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We report on the observation of edge electric currents excited in bi-layer graphene by terahertz
laser radiation. We show that the current generation belongs to the class of second order in electric
field phenomena and is controlled by the orientation of the THz electric field polarization plane.
Additionally, applying a small magnetic field normal to the graphene plane leads to a phase shift
in the polarization dependence. Increasing the magnetic field strength, the current starts to ex-
hibit 1/B-magnetooscillations with a period consistent with that of the Shubnikov-de-Haas effect
and amplitude by an order of magnitude larger as compared to the current at zero magnetic field
measured under the same conditions. The microscopic theory developed shows that the current is
formed in the edges vicinity limited by the mean-free path of carriers and the screening length of the
high-frequency electric field. The current originates from the alignment of the free carrier momenta
and dynamic accumulation of charge at the edges, where the P -symmetry is naturally broken. The
observed magnetooscillations of the photocurrent are attributed to the formation of Landau levels.

I. INTRODUCTION

Bi-layer graphene (BLG) with the band gap and con-
ductivity tunable by a gate electric field is in the focus
of state-of-the-art carbon electronics and optoelectronics
[1–10]. Of particular interest are second-order nonlin-
ear phenomena such as second harmonic generation and
ratchet effects, where the ac electric field of the laser
radiation drives an ac electric current at the double fre-
quency or a dc electric current, respectively [11–17]. In
bi-layer graphene so far only bulk mechanisms of the cur-
rent generation were considered [18–29]. Here, we show
that P -symmetry breaking, required for the second-order
effects to occur [11], is brought by the sample edges [30]
and that the effect is observed in high-mobility µm-scale
hBN/BLG/hBN structures excited by an ac electric field
of polarized terahertz laser radiation. The photocurrent
flows along the sample edges and its magnitude and direc-
tion are controlled by the relative orientation of the elec-
tric field polarization vector and the corresponding edge.
Variation of the back gate voltage reveals that the pho-
tocurrent direction is opposite for p- and n- conductiv-
ity and the photocurrent magnitude is a non-monotonic
function of the gate voltage.

Within this study we develop a microscopic theory of
such an edge photogalvanic effect where free carriers are
driven by the ac electric field of the terahertz radiation.
The photocurrent is formed in a narrow channel with the
width determined by the carrier mean free path and the
screening length of the high-frequency electric field at the
edge and consists of two contributions. The first contri-
bution originates from the alignment of the free carrier
momenta by the high-frequency electric field. Photocur-
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FIG. 1. (a) Cartoon of the structure cross section. (b)
Schematic of the experimental set up. Experimental arrange-
ment is shown for normal incidence and an external magnetic
field B applied perpendicularly to the graphene layer.

rents associated with the alignment of the electron mo-
menta and related phenomena were previously studied at
the surfaces of bulk semiconductor crystals [31–34], metal
films [35–37], and recently in graphene [30, 38, 39]. The
second contribution can be interpreted as the interplay of
the dynamical charge accumulation near the edge [40–42]
and the oscillating carrier density driven by the ac elec-
tric field resulting in a rectified dc current flowing along
the edge.

In the THz regime, where ωτ � 1, the edge current
Jy ∝ (ExE

∗
y+EyE

∗
x) is the largest for the radiation polar-

ized at ±π/4 to the sample edge. Here, ω is the radiation
frequency, τ is the momentum relaxation time, and Ex
and Ey are the ac electric field amplitudes perpendicular
to and along the edge, respectively. Turning on the mag-
netic field B normal to the BLG plane results in the rota-
tion of the electron distribution in the momentum space
shifting thereby the optimal polarizations of the THz ra-
diation to the angles αmax = ±(π/4+θB/2) with respect
to the sample edge, where θB = arctan(2ωcτ), and ωc is
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FIG. 2. (a) Longitudinal resistance as a function of the
effective back gate voltage Ueff

g = Ug − UCNP
g . (b) Gate de-

pendence of electron (positive Ueff
g ) and hole (negative Ueff

g )
densities.

the cyclotron frequency. Upon increasing the magnetic
field, the angle θB → π/2, with the maximal edge cur-
rent generated by the ac field polarized perpendicular
to or along the edge. For stronger magnetic fields and
low temperatures, the photoresponse develops 1/B mag-
netooscillations correlated with the Shubnikov-de Haas
(SdH) oscillations. The amplitude of the magnetooscilla-
tions in the photoresponse is an order of magnitude larger
than the photoresponse at zero magnetic field measured
under the same conditions.

II. SAMPLES AND METHODS

Experiments were carried out on bi-layer graphene en-
capsulated in hexagonal boron nitride. The structure
cross section is shown in Fig. 1 (a). Two different types
of samples were studied. The first (sample #A) was fab-
ricated in van der Pauw geometry with four gold contacts
on each edge, see Fig. 1 (b). The second (sample #B) is
a Hall bar structure. Both samples were equipped with
back gates. Sweeping the back gate voltage the charge
neutrality point (CNP) is well observable in the longitu-
dinal resistance, see Fig. 2 (a). The CNP slightly shifts
between different cool down cycles, therefore, we intro-
duce an effective gate voltage U eff

g = Ug − UCNP
g . Fig-

ure 2 (b) shows the gate voltage dependence of the den-
sities for electrons/holes.

For optical excitation we used two different types of
THz lasers. The first system was a continuous wave
(cw) molecular gas laser optically pumped by a cw CO2

laser [43, 44]. In the described experiments we applied
radiation at frequencies f = 2.54 and 1.62 THz, which

were obtained with methanol and difluormethane as ac-
tive media, respectively. The radiation power on the sam-
ples was about 40 mW. In order to modulate the radiation
a chopper at a frequency of about 130 Hz was placed in
front of the laser. As second system a pulsed molecular
laser was used, operating at frequency f = 1.1 THz [45–
47]. Single pulses with a duration in the order of 100 ns
and peak power in the order of tens of kilowatts were
used. The pulsed laser was pumped by a transversely ex-
cited atmospheric pressure (TEA) CO2 laser. The beam
cross-section had the Gaussian shape, which was moni-
tored by a pyroelectric camera [48]. The spot sizes at the
full width at half maximum are about 2 mm. To control
the incidence power of the laser terahertz pyroelectric
and photon drag detectors were used. To modify the
polarization state of the laser radiation, initially linearly
polarized along the x-axis, we used crystal quartz λ/2-
plates. By that the orientation of the radiation electric
field vector was defined by the azimuthal angle α.

Magnetic field up to 4 T and the THz radiation were
applied normal to the bi-graphene layer. Generated pho-
tocurrents J were measured as a voltage drop U over
a load resistor of RL = 10 MΩ or RL = 470 Ω. A
lock-in amplifier or a digital oscilloscope were used for
recording the photoresponses for measurements with cw
(J ∝ U/Rs) and pulsed (J ∝ U/RL) laser systems, re-
spectively. Here Rs is the sample resistance measured
between contact pairs used for measurement. The corre-
sponding measurement setup is shown in Fig. 1 (b).

III. RESULTS

First we discuss the results obtained for zero magnetic
field. A photosignal, picked up from any contact pairs
along one of the samples edges was detected applying
normally incident linearly polarized radiation. The mag-
nitude and the direction of the observed photocurrent
depends on the relative orientation of the radiation polar-
ization plane and the edge along it is measured. Figure 3
shows a polarization dependence of the edge photosignal
Ux,y ∝ Jx,y measured for two perpendicular edges of the
square shaped graphene sample. The data can be well
fitted by

Ux,y ∝ Jx,y = JLx,y sin(2α) , (1)

with the azimuthal angle α and the polarization depen-
dent photocurrent amplitude JLx,y ∝ ULx,y. Note that a
small polarization independent offset with U0

x,y � ULx,y
was detected for some conditions. It is subtracted in
Fig. 3 and its origin is out of scope of the present pa-
per. Comparison of the signals obtained for neighbour-
ing edges at fixed orientation of the polarization plane,
e.g. α = 45◦ or 135◦, shows that the photocurrents flow
either towards the samples corner formed by these edges
or away from it. For instance, for negative gate voltages,
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for α = 45◦ we obtained Jx > 0 and Jy > 0 whereas
for α = 135◦ the currents become Jx < 0 and Jy < 0,
see Fig. 3. Measurements at different gate voltages show
also that the signal changes its sign in the vicinity of the
charge neutrality point, i.e. by changing type of carriers
from holes to electrons, see Figs. 3 and 4.

The observed polarization dependence of the response
reveals that it is caused by edge photocurrents. Indeed,
only in this case the signals measured along two orthogo-
nal edges are characterized by Eq. (1). In general, a bulk
photogalvanic current can also be generated in bi-layer
graphene with structure inversion asymmetry which has
no center of space inversion and is described by the C3v

point group. For systems belonging to this symmetry,
two orthogonal components of the bulk photocurrent ex-
cited by normally incident radiation are proportional to
cos 2α and sin 2α [49]. As a results, the π/2 phase shift
would be present in the photocurrents Jx and Jy. In our
experiments, however, the photocurrents flowing in the
orthogonal directions are described by identical polariza-
tion dependencies. This fact clearly demonstrates the
edge-related mechanism of the detected photoresponse.

At low magnetic fields the polarization dependence
changes to Ux = ULx (B) sin 2[α + ϕ(B)], and for mag-
netic field of about 0.4 T we detected an almost 45 degree
phase shift, see Fig. 5. The magnetic field dependence
of the phase shift is shown in the inset of Fig. 5. Ap-
plying a gate voltage we found that for magnetic fields
B ' 0.5 T the photovoltage exhibits 1/B-periodic oscilla-
tions with amplitude substantially enhanced as compared
to the response in the absence of an external magnetic
field, see Figs. 6, 7, and 8. The period of the oscilla-
tions changes with variation of the gate voltage. In the
vicinity of the CNP, the oscillations are almost absent,
see Fig. 6 (c). The change of the radiation frequency
from 2.54 to 1.62 THz substantially enhances the sig-
nal, but does not affect the oscillation period, see Fig. 7.
Comparison of the observed oscillations with the data on
magnetotransport reveals that the oscillations follow the
first derivative of the SdH magnetoresistance, see Fig. 8.
Increasing the radiation intensity by six order of mag-
nitude, obtained by using high power pulsed laser, we
observed that while edge photocurrents can clearly be
detected, the magnetooscillations of the photoresponse
vanish.

IV. MODEL

To describe the experimental data we now demonstrate
the microscopic model developed of the edge photocur-
rent induced by the high-frequency electric field. The
photocurrent originates from P -symmetry breaking at
the edge and may be viewed as consisting of two con-
tributions.

One of the contributions can be interpreted in terms
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FIG. 3. Dependence of the normalized photovoltage
Uy,x/P ∝ Jy,x/P on the azimuthal angle α obtained for con-
tact pairs along top edge, panel (a), and right edge, panel
(b), see the inset. Note that for better visualization a small
polarization independent offset U0 is subtracted. The data
are obtained for radiation frequency 2.54 THz and presented
for several values of the effective gate voltage Ueff

g . Arrows on
the top of panel (a) illustrate the orientations of the radiation
electric field vector for several values of α.

of dynamic accumulation of electric charge near the edge
and the synchronized charge driving along the edge. The
microscopic mechanism is the following. The electric field
component Ex perpendicular to the edge causes back and
forth motion of carriers in the sample giving rise to a
charge depletion and enrichment at the sample edge. The
y component of the electric field drives the carriers along
the edge at the same frequency. The interplay of both
effects results in the emergence of a net dc current flow-
ing along the edge within the channel determined by the
screening length of high-frequency field.

The other contribution to the photocurrent stems from
the alignment of the free carrier momenta by the high-
frequency electric field. This mechanism of the current
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and presented for several values of the external magnetic field
B. Curves are fits after U = UL(B) sin 2[α + ϕ(B)]. Note
that for better visualization curves and data are vertically
shifted. Arrows on top illustrate the orientations of the radi-
ation electric field for several values of α. The inset shows the
measured phase shift ϕ(B) (triangles) and its model predic-
tion ϕ(B) = arctan(2ωcτ)/2 calculated for τ = 0.6 ps (line).

formation is illustrated in Fig. 9. The Drude absorption
of linearly polarized radiation leads to the alignment of
the carrier quasi-momenta p where the carriers move pre-
dominantly along the line of the radiation electric field
E. The resulting distribution is sketched in Fig. 9 (a)
for the angle α = 45◦ [50]. The alignment results in an
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FIG. 6. Magnetic field dependence of the normalized pho-
toresponse Ux/P measured along top edge for different effec-
tive gate voltages.

anisotropy of the carrier movement and is described by
the second angular harmonic of the distribution function
in the p-space. It does not carry a net electric current.
This is schematically shown for the holes in the bulk
of BGL, see the right grey area indicated as ∆xbulk in
Fig. 9 (b). Here, two carrier fluxes coming from top left
(blue arrow) and bottom right (red arrow) compensate
each other and no electric current emerges. In the vicinity
of the sample edge defined by the mean free path, ∆xedge

in Fig. 9 (b), the situation changes. Now, the flux from
top left is absent. Consequently, uncompensated bottom
right flux drives a net electric current j flowing along the
edge.

The model shown in Figure 9 (b) corresponds to hole
conductivity. For electrons, the directions of the edge car-
rier fluxes remain the same, which means that the elec-
tric current is of opposite sign. The model also reveals
that the direction of the edge current is defined by the
orientation of the ac radiation electric field with respect
to the edge. The photocurrent vanishes for the radiation
polarized along or normal to the edge and reaches a max-
imum at angles α = 45◦ and 135◦, having opposite signs
for these angles. The overall polarization dependence is
given by jedge ∝ sin 2α.

For our experiments on a square-shaped sample with
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the laser spot larger than the sample, see Fig. 1 (b), pho-
tocurrents emerge along all the edges and flow to the
opposite corners of the sample. The continuity of the
electric current is then provided by its spreading in the
conducting bulk of the sample. The calculated distribu-
tion of the photocurrent and photo-induced electrostatic
potential in the sample is illustrated in Fig. 9 (c) for
α = 45◦. The details of the calculations are given in
Sec. VI. All the features of the edge photocurrents dis-
cussed above, including the correlations in the current
directions along the neighbouring edges of the sample
and the polarization dependence, are indeed observed in
the experiments, see Figs. 3 and 4. This unambiguously
proves the microscopic origin of the observed photore-
sponse.

Classical magnetic field applied normally to the BGL
plane results in the emergence of the Lorentz force act-
ing upon moving carriers. This leads to a rotation of
the electron distribution in the momentum space and,
consequently, to a phase shift ϕ(B) in the polarization
dependence, which was observed in the experiments, see
Fig. 5. In quantizing magnetic fields, resulting in a for-
mation of the Landau levels and the Shubnikov-de Haas
oscillations in the conductivity. The experiment shows
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that the photocurrent also exhibits magnetooscillations
with the same periodicity in 1/B.

V. KINETIC THEORY

Now we develop a microscopic theory of the edge pho-
togalvanic effect based on the Boltzmann kinetic the-
ory [30]. In this approach, the distribution function of
carriers f(p, x, t) is found from the equation

∂f

∂t
+ vx

∂f

∂x
+ e

(
E(x, t) +

1

c
v ×B

)
∂f

∂p
= Stf , (2)

where p and v = p/m∗ are the momentum and velocity,
respectively, m∗ is the effective mass, e is the carrier elec-
tric charge, E(x, t) = E(x) exp(−iωt) + c.c. is the total
electric field consisting of the ac field of the irradiating
wave E exp(−iωt) + c.c. and the local ac field with the
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Vertical red arrow shows the generated electric current caused
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distribution of the photocurrents and photo-induced electro-
static potential in a square shaped sample for the azimuthal
angle α = 45◦.

amplitude δEx(x) ∝ E induced by dynamical charge re-
distribution near the edge (see Appendix for details), B
is the magnetic field, and Stf is the collision integral.

We solve Eq. (2) by expanding the distribution func-
tion in a series in the electric field amplitude as follows

f(p, x, t) = f0+[f1(p, x) exp(−iωt)+c.c.]+f2(p, x) , (3)

where f0 is the equilibrium distribution function, f1 ∝ E
is the first-order correction, and f2 ∝ EE∗ is the time-
independent second-order correction which determines
the dc current. Equations for f1 and f2 have the form

−iωf1 + vx
∂f1

∂x
+ eE(x)

∂f0

∂p
+
e

c
(v ×B)

∂f1

∂p
= Stf1 ,

(4)

vx
∂f2

∂x
+

[
eE(x)

∂f∗1
∂p

+ c.c

]
+
e

c
(v ×B)

∂f2

∂p
= Stf2 .

(5)

The local density of the dc electric current j̄y(x) is
given by

j̄y(x) = 4e
∑
p

vyf2(p, x) , (6)

where the factor 4 accounts for the spin and valley de-
generacy. Multiplying Eq. (5) by vy and summing up the
result over p, we obtain

j̄y(x) = −4eτ1
∑
p

vxvy
∂f2

∂x
+ 4

e2τ1
m∗

∑
p

(E∗yf1 + Eyf
∗
1 ) .

(7)

Here, τ1 is the momentum relaxation time defined as
1/τ1 = −

∑
p vα Stf/

∑
p vαf and we took into account

that the dc current perpendicular to the edge is absent,
i.e.,

∑
p vxf2 = 0.

The total electric current flowing along the edge is
given by

Jy =

∞∫
0

j̄y(x)dx . (8)

Using the relations
∑

p f1 = −(i/ω)
∑

p vx∂f1/∂x, fol-
lowing from Eq. (4), and

∑
p vxf1(p, 0) = 0, which rep-

resents the lack of current through the edge, we obtain

Jy =− 4eτ1
∑
p

vxvy[f2(p,∞)− f2(p, 0)] (9)

+ 4i
e2τ1
ωm∗

∑
p

[Eyvxf
∗
1 (p,∞)− E∗yvxf1(p,∞)] .

Equation (9) is quite general. It shows that the edge
photocurrent consists of two contributions. The first one
can be interpreted in terms of the alignment of the carrier
momenta by the high-frequency electric field. The sec-
ond contribution can be related to the dynamical charge
redistribution near the edge (see Appendix).

To proceed further, one needs to specify the bound-
ary condition at x = 0. We assume specular reflection
of carriers at the sample edge implying that the distri-
bution function satisfies f(px, py, 0) = f(−px, py, 0). In
this case, the term

∑
p vxvyf2(p, 0) vanishes and the edge

current Jy is determined by the corrections to the distri-
bution function far from the edge where the ac electric
field is undisturbed, i.e., δEx(∞) = 0.

The terms
∑

p vxvyf2(p,∞) and
∑

p vxf1(p,∞) can
be expressed via the tensor of bulk conductivity. Indeed,
in the sample bulk, the amplitude of the ac electric cur-
rent induced by the ac electric field is given by

j(b)
α = 4e

∑
p

vαf1(p,∞) =
∑
β

σαβEβ , (10)

where σαβ is the tensor of linear conductivity,

σxx = σyy =
(1− iωτ1)σ0

(1− iωτ1)2 + (ωcτ1)2
, (11)

σxy = −σyx =
ωcτ1 σ0

(1− iωτ1)2 + (ωcτ1)2
,

ωc = eBz/(m
∗c) is the cyclotron frequency, σ0 =

ne2τ1/m
∗, and n is the carrier density. The expressions

above can be readily obtained from Eq. (4). In turn,
Eq. (5) yields ∑

p
vxvyf2(p,∞) =

τ2
4m∗

(12)

×
j

(b)
y E∗x + j

(b)
x E∗y − 2ωcτ2(j

(b)
x E∗x − j

(b)
y E∗y)

1 + (2ωcτ2)2
+ c.c. ,



7

where τ2 is the relaxation time of second angular har-
monic, 1/τ2 = −

∑
p vxvy Stf/

∑
p vxvyf .

Finally, taking into account Eqs. (9), (10), and (12),
we obtain the edge photocurrent

Jy =
eτ1
m∗ω

[
Imσxy |E|2 − Reσxx i(ExE

∗
y − EyE∗x)

]
(13)

− eτ1τ2
m∗

[
2Re(σxx − 2ωcτ2σxy)

1 + (2ωcτ2)2
− Imσxx

ωτ2

]
(ExE

∗
y + EyE

∗
x)

+
eτ1τ2
m∗

[
2Re(σxy + 2ωcτ2σxx)

1 + (2ωcτ2)2
− Imσxy

ωτ2

]
(|Ex|2 − |Ey|2) .

The edge photocurrent (13) contains (i) the
polarization-independent term Jy ∝ |E|2, (ii) the
contribution sensitive to the circular polarization of inci-
dent radiation Jy ∝ i(ExE

∗
y −EyE∗x), and (iii) the terms

proportional to the Stokes components of the incident
radiation ExE

∗
y + EyE

∗
x and |Ex|2 − |Ey|2 which define

the linear polarization. Note that, at zero magnetic
field, the terms ∝ |E|2 and ∝ (|Ex|2 − |Ey|2) vanish and
the polarization dependence of the photocurrent excited
by linearly polarized radiation is given by ExE∗y +EyE

∗
x.

At ω � ωc, relevant to our experimental conditions,
and τ ≡ τ1 = τ2, the photocurrent (13) takes the form

Jy =
ne3τ3

m∗2(1 + ω2τ2)

[
2ωcτ |E|2

1 + ω2τ2
−

i(ExE
∗
y − EyE∗x)

ωτ

−
ExE

∗
y + EyE

∗
x

1 + 4ω2
cτ

2
+

2ωcτ(2 + ω2τ2)(|Ex|2 − |Ey|2)

(1 + 4ω2
cτ

2)(1 + ω2τ2)

]
.

(14)

In particular, at ωτ � 1, the dominant contribution to
the photocurrent is given by the last two terms. The
effect of magnetic field reduces to a decrease in the pho-
tocurrent magnitude and a shift in the polarization de-
pendence determined by the angle θB = arctan(2ωcτ).

VI. DISCUSSION

The above kinetic theory of the edge photogalvanic
effect is developed for classical magnetic fields. The
conditions relevant to our experiment are ωτ � 1 and
ω � ωc. The last two terms Jy ∝ ExE

∗
y + EyE

∗
x and

Jy ∝ |Ex|2 − |Ey|2 in Eq. (14) describe the observed
polarization dependence of the photocurrents picked up
along the adjacent edges. At zero magnetic field the
edge photocurrent Jy ∝ ExE∗y +EyE

∗
x ∝ sin 2α (Fig. 3),

whereas in classical magnetic fields its polarization de-
pendence gains a phase shift (Fig. 5). As follows from
Eq. (14) at ωτ � 1, the photocurrent, and correspond-
ingly the photovoltage, U ∝ Jy ∝ sin 2[α+ ϕ(B)], where
the magnetic field dependence of the phase shift is given
by ϕ(B) = arctan(2ωcτ)/2. This behaviour agrees well
with that observed in the experiment (inset of Fig. 5) for
m∗ = 0.03 m0 and τ = 0.6 ps. Note, that this value of τ

is in agreement with an estimation τ ∼ 0.2 ps based on
typical values of mobility µ ∼ 104 cm2/Vs in our sam-
ples. Equation (14) also explains the opposite sign of
the photocurrents for p- and n-type conductivity (Figs. 3
and 4): Since Jy ∝ e3, its direction is opposite for elec-
trons (e < 0) and holes (e > 0).

Furthermore, Eq. (14) yields the correct magnitude
of the photoresponse. In the experiments, we measure
photovoltage between contacts in the open circuit con-
figuration. To calculate the spacial distribution of the
photo-induced electrostatic potential Φ(x, y) and current
spreading in the sample we solve the continuity equation
for the total dc current ∇ · (j̄ + jdr) = 0, where j̄ is
the edge photocurrent and jdr is the compensating drift
current flowing in the bulk of the sample. Taking into
account that jdr

α =
∑
β σαβ∇βΦ, where σαβ is the dc

conductivity given by Eq . (11) at ω = 0, we obtain the
Poisson equation

σ0

1 + ω2
cτ

2
1

∆Φ = ∇ · j̄ . (15)

This equation complemented with the boundary condi-
tion of zero electric current j̄n + jdr

n across the sam-
ple edges is solved numerically using Green’s function
method as in Ref. [15]. The spatial distribution Φ(x, y)
calculated from Eqs. (14) and (15) and the correspond-
ing total dc current are shown in Fig. 9 (c) for ωτ � 1,
α = 45◦, zero magnetic field, the effective mass m∗ =
0.03 m0, the radiation frequency ω/(2π) = 2.54 THz,
and the laser spot diameter 1.5 mm much larger than
the sample size. The calculated photovoltage between the
neighbouring corners of the sample is V/P ≈ 4 µV/W,
which agrees well with the measured photovoltage am-
plitude and sign (Fig. 3) as well as the simple analytical
estimation V ∼ Jy/σ0 ∼ eE2/(m∗ω2).

In strong magnetic fields, the density of states D(ε),
and accordingly the relaxation time τ , acquires oscillat-
ing dependence on the electron energy originating from
the formation of Landau levels. This will lead to addi-
tional terms in the edge photocurrent Jy ∝ dD(ε)/dε, not
considered in the above theory, which may dominate and
determine the oscillating dependence of the photocurrent
on magnetic field. Development of a microscopic the-
ory of the edge photogalvanic effect in the regime of the
Shubnikov-de Haas oscillations is a task for future.

VII. SUMMARY

Combining the experimental data and theory we have
shown that the optical alignment of the free carrier mo-
menta and dynamic charge accumulation at the edges of
the bi-layer graphene samples, caused by linearly polar-
ized terahertz field, drive a direct electric current. The
photocurrent is formed within the channels at the sam-
ple edges, whose width is defined by the mean free path
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and the screening length of the terahertz field. The
observed features of the edge photocurrent excited at
zero and classical magnetic fields as well as the current
magnitude are well described by the developed theory.
In quantizing magnetic fields, the photocurrent exhibits
sign-alternating magnetooscillations which are periodic
in 1/B, similarly to the Shubnikov-de Haas oscillations in
conductivity. Even stronger magnetic fields (not achieved
here) would realize the quantum Hall effect regime with
the topological chiral edge channels responsible for the
conductivity and photoresponse [51]. Our results sug-
gest that second-order nonlinear processes can be quite
efficient in devices of mean free path size.
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APPENDIX: DYNAMIC CHARGE
ACCUMULATION AT THE EDGE

The contribution to the dc edge current caused by dy-
namical modulation of the carrier density near the edge
is given by

δJy =

∫
∂σ0

∂n

[
δn(E, x)E∗y + δn∗(E, x)Ey

]
dx , (16)

where δn(E, x) = 4
∑

p f1 is the local correction to the
carrier density linear in the ac electric field E and σ0 =
ne2τ/m∗, see the second term in the right-hand side of
Eq. (7) and Ref. [16].

The profiles of the charge accumulation e δn(E, x) and
the total electric field E = E + δE(x) should be calcu-
lated self-consistently. We find the profiles by solving the
continuity equation for the electron density and current

∂xjx = −i e ω δn , (17)

together with the “drift and diffusion equation”

jx = eDxx ∂xδn+ σxyEy + (18)

+σxx

[
Ex +

2πe

εr

∫ ∞
0

K
(
x− x′

r

)
δn(x′)dx′

]
.

Here, Dxx is the diffusion coefficient, the electric field
along x is the sum of the driving external field Ex and
the field δEx due to the dynamically induced charge near
the edge [40], K is the Coulomb interaction kernel

K(ξ) = −2Ci (|ξ|) sin (|ξ|) + (π − 2Si (|ξ|)) cos (|ξ|)
2π

sign(ξ),

which describes the electric field of a charged wire, and
it is assumed that ωτ < 1. The expression for δE is
derived from the 1D Fourier transform of the Keldysh
potential [52]

V (q) =
2πe2

εq(1 + rq)
,

where ε is the effective dielectric constant of the sub-
strate, ε =

(
1 + εSiO2

)
/2, and the thickness

r = dhBN ε
hBN − 1

2ε

takes into account the in-plane polarizability of the en-
capsulating hBN film of the total thickness dhBN and its
dielectric constant εhBN.

Differentiating both sides of Eq. (18) with respect to x
and using the continuity equation, we obtain

i ω δn = −Dxx∂
2
xδn−

2πσxx
εr2

∫ ∞
0

∂K
(
x− x′

r

)
δn(x′)dx′,

∂K(ξ) ≡ [π − 2Si(|ξ|)] sin(|ξ|)− 2Ci(|ξ|) cos(ξ)

2π
− δ(ξ).

The boundary conditions, jx(0) = 0 and jx(∞) =
σxxEx + σxyEy, lead to a normalization condition for
the carrier accumulation δn(x),

∆N ≡
∫ ∞

0

δn(x)dx =
σxxEx + σxyEy

iωe
. (19)

Note, that the total carrier accumulation amplitude ∆N
is independent of the Coulomb interaction strength. Ac-
cording to Eq. (16), the screening of the electric field at
the edge does not affect δJy either since the field am-
plitude Ey is constant and the integral

∫
δn(x)E∗ydx =

∆NE∗y is independent of Coulomb interaction.
However, the Coulomb interaction changes the spatial

profile of the edge current. To proceed, we introduce the
length leff =

√
2Dxx/ω and the dimensionless parameters

r̃ = r/leff , κ =
2πσxx
ε ω r

(20)

and present the “drift and diffusion equation” in the form

i δn = −1

2
∂2
x̃δn+

κ

r̃

∫ ∞
0

∂K
(
x̃− x̃′

r̃

)
δn(x̃′)dx̃′. (21)

Numerical solutions of Eq. (21) are illustrated in
Fig. 10 and show exponentially decaying profiles δn(x)

δn(x) ≈ kσxxEx + σxyEy
iω e leff

e−kx/leff , (22)
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x, leff

0           0.5          1.0          1.5          2.0          2.5          

8

6

4

2

0

π

π/2

0

-π/2

κ = 40 approx. solution

κ = 40, r = 10

κ = 40, r = 1

κ = 10, r = 1

κ = 1, r = 1

κ = 0

FIG. 10. The spatial profiles of the magnitude |δn/∆N |
(solid lines) and the phase Arg(δn/∆N) (dashed lines) of
charge accumulation.

where k is found from the equation

i = −k2/2 + κ

(
2πk2r̃2 − 2kr̃ log(kr̃) + π

)
2π(k2r̃2 + 1)

. (23)

The solution of Eq. (23) for real κ in the limiting cases
of small and large κ has the form

k =

{
1− i, κ� 1,√

2κ, κ� 1
. (24)

The dependence of the width of carrier accumulation
stripe w defined by |δn(w)/δn(0)| = 1/e on κ is plot-
ted in Fig. 11 for several values of r̃. Dashed curve
shows the analytical asymptotic plotted after Eqs. (22)
and (24). Overall, the width of carrier accumulation
near the edge interpolates from leff =

√
2Dxx/ω to

leff/
√

2κ =
√
Dxxεr/(2πσxx) = (~/2)

√
εr/(e2m∗) with

increasing κ, see Fig. 11. Having estimated the feasi-
ble value of κ, we find that |κ| � 1 and the width of
the charge accumulation stripe is much smaller than leff .
The Coulomb contribution to the electric field δEx(x) =
2πe/(εr)

∫∞
0
K[(x − x′)/r]δn(x′) dx′ increases the total

electric field right near the edge and decreases it away
from the edge in such a way that

∫∞
0
δn(x) δEx(x) dx = 0

which follows from the antisymmetry of K.
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