare it with radiation generated
in bulk GaAs, both pumped with λω=1.48 µm light and its
second harmonic. While we use a single layer of graphene
directly grown on sapphire, graphene can be grown on other
material [41], allowing us to tune and minimize the scattering
time. We expect that using multilayer graphene, each layer
spaced with h-BN, or 2D semiconducting substrates will en-
hance the THz radiation efficiency significantly. Furthermore,
in the same laboratory we are constructing a picosecond,
200 mJ laser (Yb: YAG) pulse that can be used as a pump, so
we can increase the incident power by a factor of nearly ∼103.
Finally, optimizing the experiments with, for example, better
collection optics will also improve the overall THz field (with
better telescope design, we have already improved our peak
B field by a factor of five). Even with these changes, if the
graphene sample is used in reflection, we can make a quan-
titative comparison with GaAs. We expect that employing
two-color vector laser pulses will generate a high-density ring
current [11], capable of producing Tesla-scale isolated THz
magnetic field pulses from 2D solid-state materials, joining
near-field multi-Tesla scale pulses generated from gases [20].
Together, these sources will enable us to control magnetic
materials in picosecond times.
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