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Nonlinear intensity dependence of edge photocurrents in graphene induced by terahertz radiation
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We report on the observation of terahertz-radiation-induced edge photogalvanic currents in graphene, which
are nonlinear in intensity. The increase of the radiation intensities up to MW/cm2 results in a complex nonlinear
intensity dependence of the photocurrent. The nonlinearity is controlled by the back gate voltage, temperature,
and radiation frequency. A microscopic theory of the nonlinear edge photocurrent is developed. Comparison
of the experimental data and theory demonstrates that the nonlinearity of the photocurrent is caused by the
interplay of two mechanisms, i.e., by direct interband optical transitions and Drude-like absorption. Both
photocurrents saturate at high intensities but have different intensity dependencies and saturation intensities.
The total photocurrent shows a complex sign-alternating intensity dependence. The functional behavior of
the saturation intensities and amplitudes of both kinds of photogalvanic currents, depending on gate voltages,
temperature, radiation frequency, and polarization, is in good agreement with the developed theory.

DOI: 10.1103/PhysRevB.104.155404

I. INTRODUCTION

Edge electron transport in graphene and topological in-
sulators exhibiting phenomena as, e.g., quantum Hall effect
[1,2] and quantum spin Hall effect [3–6], is at the core of the
physics of these fascinating materials. An important access
to the edge transport provides the study of the photocurrents
excited by polarized light in the mean-free path vicinity of
the edges. Photon helicity driven chiral [7,8] and helical
[9,10] currents excited by circularly polarized radiation, as
well as currents driven by linearly polarized radiation at zero
magnetic fields [8,11–19], quantum Hall [13], or cyclotron
resonance [20] regimes, present several examples of the edge
photocurrents; for reviews see Refs. [11,14,21]. The edge
photocurrents are typically excited by terahertz or infrared
radiation and so far studied only at rather low radiation in-
tensity I at which the current scales linearly with I , i.e., is
proportional to the square of the radiation electric field E (ω).

Here we report the observation and detailed study of the
nonlinear edge photocurrents excited in monolayer graphene
by high-power linearly polarized terahertz radiation. We show
that depending on the back gate voltage and temperature, the
photocurrent either saturates with an increase of the radiation
intensity or shows a nonmonotonic intensity dependence for
which the current first gets saturated but at higher intensi-
ties flips its sign. Our analysis demonstrates that the latter is
caused by the interplay of edge photocurrents stemming from
indirect optical transitions within the conduction or valence
band (Drude-like absorption) and direct interband optical tran-
sitions exhibiting different behavior with the increase of the
radiation intensity. In both cases the photocurrents arise due
to the momentum alignment caused by polarized radiation

and asymmetric scattering in the mean-free path vicinity of
the edges. The saturation of the former photocurrent is due
to electron-gas heating, resulting in the saturation of the ab-
sorbance coefficient, previously studied applying nonlinear
ultrafast THz spectroscopy [22]. The saturation of the edge
photocurrent due to the inter-band transitions is caused by
slow relaxation of photoexcited carriers and is described by
a different power law. While the Drude edge photocurrent
has opposite polarity for electron and hole conductivity, the
sign of the interband photocurrent, resulting from the gener-
ation of electron-hole pairs, does not depend on the carrier
polarity. This fact, together with the different power laws of
these photocurrents, causes the sign inversion with increasing
power detected at low positive back gate voltages. We develop
a theory of the nonlinear photocurrent excited by the inter-
band transitions, which describes the experimental findings
well. The analysis of the observed nonlinear photocurrents
gives important information on the mechanisms of saturation
and the behavior of the saturation parameters upon variation
of the gate voltages, temperature, and radiation frequency.
The obtained characteristics and the functional behavior of
THz-radiation saturation are important for the development of
terahertz mode-locking laser systems applying graphene as a
material for the saturable absorbers, which are already widely
used in the infrared/visible spectral ranges [23–37].

II. SAMPLES AND METHODS

The experiments are carried out on several Hall bar struc-
tures prepared from exfoliated graphene/hexagonal boron
nitride stacks [38–40], see Figs. 1(a) and 1(b). Sweeping
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FIG. 1. (a) Cross section of the graphene device displaying the
exfoliated graphene sandwiched between boron nitride. (b) Sketch of
the Hall-bar-shaped samples #A and #B with corresponding contact
labels. Panel (c) shows the longitudinal resistivity ρxx as a function
of the effective gate voltage, obtained for room and liquid helium
temperatures. Vertical up arrow indicates the charge neutrality point.
(d) Schematic representation of the experimental setup. The pho-
tocurrent is measured as a voltage drop over 50 � load resistors.

the back gate voltage Ug shows that the charge neutrality
point (CNP) is well observable in the longitudinal resistance
for both room and liquid helium temperatures, see Fig. 1(c).
The data were obtained in the absence of THz radiation,
applying a current of i = 10−8A modulated with a frequency
of 12 Hz. Note that the back gate dependence is asymmetric
with respect to the CNP. For different sample cooldowns the
CNP position UCNP slightly shifts. Thus, to compare vari-
ous measurements we use the effective gate voltage U eff

g =
Ug − UCNP. Varying the effective gate voltage from –10 to
10 V the carrier density determined by Hall measurements
can be tuned from p = 5 × 1011 to n = 7.5 × 1011 cm−2.
The carrier density changes linearly with n [cm−2] = −0.9 ×
1011U eff

g [V] and p [cm−2] = 0.55 × 1011U eff
g [V] and the mo-

bility μ at liquid helium temperature is about 105 cm2/V s.
The photocurrents were excited by applying normally in-

cident linearly polarized radiation of a high-power pulsed
THz laser. Figure 1(d) shows the experimental arrangement.
In the measurements we used the radiation of a pulsed NH3

laser [41–43] pumped by a transversely excited atmospheric
pressure (TEA) CO2 laser [41,44]. The laser provides single
pulses of monochromatic radiation with pulse duration in the
order of 100 ns, repetition rate of 1 Hz, and peak powers in
the order of hundreds of kW. The peak power of the radiation
was monitored with a THz photon-drag detectors [45]. The
laser operated at frequencies f = 3.31, 2.02, or 1.07 THz.
Corresponding photon energies are 13.7, 8.4, and 4.4 meV,
respectively. The spot of the terahertz radiation, measured
with a pyroelectric camera, has an almost Gaussian profile
and is, depending on the used laser line, about 1.5–3 mm in
diameter. Consequently, the micrometer-sized Hall bar struc-
tures are illuminated homogeneously with radiation intensities
up 400 kW/cm2. To vary the orientation of the radiation
electric field vector E(t ) we used crystal quartz λ/2 wave
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FIG. 2. (a) Intensity dependencies of the photocurrents obtained
in samples #A and #B for a pair of contacts at the left and right sam-
ple edges. All curves are obtained for an angle α = 45◦. Curves are
fits to Eq. (42). (b) Polarization dependence of the edge photocurrent
Jedge = (JAC − JGE )/2 obtained for different radiation intensities.
Note that a small polarization-independent offset was subtracted for
visibility. Curves are fits to Eq. (1). The inset defines the angle α

describing the relative orientation of the radiation electric field vector
E in respect to the samples long side. Arrows on top illustrate the
polarization plane orientation for several angles α.

plates. The direction of the radiation electric field vector in
respect to the sample’s long side is defined by the azimuth
angle α; see the inset in Fig. 2(b). To vary the laser radiation
intensity, we used two polarizers. The linearly polarized laser
radiation first passes through a rotating polarizer, resulting
in a decrease of the radiation intensity and the rotation of
the polarization state. The second polarizer, being at a fixed
position, causes a further decrease of the radiation intensity
and returns the polarization state to the initial one. By this
method we obtained a controllable variation of the radiation
intensity. The measurements were carried out at temperatures
of T = 300 and 4.2 K. To cool the samples, they were placed
in an optical temperature-regulated continuous-flow cryostat
with z-cut crystal quartz windows. The windows were covered
by a black polyethylene film, which is transparent in the THz
frequency range but prevents illumination of the sample by
visible or room light. Photocurrents in response to the THz
pulses were measured with a digital oscilloscope as a voltage
drop across 50 � load resistors, see Fig. 1(d).

III. RESULTS

By irradiating the Hall bar structures and measuring the
signal from the contact pairs belonging to one of the sample
edges we detected the photocurrent, which shows highly non-
linear behavior upon increase of the radiation intensity. The
Fig. 2(a) exemplary shows the intensity dependence of the
photocurrent measured for two pairs of contacts belonging to
opposite edges. The data are obtained for a radiation elec-
tric field vector oriented at an azimuth angle α = 45◦. The
photocurrent first increases linearly with radiation intensity
I and then saturates, so that at high intensities it becomes
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almost constant or even decreases with rising I . Importantly,
the photocurrent consistently flows in opposite directions for
opposite edges. This indicates that the signal primarily stems
from the edge and not from the graphene bulk, for which the
photocurrent projections on the lines AC and GE would have
the same direction. The edge contribution can be obtained by
subtracting the signals measured at the opposite sides, Jedge =
(JAC − JGE)/2. The sign and amplitude of the photocurrent are
also defined by the relative orientation between the electric
field vector and the corresponding edge. The dependence of
the signal on the azimuth angle α can be fitted by [13,17]

Jedge = JL sin(2α + ψ ) + Joff . (1)

Here, JL and Joff are the amplitudes of the polarization-
dependent photocurrent and polarization-independent offset,
respectively, see Fig. 2(b). Note that the phase shift ψ

is almost zero. The photocurrent described by the first
term of the right-hand side of Eq. (1) is attributed to the
edge photogalvanic current, which is discussed in detail in
Refs. [7,11,13,14,17,18,20]. In the next section we briefly
address the basic physics of this phenomenon. A small
polarization-independent offset (Joff < JL) may be caused by
photothermoelectrics; see, for example, Ref. [46]. Figure 2(b)
shows the polarization dependencies of the photogalvanic ef-
fect measured at different radiation intensities. This figure
demonstrates that (i) the photocurrent exhibits the polariza-
tion dependence of the photogalvanic current well, which has
been studied in numerous papers (see, e.g., Refs. [7,11,13,14,
17–20]) and (ii) the polarization dependence itself is al-
most the same for different radiation intensities. Furthermore,
the data for the two highest intensities clearly show that
the photocurrent is fully saturated. Therefore in our study
of the photocurrent nonlinearity we focus on the intensity
dependence measured for azimuth angle α = 45◦ at which
sin(2α) = 1, and the signal corresponds to the photogalvanic
current magnitude JL.

The key result of this work is the intensity dependence of
the edge photogalvanic current. Our measurements indicate
that in a wide range of the back gate voltages the low-power
photocurrent depends linearly on light intensity and gradually
saturates with increasing intensity, see Figs. 2, 3(a), and 4(a).
In general, for the photogalvanic current it holds that J ∝ ηI ,
where η is the radiation absorbance [11,14,17]. Therefore the
observed photocurrent intensity dependence corresponds to a
constant absorbance at low power levels (photocurrent scales
linearly with the radiation intensity) and a decrease of the ab-
sorbance with rising intensity. Figures 3(a) and 4(a) show that
the observed nonlinearity changes upon variation of the effec-
tive gate voltage and temperature. Furthermore, at large gate
voltages we observed that the magnitude of the photocurrent
increases with decreasing frequency, and, simultaneously, the
photocurrent gets saturated at substantially lower intensities,
see Fig. 5. Note that at the frequency of f = 1.07 THz the in-
tensity of our laser is limited to 20 kW/cm2. The photocurrent
signals shown in Figs. 3(a) and 4(a) can be fitted and de-
composed into Drude (Dr) and interband (i-b) contributions,
introduced in the theory presented in Sec. IV; see Eqs. (4)
and (43), as well as Eq. (42). Corresponding plots are shown
in Figs. 3(b) and 4(b) for the photocurrent amplitude and in
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FIG. 3. (a) Intensity dependencies of the edge current excited
in sample #A at liquid helium temperature by radiation with f =
2.02 THz. The curves obtained for different values of the effective
gate voltage are vertically shifted by 2μA (except the ones for
U eff

g = 1 and 3 V). The solid lines are fits to Eq. (42) with Drude
and interband amplitudes JDr

1 /I , J i−b
1 /I , and saturation intensities

IDr
s , I i−b

s as fit parameters. (b) The magnitudes of the photocurrent
contributions caused by Drude (JDr

1 /I , full circles) and interband
(J i−b

1 /I , open circles) absorption as a function of the gate voltage.
The dashed curve is calculated using Eq. (40). The best fit is obtained
assuming an electron temperature T = 230 K. Note that the sub-
stantial electron-gas heating enables the interband absorption at large
gate voltages, despite the fact that the final state of such transitions
lies below the Fermi energy. (c) Gate dependencies of the saturation
intensities of these contributions: IDr

s (full circles) and I i−b
s (open

circles).

Figs. 3(c) and 4(c) for the saturation intensity. A detailed
discussion of these facts is presented below in Sec. V.

Strikingly, for low positive gate voltages we observed that
with increasing radiation intensity the photocurrent reverses
its direction, see Fig. 6. These results reveal that the pho-
tocurrent, at least under these conditions, is caused by two
competing microscopic mechanisms having different intensity
and frequency dependencies. Below we show that these are
photogalvanic currents caused by the Drude-like absorption
(indirect intraband transitions) JDr and direct interband tran-
sitions between the valence and conduction band, J i−b. These
photocurrents are described by Eqs. (4) and (43), respectively,
introduced in the theory section, Sec. IV.

As we will show below, see Sec. V, the saturation of the
JDr contribution is caused by electron-gas heating bleaching
the radiation absorption. To provide an experimental proof of
the strong radiation-induced heating of the charge carriers,
we additionally studied the photoresponse in the photocon-
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FIG. 4. (a) Intensity dependencies of the edge current excited
in sample #A at room temperature with f = 2.02 THz. The curves
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tically shifted by 2μA (except the ones for U eff

g = 1 and 3 V).
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(b) Photocurrent contributions caused by Drude (JDr
1 /I , full circles)

and interband (J i−b
1 /I , open circles) absorption as a function of the

gate voltage. The dashed curve is calculated after Eq. (40). The best
fit is obtained assuming an electron temperature T = 370 K. (c) Gate
dependencies of the saturation intensities of these contributions: IDr

s

(full circles) and I i−b
s (open circles).

ductivity setup. For that we applied a dc bias voltage Vdc to
the sample, see the inset in Fig. 7(b). Figure 7 shows that for
opposite polarities of Vdc the photoresponse changes its sign.
This proves that under these conditions the radiation-induced
change of the conductivity (bolometric effect) dominates the
signal. The asymmetry of the signal magnitudes for opposite
Vdc polarities, see Fig. 7(a), is caused by the contribution
of the photogalvanic current discussed above. Figure 7(b)
shows the change of the sample conductivity normalized to
the dark conductivity. The conductivity decreases upon ir-
radiation. This behavior is caused by the so-called negative
μ-photoconductivity mechanism for which heating of the
charge carriers reduces their mobility [47]. The decrease of
the carrier mobility with increasing electron-gas temperature
is in agreement with transport results, see, e.g., Ref. [48], and
is due to scattering on acoustic phonons [39]. Like a pho-
tocurrent at large gate voltages, the photoconductive signal
saturates with rising intensity. The data can be well fitted by

	σ/σ ∝ I/
(
1 + I/IDr

s

)
, (2)

where IDr
s is the saturation intensity. Note that the change of

sign of the signal with increasing radiation intensity, which is
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FIG. 5. Intensity dependencies of the edge current excited in
sample #A at liquid helium temperature and high positive gate volt-
age. Panel (a) shows the data for three radiation frequencies, f =
3.33, 2.02, and 1.07 THz, and α = 45◦. Curves are fits using Eq. (2).
Inset shows the frequency dependencies of the magnitude JDr and
saturation intensities of the Drude absorption related photocurrent.
Solid and dashed curves show JDr ∝ 1/ω2 and IDr

s ∝ ω2, respec-
tively. Panel (b) presents a zoom in of the data for f = 1.07 THz.
The dashed green line is a linear fit of the low-power photocurrent
without saturation.
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Eq. (2). The inset shows the setup used for the photoconductivity
measurements.

detected in the photocurrent experiments (Fig. 6), is absent in
the photoconductivity measurements.

IV. THEORY

At low intensities, the THz-radiation-induced edge pho-
tocurrent caused by Drude-like absorption was studied in
mono- and bilayer graphene in Refs. [7,11,13,14,17–20]. It
was shown that the dc edge current is induced by the high-
frequency electric field of the incident THz radiation due to
the broken charge symmetry at the edge. This phenomenon
can be viewed as a dc conversion of the bulk ac electric current
at the edges. The photocurrent is caused by the alignment
of the free-carrier momenta by the high-frequency electric
field and subsequent scattering of the carriers at the edge,
see Fig. 8. The phenomenon of optical alignment is known
for interband and intraband transitions in semiconductors
and graphene. The specificity of this process is that during
intraband Drude-like optical transitions the quasimomenta
get aligned along E [17,19,49], whereas for the interband
transitions in graphene they are aligned orthogonally to E
[19,50,51], see Figs. 8(b) and 8(c). The model reveals that the
direction of the edge current is defined by the orientation of
the ac linearly polarized radiation electric field with respect to
the edge. The dependence of the signal on the azimuth angle
α is given by [13,17]

J = JL sin 2α, (3)

which, as addressed above, describes the experiment [see
Fig. 2(b)].

For Drude absorption, the sign of the edge photocurrent
depends—besides the direction of the radiation’s electric field
relative to the sample edge—on the carrier’s charge q be-

+
+
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Δx edge≈ δ   
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E
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FIG. 8. Model of the edge current formation. The current origi-
nates from the alignment of the free-carrier momenta by the linearly
polarized THz electric field. Blue and red arrows illustrate the
anisotropy in the distribution of carrier momenta p and, conse-
quently, the velocities v. (a) The carrier fluxes (red and blue tilted
arrows) induced by the optical alignment in stripes of the mean free
path width δ at the sample edge (	xedge) and in the sample bulk.
In the edge vicinity, the uncompensated bottom right flux drives a
net electric current J flowing along the edge, illustrated by a vertical
red arrow. In the bulk the fluxes compensate each other and a bulk
current is absent. After Ref. [17]. (b, c) Optical alignment of carrier
momenta induced by linearly polarized terahertz radiation, resulting
in an anisotropy of the carrier movement. The alignment is plotted
for Drude absorption (b) and direct interband optical transitions (c).
Panel (d) shows the momentum distribution at two-photon interband
transitions.

ing opposite for p- and n-type conductivity: Jy ∝ q3. The
quasiclassical kinetic theory of the low-intensity edge photo-
galvanic effect in two-dimensional materials with a parabolic
energy spectrum was developed in Refs. [17,18]. Similar cal-
culations of the edge current in graphene with a linear energy
spectrum yields [52]

JDr
1 = − q3v2

0τ
3

2cnω h̄2

3 + (ωτ )2

[1 + (ωτ )2]2
I sin 2α, (4)

where v0 is the velocity in graphene, c is the speed of light, and
nω is the refractive index of the dielectric medium surrounding
graphene. Note that Eq. (4) is given for the single relaxation
time (τ ) approximation; for details see Ref. [18].

In the case of interband absorption for Dirac fermions, opti-
cal transitions result in the generation of both types of carriers,
electrons, and holes; therefore, for systems characterized by
electron-hole symmetry, the photocurrent is absent [19]. In
real graphene flakes the electron-hole symmetry may be lifted
due to differences in the scattering time or inhomogeneous
doping, causing imbalanced electron and hole photocurrent
contributions and enabling photocurrents due to the direct
transitions. Note that electron-hole symmetry breaking in
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charge transport caused by different momentum relaxation
times of carriers in the conduction, τc, and valence, τv , bands
was frequently reported in the past; see, e.g., Refs. [53–56].

While the edge photocurrent has been studied in a regime
where it depends linearly on the light intensity, the nonlinear
regime has not been addressed so far. Here we develop the the-
ory of edge photogalvanics at interband transitions at arbitrary
intensities. We derive the dependence of the edge photocurrent
on the light’s polarization state and intensity. Afterward, in
Sec. V we discuss the nonlinearity of the edge photogalvanics
caused by Drude-like absorption and, combining all these
results, analyze the observed complex nonlinear behavior of
the total edge photocurrent.

A. Nonlinear edge photocurrent at interband transitions

The nonequilibrium occupations in the conduction and va-
lence bands f c,v

p are found from the kinetic equations, which
have the following form in the steady state:

vc,v
x

∂ f c,v
p

∂x
+ f c,v

p − 〈
f c,v

p

〉
τ c,v

p
+ f c,v

p − f c,v
0

τ c,v
ε

= ±Gp( f v
p − f c

p ).

(5)

Here x is the direction perpendicular to the edge, vc,v is the
electron velocity in the conduction or valence band, angular
brackets mean averaging over directions of the momentum
p at a fixed energy, τ c,v

p and τ c,v
ε are the momentum and

energy relaxation times of photocarriers in the corresponding
band, and f c,v

0 are equilibrium distributions. The interband
generation rate Gp is given by

Gp = 2|Mcv (p)|2/τ
[εc(p) − εv (p) − h̄ω]2 + (h̄/τ )2

, (6)

with Mcv (p) being the matrix element of the direct optical
transition, εc,v being the conduction- and valence-band dis-
persions, and the relaxation rate is given by a half-sum of the
total relaxation rates in the bands:

1

τ
= 1

2

(
1

τc
+ 1

τv

)
,

1

τc,v
= 1

τ c,v
p

+ 1

τ c,v
ε

. (7)

Below we assume the electron-hole symmetry of the en-
ergy spectrum in graphene, implying that εv (p) = −εc(p) and
vv = −vc. However, we take into account that scattering in
the conduction and valence bands is different.

The nonequilibrium conduction- and valence-band distri-
bution functions are conveniently presented as f c,v

p = f c,v
0 ±

	 f c,v
p , where 	 f c,v

p are the radiation-induced corrections. The
kinetic equations for the corrections have the form

±vx

∂	 f c,v
p

∂x
+ 	 f c,v

p

τc,v
= Gp

[
F − (

	 f c
p + 	 f v

p

)] +
〈
	 f c,v

p

〉
τ c,v

p
.

(8)
Here vx = vc

x , and

F = f0(−h̄ω/2) − f0(h̄ω/2) (9)

is the difference of occupations of the initial and final states
in equilibrium. The nonlinearity is taken into account by the
term Gp(	 f c

p + 	 f v
p ) on the right-hand side, similar to ho-

mogeneous systems [57,58].

The electric current along the edge is given by

J = e
∑
ν,p

vy

∫ ∞

0
dx

(
	 f c

p + 	 f v
p

)
a
, (10)

where e < 0 is the electron charge, ν labels spins and valleys,
and the subscripts “a” and “s” denote the asymmetric and
symmetric in py parts of the function:

Fa,s(p) ≡ [F (px, py) ∓ F (px,−py)]/2.

Analysis shows that the last term in the kinetic Eq. (8) does not
result in asymmetric parts of the distributions, and we ignore
this term below.

Introducing the asymmetric in py functions,

	 f (±)
p (x) = [

	 f c
p (x) ± 	 f v

p (x)
]

a
, (11)

we see that the photocurrent is determined by 	 f (+)
p . The

kinetic equations for 	 f (±)
p have the following forms:

(
vx∂x + 1

τ−

)
	 f (−)

p + 	 f (+)
p

τ
= 2Gp,aF − 2Gp,s	 f (+)

p ,

(
vx∂x + 1

τ−

)
	 f (+)

p + 	 f (−)
p

τ
= 0, (12)

where 1/τ− = (1/τc − 1/τv )/2. From these two equations we
obtain one closed equation for 	 f (+)

p :
[(

vx∂x + 1

τ−

)2

− 1

τ 2
− 2Gp,s

τ

]
	 f (+)

p = −2Gp,aF
τ

. (13)

Its solution has the form

	 f (+)
p = F 2Gp,aτ̄

1 + 2Gp,sτ̄
+ F0(p) exp[−λ(p)x]. (14)

Here

τ̄ = τc + τv

2
, (15)

the function F0(p) is determined from the boundary condi-
tions at the edge x = 0, and λ(p) is the positive root of the
corresponding characteristic equation:

λ =
√

1 + 2Gp,sτ

|vx|τ + 1

vxτ−
. (16)

At low intensity, Gpτ̄ → 0, we get

λ(p) = 1

|vx|
[
�(px )

τc
+ �(−px )

τv

]
, (17)

where �(p) is the Heaviside function. This means that at
px > 0 the function 	 f (+)

p is the correction to the distribution
function in the conduction band, while at px < 0 it is the
correction in the valence band where electrons have positive
velocity.

For the diffusive boundary condition 	 f (+)
p (x = 0) = 0 we

obtain

	 f (+)
p = F 2Gp,aτ̄

1 + 2Gp,sτ̄
[1 − e−λ(p)x]. (18)

The first, x-independent term in Eq. (18) does not contribute
to the current, because Gp is an even function of p in graphene
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(Gp,a being by definition odd in py is also odd in px). There-
fore we obtain from Eq. (10) the electric current in the form

J = 2eF τ̄ 2
∑
ν,p

Gp,avy(vxτ/τ− − √
1 + 2Gp,sτ |vx|)

(1 + 2Gp,sτ̄ )2 . (19)

Analysis shows that the term with a square root in Eq. (19)
yields no contribution to the photocurrent. As a result we
obtain

J = eF τ 2
c − τ 2

v

2

∑
ν,p

vyvxGp,a

(1 + 2Gp,sτ̄ )2
. (20)

It follows from Eq. (20) that at low intensity, when Gp,s �
1/(2τ̄ ), the edge current is given by

J1 = eF τ 2
c − τ 2

v

2

∑
ν,p

vyvxGp, (21)

which coincides with the expression obtained in the linear in
intensity regime in Ref. [19]. Note that, for nondiffusive re-
flection from the edge, the relaxation times squared in Eq. (21)
are changed to τ 2

c,v → τ 2
c,v (1 + ζc,v ), where ζc,v are the dimen-

sionless parameters, taking into account that the scattering
may be partially specular. From Eqs. (20) and (21) we obtain
that the edge current at any intensity can be expressed as
follows:

J = J1

∑
p

vyvxGp(1 + 2Gp,sτ̄ )−2

∑
p

vyvxGp
. (22)

Note that the ratios τ c,v
ε /τ c,v

p cancel from the edge pho-
tocurrent, which is governed by the total relaxation times
in the bands τc,v . This is in contrast to the photocurrent in
infinite homogeneous systems where the relation between the
energy and momentum relaxation rates strongly changes the
high-intensity behavior of the circular photocurrent, even at
a fixed total relaxation rate [58]. The difference is caused
by the microscopic processes of the photocurrent formation:
while the edge photocurrent is formed via edge scattering of
the even electron distribution shown in Fig. 8(c), the circular
photocurrent in homogeneous gyrotropic systems is generated
in the moment of excitation. Formally, the difference is in the
generation rate Gp, which is even in p in graphene but is odd
in p in, e.g., Weyl semimetals [58].

B. Edge photocurrent in graphene

We apply the formalism derived above to the calculation
of the edge photocurrent in graphene. Electron states in the
conduction and valence bands of graphene are described by
the effective Hamiltonian linear in momentum:

H = v0σ · p, (23)

where σx,y are the Pauli matrices, x, y are directions in the
graphene plane, and v0 is the velocity. In this model the
energy dispersions are εc = −εv = v0 p, and the direct optical
transition matrix element is given by

Mcv (p) = ev0

ω

[E × p]z

p
, (24)

where E is the complex amplitude of the radiation electric
field. Therefore the symmetric and asymmetric in py parts of
the generation rate (6) read

Gp,sτ̄ = E2

	2 + 1
(1 − cos 2ϕp cos 2α), (25)

Gp,aτ̄ = − E2

	2 + 1
sin 2ϕp sin 2α, (26)

where 	 = (2v0 p − h̄ω)τ/h̄, α is the angle between E, and
the edge, ϕp, is the polar angle of p, and we introduce the
dimensionless radiation electric field amplitude defined as

E = √
τcτv

v0|eE|
h̄ω

. (27)

The low-intensity photocurrent is given by

J1 = sin 2α
eFω

(
τ 2

c − τ 2
v

)
16τcτv

E2. (28)

From Eq. (22) at ωτ 
 1 we obtain the nonlinear edge pho-
tocurrent in graphene in the following form:

J

J1
= 2

√
1 + 4E2 cos2 α

3πE4 cos2 2α

×
[

1 + E2 − 2E4 sin2 2α

1 + 4E2 cos2 α
K(m) + (E2 − 1)E(m)

]
.

(29)

Here E(m)[K(m)] = ∫ π/2
0 dθ (1 − m sin2 θ )±1/2 are the com-

plete elliptic integrals, and we introduced the notation

m = 4E2 cos 2α

1 + 4E2 cos2 α
.

At α = π/4 the expression for the photocurrent simplifies to

J

J1
= E2 + 1

(2E2 + 1)3/2
. (30)

At low and high intensity we have asymptotes:

J

J1
≈ 1 − 2E2 + 9

16
(cos 4α + 9)E4 (E → 0), (31)

J

J1
≈ 4|cos α|[E(

cos 2α

cos2 α

) − 2 sin2 αK
(

cos 2α

cos2 α

)]
3πE cos2 2α

(E → ∞).

We see that the edge photocurrent J ∝ √
I at high intensity.

Interestingly, the high-intensity expression is frequency in-
dependent (at F = 1), similar to the circular photocurrent in
homogeneous gyrotropic systems [59].

The dependence of the edge photocurrent on the light in-
tensity is shown in Fig. 9(a). From that it is clear that the linear
in intensity regime where J ≈ J1 ∝ I is realized at E2 � 0.2
only. The dependence of the ratio J/J1 on the polarization
direction is shown in Fig. 9(b). It demonstrates that the de-
pendence J (α) at high intensity differs from J1(α) ∝ sin 2α,
but this deviation does not exceed 15%. This is also seen
from Eq. (31), where the dependence of the ratio J/J1 on the
polarization state appears in the fourth order in E only, and its
amplitude is small in comparison to the α-independent part.
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FIG. 9. (a) The dependence of the edge photocurrent on the light
intensity at α = π/4. The dashed line is the low-intensity current J1.
Inset shows the ratio J/J1 as a function of E2 on a semilogarithmic
scale. (b) Deviation of the edge current from the sin 2α dependence
given by the ratio J/J1 at different values of the electric field ampli-
tude E indicated in the figure. The ratios J/J1 are normalized to their
values at α = 0.

C. Two-photon absorption in graphene

So far we have considered one-photon processes. However,
in the THz frequency range, the two-photon absorption can be
also strong and comparable with the one-photon absorption,
see Refs. [47,60–63].

To account for this effect, we consider two-photon direct
interband optical transitions v → c. The corresponding matrix
element is given by

M (2)
cv = Mcv

(
Vvv

h̄ω
+ Vcc

h̄ω + εv − εc

)
. (32)

Here Mcv is the one-photon direct optical transition matrix
element, and the intraband matrix elements of the electron-
photon interaction are Vnn = (ie/ω)E · vn (n = c, v). Using
the energy conservation law for two-photon absorption εc −
εv = 2h̄ω, we obtain

M (2)
cv = −Mcv

ie

h̄ω2
E · (vc − vv ). (33)

For graphene we have vc = −vv = v0 p/p, and Mcv is
given by Eq. (24). Therefore we get

∣∣M (2)
cv

∣∣2 = (ev0)4

h̄2ω6
|E|4[1 − P2

L cos2 2(ϕp − α)
]
, (34)

where PL is the linear polarization degree. The two-photon
absorbance η(2) is found from the Fermi golden rule,

η(2)I

2h̄ω
= 2π

h̄
F2

∑
ν,p

∣∣M (2)
cv (p)

∣∣2
δ(2v0 p − 2h̄ω), (35)

where F2 = f0(−h̄ω) − f0(h̄ω). Calculation of the sum
yields

η(2) = I

(
e2

h̄c

)2 4π2v2
0

h̄ω4
F2(1 − P2

L /2). (36)

We see that the linear-circular dichroism of the two-photon
absorption takes place in graphene: η

(2)
circ/η

(2)
lin = 2 [63].

The total absorbance of circularly polarized light account-
ing for both one- and two-photon processes is given by

ηcirc = πe2

h̄c

(
F + F2

I

I0

)
, (37)

where the characteristic intensity I0 is defined as

I0 = c

16π

(
h̄ω2

ev0

)2

. (38)

This expression demonstrates that for an intensity I ∼ I0 the
two-photon absorption is comparable with the one-photon
absorption. Substituting the carrier velocity in graphene v0 =
108 cm/s, we obtain

I0 = 1.76

(
h̄ω

10 meV

)4

[kW/cm2]. (39)

This yields I0 = 0.07, 0.85, and 6.3 kW/cm2 for the
frequencies f = 1.07, 2.02, and 3.33 THz, respectively. Con-
sequently, we obtained that, at intensities and frequencies used
in this work, the two-photon and one-photon absorbance are
comparable.

However, our analysis shows that the two-photon processes
do not yield an edge photocurrent. Indeed, it follows from
Eq. (34) that the carrier distribution in the momentum space
for linear polarization is described by the fourth Fourier har-
monics, see Fig. 8(d). This means that two-photon processes
do not result in an alignment of carrier momenta, in sharp
contrast to the one-photon absorption. Therefore, scattering
from the edge does not result in the electric current in the case
of two-photon absorption.

V. DISCUSSION

As addressed above, the edge photocurrent may be caused
by two microscopic mechanisms involving indirect intraband
optical transitions (Drude like) and direct optical transi-
tions between the valence and conduction bands. Figure 10
schematically shows the generation of these photocurrent
contributions, panel (a), together with the Fermi-Dirac distri-
bution function plotted for different temperatures, panel (b).
The photocurrent caused by direct optical transitions is pro-
portional to the difference of initial and final state occupancy
of the direct transition Eq. (9), which is given by

F = f0

(
− h̄ω

2

)
− f0

(
h̄ω

2

)
= sinh( h̄ω

2kBT )

cosh( h̄ω
2kBT ) + cosh( εF

kBT )
.

(40)

The factor F depends on the gate voltage via the position
of the Fermi level |εF| = h̄v0

√
πn∗, where n∗ is n or p for

positive or negative effective gate voltages U eff
g , respectively.

At low temperature and high effective gate voltages, i.e., high
Fermi-level position, F becomes small and J i−b is negli-
gible as compared to the photocurrent stemming from the
Drude absorption JDr. In our experiments this corresponds
to the traces obtained for liquid helium temperature and gate
voltages ±7 V, see Fig. 3(a). Under these conditions, the pho-
tocurrent saturates when the radiation intensity is increased.
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FIG. 10. Model illustrating the edge photocurrent formation for
Drude optical transitions (bent arrow) and direct interband transitions
(upward arrow). Open and closed circles illustrate carriers in the
initial and final state of the optical transitions, respectively. Right
panel illustrates modification of the Fermi-Dirac distribution due to
the electron-gas heating. The carrier redistribution is illustrated for
the Fermi level lying in the conduction band and three different tem-
peratures. Despite that the final state of the indicated direct transition
is below the Fermi level, a substantial heating resulting in a high
temperature leads to a depopulation of this state, making allowance
for the interband transition.

The observed nonlinearity is attributed to electron-gas heat-
ing, resulting in absorption bleaching and, consequently,
photocurrent saturation. The bleaching of the Drude-like ra-
diation absorption in graphene has recently been observed
and studied in detail, applying nonlinear ultrafast THz spec-
troscopy, reported in Ref. [22], where the THz conductivity
was investigated by analyzing the THz pulse transmission.
The range of frequencies (0.4–1.2 THz) and radiation electric
fields (2–100 kV/cm) used in Ref. [22] are similar to that
used in our work. It has been demonstrated that for such THz
radiation intensities the electron temperature may increase
to several thousand Kelvin, which results in a decrease of
the THz conductivity when increasing the intensity. Within
a thermodynamic approach, the results are well described by
the statistically determined thermal balance maintained within
the entire electron population of graphene. Complementary
measurements of the THz photoconductivity, see Fig. 7, which
for Drude absorption stems from electron-gas heating and the
associated mobility reduction, confirms that in our experi-
ments the radiation induces a strong electron-gas heating. For
the data of Ref. [22] we find that they are well described by
an empirical analytical formula η ∝ 1/(1 + I/IDr

s ), with IDr
s

the saturation intensity being proportional to the reciprocal
energy relaxation time and the Drude absorption cross section.
As the photogalvanic current is proportional to the radiation
absorbance, we further use this formula to fit the Drude con-
tribution to the experimental traces as (hereafter α = 45◦)

JDr
L = JDr

1

1 + I/IDr
s

. (41)

A decrease of the Fermi-level position together with
electron-gas heating enhances the direct interband optical
transitions and causes the corresponding photocurrent, J i−b

L .
The total photocurrent is the sum of the two contributions:

J i−b
L and JDr

L , see Fig. 10. Combining Eqs. (30) and (41), we
obtain for the intensity dependence of the total photocurrent
amplitude introduced in Eq. (3),

JL = JDr
1

1 + I/IDr
s

+ J i−b
1

I/I i−b
s + 1

(2I/I i−b
s + 1)3/2

, (42)

where according to Eq. (28),

J i−b
1 = πeFω

8cnω

(τ 2
c − τ 2

v )
(ev0

h̄ω

)2
I, (43)

and the square of the dimensionless electric field is presented
in the form

E2 = I

I i−b
s

(44)

with the saturation intensity

I i−b
s = c

2πτcτv

(
h̄ω

ev0

)2

. (45)

Equation (42) describes well all intensity dependencies ob-
tained for different gate voltages, temperatures, and radiation
frequencies, see Figs. 3(a), 4(a), 5, and 6 [64]. The effective
back gate voltage dependence of the fitting parameters JDr

1 ,
J i−b

1 , IDr
s , and I i−b

s , extracted from the intensity dependen-
cies measured in sample A for frequency f = 2.02 THz, are
shown in Fig. 3 (liquid helium temperature) and Fig. 4 (room
temperature).

In the following we will discuss the low power amplitudes
of the Drude and interband photocurrents JDr

1 and J i−b
1 , respec-

tively. Figures 3(b) and 4(b) show that at low temperatures
and high gate voltages the Drude photocurrent is larger than
the interband photocurrent, see Fig. 3(b). Furthermore, while
the Drude photocurrent changes its sign at the CNP, the sign
of the interband photocurrent is negative in the whole range
of the effective back gate voltages U eff

g . These features are
in agreement with Eqs. (4) and (43): the Drude photocurrent
is odd in the carrier charge (JDr

1 ∝ q3), whereas the sign of
the interband photocurrent is caused by the generation of
electron-hole pairs, defined only by the difference of the elec-
tron and hole momentum relaxation times, see Eq. (43). As
addressed in Sec. IV, the observation of interband photogal-
vanic current reveals that the times τc and τv are different.
Our results for both liquid helium and room temperatures
demonstrate that for positive gate voltages the interband and
Drude photocurrent contributions consistently have opposite
polarities. Taking into account that for fixed azimuthal angle
α the directions of the momentum alignments for these two
processes differ by 90◦, see Figs. 8(b) and 8(c), we obtain that
in our samples τc > τv holds and the interband photocurrent
is dominated by the photoexcited electrons.

Equation (43) yields that J i−b
1 is proportional to the dif-

ference between the occupancy of initial and final states of
the direct transition F , see Eq. (40). Indeed, the fits using
J i−b

1 ∝ F , presented in Figs. 3(b) and 4(b), describe the gate
dependence of this contribution well. To fit these data we took
electron-gas heating into account, which, despite the small
photon energies used in our experiments and high Fermi-level
position at large effective gate voltages, makes the direct in-
terband transition efficient, see Fig. 10(b).
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The gate voltage dependence of the Drude photocurrent’s
low power amplitude JDr

1 is shown in Figs. 3(b) and 4(b).
Its overall behavior is well described by Eq. (4). Close to
the CNP the net electric current vanishes, since the elec-
tron and hole contributions compensate each other. With the
shift of the Fermi level from the Dirac point, the electron
gas becomes degenerate and the electric current reaches the
value given by Eq. (4). Further increase of the Fermi en-
ergy will result in decrease of the current magnitude if the
relaxation times get shorter, see, e.g., Refs. [38,39,65–68].
Figures 3(b) and 4(b) show that in the vicinity of the CNP,
at which JDr

1 reduces and changes its sign, the photogalvanic
current due to direct interband transitions dominates the total
current.

Now we discuss the saturation intensities of the Drude and
interband photocurrents IDr

s and I i−b
s ; see Figs. 3(c) and 4(c)

for low and room temperature, respectively. First of all, as a
common feature we observed that the saturation intensities for
both mechanisms increase with increase of the effective gate
voltage and temperature. Because the saturation intensities are
primarily inversely proportional to the reciprocal relaxation
times [Eq. (45)], this observation demonstrates that the times
substantially decrease with increase of the gate voltage and
temperature. This agrees with the results of Refs. [39,66–68]
showing that the carrier mobility may reduce with the gate
voltage increase. Importantly, Eq. (42) shows that the Drude
and interband contributions are characterized by different in-
tensity dependencies. Indeed, for I 
 IDr

s the corresponding
photocurrent contribution becomes independent of the radia-
tion intensity, whereas for I 
 I i−b

s the interband photocurrent
increases as J i−b ∝ √

I . This difference results in the ob-
served inversion of the photocurrent sign at small positive gate
voltages, see Fig. 6. At low power the Drude photocurrent
is somewhat larger than the interband one. Thus the total
photocurrent has a positive sign, see Figs. 3(b) and 4(b). An
increase of the radiation intensity saturates the Drude pho-
tocurrent, whereas the interband photogalvanic current still
grows. Consequently, the total photocurrent becomes domi-
nated by the interband contribution and reverses its sign, see
Fig. 6. The discussed mechanism explains well the observed
shift of the inversion intensity with increasing the effective
gate voltage (see Fig. 6) and its disappearance for high gate
voltages (see Figs. 3 and 4). Indeed, the higher the applied
gate voltage, the higher the relative contribution of the Drude
photocurrent and its saturation intensity, see Figs. 3 and 4.
Both factors prevent the transition from the Drude contribu-
tion to the interband one so that the sign inversion requires
higher and higher intensities.

The data discussed above are obtained applying radia-
tion with frequency f = 2.02 THz. Intensity dependencies
measured for different radiation frequencies and for high
positive gate voltages are presented in Fig. 5. These re-
sults clearly demonstrate that at large gate voltages the
magnitude of the unsaturated photocurrent varies with the
radiation frequency as J1 ∝ 1/ω2, see inset in Fig. 5(b).
This is an important argument supporting the dominant role
of the Drude absorption-based photocurrent mechanism [see
Eq. (4)] at high carrier density and the main result of
these measurements. Furthermore, it is in agreement with
the results shown in Fig. 3(b) presenting the gate volt-

age dependence of the unsaturated photocurrent amplitudes
for Drude- and interband-absorption-related mechanisms.
Figure 5 demonstrates that (i) at low intensities the amplitude
of the photocurrent strongly increases upon decrease of the
radiation frequency and (ii) for lower frequencies the pho-
tocurrent saturates at substantially lower intensities. The inset
in Fig. 5 shows the frequency dependence of the photocur-
rent amplitude JDr

1 together with the fit after Eq. (4), which
describes well the observed behavior. Note that for our exper-
imental conditions ωτ > 1 and JDr

1 ∝ ω−2 holds. The inset
in Fig. 5 also demonstrates that the reduction of frequency
results in a decreasing saturation intensity proportional to ω2.
As addressed above, the saturation intensity is proportional
to the reciprocal value of the cross section of the radiation
absorbance, which for Drude-like absorption and ωτ > 1 is
proportional to ω−2.

Finally, we compare the experimental saturation intensities
I i−b
s of the interband photogalvanic current with the theoreti-

cal estimation after Eq. (45). This expression yields for f =
2.02 THz,

I i−b
s = 37.2

τcτv/ps2
[W/cm2]. (46)

For relaxation times of about 0.1 ps, which correspond to
that obtained for the carrier mobility, we obtain saturation
intensities of the order of 10 kW/cm2, which is in ex-
cellent agreement with those detected in experiment, see
Figs. 3 and 4.

VI. CONCLUSIONS

Our experimental data and theory show that the edge
photogalvanic current excited by intense terahertz radiation
is characterized by a complex nonlinear intensity depen-
dence. The total photocurrent is shown to be caused by two
competing mechanisms related to the Drude-like absorption
and direct interband optical transitions. Our analysis reveals
that the two-photon absorption does not result in photocur-
rent generation. We demonstrate that at high intensities both
kinds of photocurrents saturate with increasing radiation in-
tensities, but are described by different functional behavior.
This causes a complex intensity dependence of the total cur-
rent, which, depending on gate voltage, temperature, and
radiation frequency, can either saturate or reverse its sign
upon rising intensity. The developed theory of the nonlin-
ear interband photocurrent is in good quantitative agreement
with the experimental findings. The obtained characteris-
tics provide important information for the development of
graphene-based saturable absorbers for the THz spectral
range.
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