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Polarized light emission from graphene induced by terahertz pulses
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Spontaneous optical emission of graphene irradiated by intense single-cycle terahertz pulses was studied
experimentally and explained theoretically. We found that the emitted photons are mainly polarized normally to
the electric field of the terahertz pulse, which proves that the terahertz field not only heats the electrons, but also
creates a strongly nonequilibrium momentum distribution. The comparison of the measured optical spectrum
and polarization anisotropy with the results of numerical modeling allowed us to estimate the momentum
isotropization time for electrons in graphene to be ∼25 fs and roughly reconstruct the time evolution of the
distribution function in k space.
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I. INTRODUCTION

Graphene is one of the promising materials attracting at-
tention due to unusual properties of charge carriers and unique
characteristics, such as two-dimensional (2D) geometry, high
nonlinearity, record electrical and thermal conductivity, and
others. Nonlinear and quantum optics of graphene has been
actively investigated [1–14]. Over the past few years, ultrafast
kinetics of the electrons in graphene became one of the central
topics in a large number of fundamental and applied studies of
various subpicosecond processes. In particular, it was found
that femto- and picosecond relaxation processes play a key
role in many effects, including nonlinear terahertz response
[7,8,15], surface plasmon generation [10,11,16,17], nonlin-
ear transmission [8,12], high harmonic generation [18–24],
inverse Faraday effect, the generation of edge photocurrents
[9,25], etc.

At the same time, the dynamics of elementary relaxation
processes on ultrashort timescales in graphene and other
materials is still a relevant problem due to limitations of
available experimental techniques and high complexity of
first-principles modeling. Worthy of mention is the recent at-
tempt to control and measure the e-e electron scattering length
in graphene in the experiment performed by Polini and col-
laborators [26]. Various pump-probe experiments (terahertz
pump−optical probe [27], optical pump−terahertz probe [28],
optical pump−optical probe [29–31]) and theoretical works
[32–36] were devoted to the investigation of ultrafast carrier
dynamics in graphene, especially the thermalization and re-
combination processes. In particular, it was demonstrated that
the characteristic time of interband recombination (∼1 ps)
significantly exceeds the times of intraband carrier thermal-
ization and cooling (100−300 fs) [12,27].

Terahertz-field-induced spontaneous optical emission in
the 350−600 nm range was observed from monolayer
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graphene on a glass substrate (at peak terahertz electric fields
from 100 to 250 kV/cm) in Ref. [37]. To explain the experi-
mental results an analytical theory based on electron-hole pair
production by Schwinger-like (or Landau-Zener) transitions
in a strong electric field was proposed. The thermal mecha-
nism which can also contribute to the optical emission was
estimated to be two orders weaker than the measured one.
At the same time, in Ref. [27] the dominant role of impact
ionization, or interband reverse Auger recombination, in the
process of electron-hole pair production by strong terahertz
field was stated 1.

In this paper we provide clearer experimental evidences
of a strongly nonthermal character of terahertz-field-induced
optical emission from graphene. For this we measured spec-
tral and polarization properties of the optical emission in the
spectral range of 350−1050 nm. In combination with the
numerical modeling, this allowed us to prove the distribution
function in k space to be significantly anisotropic and to es-
timate the collision frequency and the temperature of excited
electrons.

1In ideal 2D Dirac systems, interband reverse Auger recombi-
nation (impact ionization) is allowed only for electrons having
collinear momenta due to the energy and momentum conservation
laws [30,38,39]. Nevertheless, Auger processes play an important
role in the thermalization of electrons, especially in weakly ex-
cited graphene. In a general case the efficiency of interband Auger
processes is determined by the distortion of conservation laws: by
the lattice imperfection (e.g., trigonal warping [40]), two-particle
collisions in the presence of additional interaction with phonons
[30,39], or others. This means that one should use fitting parameters
in corresponding theory (see, e.g., Ref. [27]). As for the charge-
carrier multiplication in the terahertz field, the theory based on
Landau-Zener transitions (ballistic ionization) allowed us to explain
experimental results without such heuristic assumptions [37]. Hence,
we conclude that the role of Landau-Zener transitions in charge-
carrier multiplication is dominant at strong excitation fields.
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FIG. 1. (a) Geometry of the problem: terahertz electric field
E (xt ) = ETHzF (t ) oriented along the x axis induces spontaneous
optical photons of different wavelengths with dominant polarization
of electric field Eopt along the y axis. Inset: normalized waveform of
the terahertz pulse F (t ) used in numerical modeling. (b) Numerically
calculated distribution of electrons in k space of the conduction
band at the moment of peak terahertz field (ETHz = 190 kV/cm);
the dashed blue circle depicts the initial Fermi level in the valence
band. (c) The same distribution in energy space; the initial Fermi
level is shown by the dashed blue line; possible direct interband
transitions are shown by color arrows. In (b) and (c) color bars
represent occupation probability and the unit scales of vertical and
horizontal axes correspond to W = 1 eV and h̄kx,yvF = 1 eV.

II. THEORETICAL MODEL

Let us start with a theoretical model. Schematically, the
optical emission from graphene induced by a strong terahertz
field can be represented as a four-step process (Fig. 1):

(1) strong electron acceleration by the electric field of the
terahertz pulse, Ex(t ) = ETHz · F (t ), where ETHz and F (t ) are
the peak value and the normalized waveform of the terahertz
field, respectively;

(2) electron-hole pair production by Schwinger-like (or
Landau-Zener) transitions, leading to nonequilibrium electron
distribution in k space;

(3) intraband isotropization of electron momenta (inde-
pendently in the conduction and valence bands); and

(4) spontaneous interband electron-hole recombination
accompanied by optical photon emission.

In our initial study [37] the intraband isotropization was
assumed to be instantaneous. Here we do not use this assump-
tion; instead, we model dynamics of the electronic distribution
function in k space, including both isotropization and recom-
bination. We use the density matrix equations for a two-band
system in a homogeneous electric field [23], which is a version
of the semiconductor Bloch equations:(

∂

∂t
+ iωk + γa − eEx(t )

h̄

∂

∂kx

)
ρk = −i

�k

2
[nc(k) − nυ (k)],

(1)

∂nc,υ (k)

∂t
− e

h̄
Ex(t )

∂nc,υ (k)

∂kx
= ∓i�k Im(ρk) + Rc,υ (k), (2)

where e is the elementary charge, k is the electron wave
vector, nc,υ (k) are the electron populations in the conduction

and valence bands, respectively, i.e., the diagonal terms of
2 × 2 density matrix, ρk = ρcυ;kk is the interband quantum co-
herence (off-diagonal terms), ωk = 2vF k is the local interband
transition frequency at a given point of the k space, υF is the
Fermi velocity (∼108 cm/s), �k = e

kh̄ sinθkEx is the local Rabi
frequency, θk is the angle between k and the x axis, γ −1

a is
the relaxation time for the interband quantum coherence, and
Rc,υ (k) are the phenomenological operators of the population
relaxation in the conduction and valence bands, respectively.

The operators of population relaxation are set in the sim-
plest form (Bhatnagar-Gross-Krook) with two characteristic
timescales: “fast” intraband relaxation and “slow” interband
recombination (described by γr):

Rc,υ (k) = −γa
[
nc,υ (k) − nF

c,υ (k)
] − γr

[
nc,υ (k) − nF

0(c,υ )(k)
]
.

(3)

The intraband relaxation constant is supposed to be equal
to the coherence relaxation rate γa. Here

nF
0(c,v)(k) = 1

1 + exp[(±vF h̄k/2 − μ0)/T ]
(4)

is a globally equilibrium Fermi distribution with the initial
chemical potential μ0, and

nF
c,υ (k) = 1

1 + exp[(±vF h̄k/2 − μc,v )/T ]
(5)

are the quasiequilibrium local Fermi distributions in the con-
duction (c) and valence (v) bands, respectively, having a
preset temperature of electrons T and time-dependent chemi-
cal potentials μc,v . The chemical potentials μc,v are calculated
independently using the normalization relations which include
the charge-carrier density in each band at the current moment
of time: ∫∫

∞
nc(k)d2k = 2π

∫ ∞

0
nF

c (k)k dk,

∫∫
∞

[1 − nυ (k)]d2k = 2π

∫ ∞

0

[
1 − nF

υ (k)
]
k dk. (6)

It should be emphasized that the relaxation coefficients γa,r

for a single electron do not depend on its momentum k. At the
same time, the relaxation rate of the total electron distribution
is determined not only by these coefficients, but also by the
local population difference [see the right-hand side of Eqs. (1)
and (3)], which follows from the Pauli exclusion principle.
This means that the relaxation time of the total electric current
significantly depends on the specific shape of the electronic
distribution function.

The discussed phenomenological model of relaxation
might, in principle, include two different characteristic
timescales of intraband relaxation: the isotropization time
γ −1

a1 and the thermalization time γ −1
a2 instead of the universal

constant γ −1
a . Moreover, due to Auger processes, electron

thermalization along a given direction of k could be much
faster than the isotropization at low excitation fluences and
low pumping photon energies [12]. However, the case of
intense terahertz field action differs significantly since the
electronic distribution function occurs to be strongly per-
turbed and more spread out over the momentum space [see
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FIG. 2. Schematic picture of the electron scattering in k space of
graphene excited by a strong terahertz pulse; the population probabil-
ity is shown by green gradients. Solid blue circles show the electron
energies corresponding to the boundaries of the measured photon
spectrum (≈ 1.2–3.6 eV), so that only the interband transitions of
electrons inside this ring are registered due to photon emission; the
small dashed circle shows the initial Fermi level and the arrows show
schematically possible directions of electron scattering. (a) Possible
contribution of collinear (along k) and azimuthal scattering to the
decrease of the distribution anisotropy inside the circle. (b) Possible
directions of electron scattering on optical phonons.

Figs. 1(b) and 2]. Because of that, many electronic states be-
come “open” for both electron-electron and electron-phonon
scattering. In particular, probability of the electron scattering
on optical phonons increases dramatically compared to the
case of weak excitation [see Fig. 2(b)], which should greatly
accelerate the isotropization.

As shown in Fig. 2(a), both processes of electron thermal-
ization along a given k direction and distribution isotropiza-
tion should contribute to the decrease of electron distribution
anisotropy inside the measured region. Since we cannot
a priori separate the contributions of these two processes, we
introduced only one intraband relaxation parameter.

Based on the previously reported results, we suppose that
under our experimental conditions we operate slightly below
the region of temperature saturation caused by the strong heat
absorption by optical phonons with the excitation energy of
about 0.2 eV [37,41,42]. Hence, taking the electron tempera-
ture dependence on the peak terahertz field into consideration
is essential for the development of a numerical model. For
simplicity we assume the linear dependence T (ETHz). As for
the interband recombination rate, the variation of γ −1

r within
a reasonable range of 0.3−1 ps does not significantly affect
the distribution function shape obtained in simulations; so,
we set it to be equal to 500 fs. The intraband relaxation time
γ −1

a , in contrast, significantly alters the polarization properties
of the spontaneous emission, which allows us to estimate the
anisotropy relaxation rate from experimental data.

The numbers of photons with x and y polarizations,
spontaneously emitted due to the interband transitions, are
calculated using the analytical relations given in the Appendix
of Ref. [37], where the probability of spontaneous emission
of photons with x and y polarization in the graphene with
an arbitrary electron distribution nc,υ (k) is found in a general
form. In particular, in Ref. [37] it was shown that the interband
transition of an electron moving along the x axis most proba-
bly leads to the generation of a photon polarized along the y

axis, and vice versa. To compare numerical simulations with
the experimental results we found the total number of photons
emitted during the terahertz pulse action (in the frequency
range determined by the characteristics of the used optical
filters). We also point out that at room temperature the inter-
band relaxation is caused primarily by the electron-phonon
interaction, so spontaneous emission of photons is a process
with a relatively low probability, so it modifies the distribution
function insignificantly.

The density matrix equations were discretized on a 2D
rectangular grid and numerically integrated by an opera-
tor splitting method [43] as follows. The advection term
∂/∂t−eE/h̄∂/∂kx,y was integrated by means of the positivity
flux conservative scheme [44] from the Vasilek.jl project [45].
Rabi terms and damping terms were calculated by a simple
Euler scheme. A written code was tested against a number of
simple problems with known results and was shown to be sta-
ble and reasonably accurate. A 300 × 100 box corresponding
to the physical dimensions [−1.5, 1.5] × [−1.5, 1.5] mea-
sured in eV/h̄vF was used in all simulations. The time step
was 0.4 eV−1 h̄ ≈ 1.6 fs and the total simulation time was
7000 time steps or about 11.6 ps. Initially the Fermi distri-
bution was set with a given Fermi energy of −0.35 eV for a
polyethylene terephthalate (PET) substrate and −0.2 eV for a
glass substrate. Other parameters were varied as indicated in
the text below.

A typical calculated distribution function of electrons in
a strong terahertz field is shown in Figs. 1(b) and 1(c). The
region of significant population perturbation extends up to
the energy level of 0.5−1.0 eV, which corresponds to direct
interband transitions with 1−2 eV energy. The calculations
predict an intense electron-hole pair production with the den-
sity Nc

∼= 2.5 × 1012 cm−2 and significant anisotropy of the
electron momenta. This density can also be calculated analyt-
ically in the ballistic ionization model 2 [37]:

dNc

dt
=

(
eEx

h̄

)3/2 (n̄υ − n̄c)

π2√υF
, (7)

where n̄υ, c are the averaged populations in the valence and
conduction bands, respectively. Below we discuss the results
of time-integrated measurements, so further estimations based
on Eq. (7) contain the characteristic duration of the terahertz
pulse τTHz. Equation (7) predicts Nc

∼= 5 × 1012 cm−2 for the
parameters like those used in Fig. 1, which overestimates the
density obtained in the numerical modeling because Eq. (7)
does not take into account the interband recombination.

The distribution function anisotropy can also be estimated
analytically in the simplest model of relaxation. For this we
introduce the parameter describing relative deformation of the
distribution function η = δkx/kF , where kF = √

πNc is the
“local” Fermi wave number in the conduction band and δkx

is the stationary shift of the distribution function in k space. In

2Equation (7) is valid when the time of the Landau-Zener transition
δt = √

h̄/eExυF is less than the momentum relaxation time γ −1
a [37].

Typically, this condition is fulfilled for terahertz fields stronger than
70–100 kV/cm (δt = 8–10 fs), which is also the threshold of intense
pair production.
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FIG. 3. Experimental setup. Inset: waveform of the terahertz
pulse measured by time-domain spectroscopy.

the Drude model δkx can be calculated as

δkx = eEx

h̄γa
. (8)

Assuming that initially n̄v ≈ 1, n̄c � 1 from Eq. (7) we
obtain

η = π

γa

(
eETHzvF

h̄τ 2
THz

)1/4

. (9)

Thus, the relative deformation of the distribution function
is proportional to E1/4

THz, so the dependence is rather weak. This
is a consequence of the competition between two physical
effects: the growth of the local Fermi level in the conduction
band [due to the increase of the electron density accord-
ing to Eq. (7)] and the increase of the distribution function
shift [according to Eq. (8)]. At the same time, the deforma-
tion parameter η determines the ratio between the number
of spontaneous photons with y and x polarizations, which
follows from the expressions for the probability of sponta-
neous emission of an electron with given momentum direction
(see Appendix in Ref. [37]). Certainly, Eq. (9) is just an ap-
proximate relation suitable mostly for qualitative analysis of
the polarization anisotropy dependence on the terahertz field.
However, notice that the effect of the electron temperature
growth with the increase of terahertz intensity will make this
theoretical dependence even more flat, and so closer to the
experimental one (see the more detailed comparison below).

III. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental setup used for investigating the po-
larization and spectral properties of terahertz-field-induced
luminescence of graphene is shown in Fig. 3 and is described
in more detail in [37,46]. The single-cycle terahertz pulses
generated by the tilted-pulse-front technique in a LiNbO3

crystal were sharply focused on a graphene sample. The tera-
hertz electric field was vertically polarized (along the x axis)
and had a peak magnitude of up to ∼250 kV/cm.

The optical luminescence emitted in the forward direction
was collected by lens F1 (D = 45 mm and NA = 0.8) and
focused by objective lens F2 (Canon EF 50 mm F/1.4) on
a cooled CCD camera (SPEC-10:400BR, Princeton Instru-
ments). Camera exposure was set to 100 s. A wide polarizer
(25 × 25 mm; Thorlabs WP25L-UB) and a set of calibrated
color filters were placed after lens F1 to measure the polariza-
tion and spectral properties of the luminescence. The number

FIG. 4. Number of terahertz-field-induced optical photons in dif-
ferent spectral ranges as a function of peak terahertz field for the
graphene on PET substrate. Experimental data and numerical calcu-
lations are shown by circles and color lines, respectively. Spectral
characteristics of the used color filters (taking into account CCD
camera spectral response) are given in the inset; the experimental
points for the photon flux are plotted after normalization to the
integral transitivity of the corresponding filter. The maximal absolute
number of detected photons for filter No. 3 is about 1 × 106 per
6 × 104 shots at 190 kV/cm.

of emitted photons was calculated as a sum of CCD counts
over the illuminated region (typically covering 50 × 50 pix-
els) with account of transparency of the corresponding color
filters and spectral response of the detection system calibrated
with a blackbody source (LS-1-LL) with a temperature of
2800 K.

We used two samples of chemical vapor deposition grown
monolayer graphene: on a PET substrate (Graphenea, Inc.)
and on a glass substrate (Graphene Supermarket). Note that
the graphene doping was of the p type in both cases and
the characteristic Fermi levels were −0.2 eV for glass and
−0.35 eV for PET [47] substrates. Due to Fresnel reflec-
tion, the terahertz electric field in graphene was reduced
by a factor of 1.25 and 1.67 for PET and glass substrates,
respectively.

The number of emitted photons Nph as a function of the
peak terahertz electric field ETHz in three selected spectral
ranges, 400−600, 600−850, and 850−1100 nm, is shown in
Fig. 4 (the shorter the wavelength, the faster the gradient).
Similarly to the previous results [37,46], the luminescence in
each spectral range increased rapidly with the field strength.
From the numerical calculations we found that Nph(ETHz) was
highly sensitive to temperature T . Satisfactory coincidence
with the experiment was obtained for a linear fitting of the
phenomenological dependence T (ETHz) introduced in the the-
oretical model:

T (ETHz) = 44 [meV] + 1.1 [meV cm/kV] × ETHz [kV/cm].

(10)

Of course, this linear dependence should be treated just as
a local approximation valid in the studied range of electric
fields; to propose more precise fittings, more experimental
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FIG. 5. Polarization anisotropy σ as a function of peak terahertz-
field magnitude (photons were detected in the 350−1050 nm range).
Circles, experimental data; color lines, numerical modeling results
for different relaxation times γ −1

a specified in the inset. Error bars
are shown by blue crosses.

data in the ETHz � 100kV/cm region are needed (other
approximation functions with the same local slope give
no significant difference for the available data interpreta-
tion). However, the presence of the T (ETHz) dependence in
itself is of principal importance. This result does not con-
tradict the previous estimates of electronic temperature in
terahertz-excited graphene from Ref. [37], where no clear de-
pendence was found in the range of the incident field of 200−
300 kV/cm. In the paper [37] a two times narrower spectrum
range was used, which limited the accuracy of temperature de-
termination (at the same time, at a maximal incident terahertz
field of 250 kV/cm, in this work we still obtain T ≈ 0.25 eV,
as was measured in Ref. [37]).

From the experiment we found that the polarization
anisotropy parameter σ , which is a ratio of the number of
photons detected after the horizontal and vertical polarizers,
remained roughly constant at σ ≈ 1.35 in the available range
of terahertz field magnitudes of 120−190 kV/cm (see Fig. 5).
Notice that the scatter of the experimental points at a given
terahertz-field magnitude is determined mostly by the long-
term instability of the terahertz source (the main contribution
to the experimental error), along with random fluctuations of
the photon number at low excitation fields.

Numerical modeling showed that the function σ (ETHz) was
modified significantly with the change of anisotropy relax-
ation time γ −1

a . In particular, at γ −1
a = 45 fs the polarization

ratio decreased from 2.1 to 1.5 with the terahertz-field in-
crease from 120 to 190 kV/cm, while at γ −1

a = 15 fs, in
contrast, this dependence slightly increased near σ ≈ 1.1.
The best coincidence with the experimental data (the abso-
lute value and the near-zero slope) was achieved for γ −1

a =
26 ± 5 fs. Notice that the variations of both the interband
relaxation rate γr and the electronic temperature within the
experimental accuracy do not significantly affect the behavior
of σ (ETHz).

The experimental results qualitatively agreed with the an-
alytical Eq. (9), predicting the slowly growing dependence

FIG. 6. Terahertz-field-induced luminescence spectra from
graphene on PET (green points and blue curve) and glass (violet
points and red curve) substrates. Experimental data, points;
numerical modeling, curves. Initial Femi levels and magnitude of
the terahertz-field ETHz used in numerical modeling are given in the
inset.

σ (ETHz) and giving the deformation parameter η ∼= 1.5 for
τTHz = 200 fs (see the inset in Fig. 3) and γ −1

a = 26 fs,
which corresponds well to the measured σ . We emphasize
that, although the characteristic time of terahertz-field vari-
ation (ω−1 ≈ 150 fs) was larger than the intraband relaxation
(20−30 fs), the resulting quasiequilibrium shift of the elec-
tronic distribution function in k space determined the emission
polarization properties, which allowed us to draw the conclu-
sions about the relaxation rate.

The optical emission spectra from graphene on the PET
and glass substrates (measured for the incident terahertz field
of 250 kV/cm) are shown in Fig. 6. For the sample with PET
substrate the emission is about two times more intensive than
for the sample with glass substrate. This is a result of different
terahertz pulse magnitudes in graphene on PET and glass
substrates (190 and 140 kV/cm, respectively) which gives,
according to Eq. (10), different effective electron temperatures
(0.25 and 0.2 eV, respectively). Numerical calculations for
these samples without adjustable parameters, give emission
spectra which agree well with the experiment both in the
shape and in the magnitude (Fig. 6). This fact corroborates
the proposed numerical model.

To conclude, we have investigated spontaneous optical
emission of graphene with strongly nonequilibrium charge-
carrier distribution excited by a single-cycle terahertz pulse.
This broadband optical radiation has a quasithermal spectrum
(in the range of 350−1050 nm) but is significantly polarized
with prevailing polarization normally to the incident terahertz
field. The polarization ratio was found to be approximately
constant (about 1.35) for the terahertz-field magnitudes from
120 to 190 kV/cm. We interpreted these facts as a conse-
quence of strong deformation of the electronic distribution
function in graphene, which remains almost constant due to
the competition between the field acceleration, scattering, and
temperature growth processes.

The comparison of the experimental data with the numer-
ical calculations allowed us to find the intraband relaxation
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time 26 ± 5 fs and to reconstruct approximate electronic
temperature dependence on terahertz field. The best fitting in
the studied range of electric fields was achieved for (ETHz) =
44 [meV] + 1.1 [meV cm/kV] × ETHz [kV/cm], which can
be used for further validation of microscopic heating
models.

Finally, we emphasize that the observation of spontaneous
optical emission after subpicosecond terahertz excitation is
a powerful experimental method for obtaining new data on
the ultrafast kinetics of nonequilibrium electrons in graphene,
as well as in other materials. Being polarization sensi-
tive by its nature, this method gives a possibility to study
an ultrafast isotropization stage of the distribution function
evolution.
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