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We report on the observation of edge electric currents excited in bilayer 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. With increasing the
magnetic field strength, the current starts to exhibit 1/B-magneto-oscillations 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 edge’s 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 magneto-

oscillations of the photocurrent are attributed to the formation of Landau levels.

DOLI: 10.1103/PhysRevB.102.045406

I. INTRODUCTION

Bilayer graphene (BLG) with the band gap and conduc-
tivity 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 nonlinear phenomena such
as second harmonic generation, photogalvanic, photon drag,
plasmonic, photothermoelectric, and ratchet effects, where
the ac electric field of the laser radiation drives an ac elec-
tric current at the double frequency or a dc electric current
[11-19]. In bilayer graphene so far only bulk mechanisms
of the current generation were considered [20-33]. Here, we
show that P-symmetry breaking, required for the second-order
effects to occur [11], is brought by the sample edges [34]
and that the effect is observed in high-mobility pm-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 direction are
controlled by the relative orientation of the electric field
polarization vector and the corresponding edge. Variation of
the back gate voltage reveals that the photocurrent directions
are opposite for p and n conductivities and the photocurrent
magnitude is a nonmonotonic 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
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two contributions. The first contribution originates from the
alignment of the free carrier momenta by the high-frequency
electric field. Photocurrents associated with the alignment of
the electron momenta and related phenomena were previously
studied at the surfaces of bulk semiconductor crystals [35-38],
metal films [39-41], and recently in graphene [34,42,43]. The
second contribution can be interpreted as the interplay of the
dynamical charge accumulation near the edge [44—46] and
the oscillating carrier density driven by the ac electric field
resulting in a dc current flowing along the edge.

In the THz regime, where wt > 1, the edge current J,
(ExEY + EyEY) is the largest for the radiation polarized at
+ /4 to the sample edge. Here, w is the angular radiation
frequency, t is the momentum relaxation time, and E, and
E, are the amplitudes of ac electric fields perpendicular to
and along the edge, respectively. Turning on the magnetic
field B normal to the BLG plane results in the rotation of the
electron distribution in the momentum space shifting thereby
the optimal polarizations of the THz radiation to the angles
Umax (B) = £(r /4 + 05/2) with respect to the sample edge,
where 0 = arctan(2w.7), and w, is the cyclotron frequency.
Upon increasing the magnetic field, the angle 8 — 7 /2, with
the maximal edge current generated by the ac field polar-
ized perpendicular to or along the edge. At strong magnetic
fields and low temperatures, the photoresponse develops 1/B
magneto-oscillations correlated with the Shubnikov—de Haas
(SdH) oscillations. The amplitude of the magneto-oscillations
in the photoresponse is an order of magnitude larger than

©2020 American Physical Society
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FIG. 1. (a) Sketch of the structure cross section. (b) Schematic of
the experimental setup shown for sample A. Experimental arrange-
ment is shown for normal incident THz radiation and an external
magnetic field B applied perpendicular to the graphene layer. (c) Op-
tical micrograph of sample A.

the photoresponse at zero magnetic field measured under the
same conditions.

II. SAMPLES AND METHODS

Experiments were carried out on bilayer 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 fabricated 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 observ-
able in the longitudinal resistance; see Fig. 2(a). The CNP
slightly shifts between different cool down cycles; therefore,
we introduce an effective gate voltage U™ = U, — U,
Figure 2(b) shows the gate voltage dependence of the densities
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 CO; laser [47,48]. In
the described experiments we applied radiation at frequencies
f = 2.54 and 1.62 THz, which were obtained with methanol
and difluormethane as active media, respectively. The radi-
ation power on the samples was about 40 mW. In order to
modulate the radiation a chopper at a frequency of about
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FIG. 2. (a) Longitudinal resistance as a function of the effective
back gate voltage Ungf =U, - U;NP. (b) Gate voltage dependence of
electron (positive Us™) and hole (negative U;™) densities.

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 [49-51]. 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
excited atmospheric pressure (TEA) CO, laser. The beam
cross section had the Gaussian shape, which was monitored
by a pyroelectric camera [52]. 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 1/2 plates. By that the orientation of the
radiation electric field vector was defined by the azimuthal
angle «.

Magnetic field up to 4 T and the THz radiation were ap-
plied normal to the bigraphene layer. Generated photocurrents
J were measured as a voltage drop U over a load resistor of

= 10 M2 or R, = 470 2. A lock-in amplifier or a digital
oscilloscope were used for recording the photoresponses for
measurements with cw (J o< U/R;) and pulsed (J < U/R;.)
laser systems, respectively. Here R, is the sample resistance
measured between contact pairs used for measurement. The
corresponding 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 magnitude and the
direction of the observed photocurrent depend on the relative
orientation of the radiation polarization plane and the edge
along it is measured. Figure 3 shows polarization dependen-
cies of the edge photosignals U, , o J,, measured for two
perpendicular edges of the square shaped graphene sample.
The data can be well fitted by

Uy < Iy = JE ysin(2a + ¢o) + J. Xy, (D

with the azimuthal angle «, the photocurrent amplitudes
.IL o UXLy, and a small phase shift ¢y. Note that a small
polarlzatlon independent offset with U, <« UL, was detected
for some conditions. It may be caused by photothermoelectnc
effects, see, e.g., Ref. [19], and its origin is out of the scope
of the present paper. Comparison of the signals obtained
for neighboring edges at fixed orientation of the polarization
plane, e.g., = 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, for ¢ =
45° we obtained J, > 0 and J, > 0, whereas for o = 135° the
currents become J, < 0 and J, < 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 both signals measured along two orthogonal
edges are characterized by Eq. (1). In general, a bulk photogal-
vanic current can also be generated in bilayer graphene with
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FIG. 3. Dependencies of the normalized photovoltage U, /P
Jy,.x/P on the azimuthal angle « obtained for contact pairs along top
edge, panel (a), and right edge, panel (b); see the inset. Note that for
better visualization a small signal at « = 0 is subtracted. The data are
obtained for radiation frequency 2.54 THz and presented for several
values of the effective gate voltage U;ff. Arrows on the top of panel
(a) illustrate the orientations of the radiation electric field vector for
several values of «.

structure inversion asymmetry which has no center of space
inversion and is described by the C3, point group. For systems
belonging to this symmetry, two orthogonal components of
the bulk photocurrent excited by normally incident radiation
are proportional to cos2« and sin 2« [53]. As a result, the
7 /2 phase shift would be present between the photocurrents
J, and J;. In our experiments, however, the photocurrents
flowing in the orthogonal directions are described by identical
polarization dependencies. This fact clearly demonstrates the
edge-related mechanism of the detected photoresponse.

At low magnetic fields the polarization dependence
changes to U, = UE(B) sin(2a + ¢ + 0p), and for magnetic
field of about 0.4 T we detected an almost 90° phase shift; see
Fig. 5. The magnetic field dependence of the phase shift is
shown in the inset of Fig. 5. Applying a gate voltage we found
that for magnetic fields B £ 0.5 T the photovoltage exhibits
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FIG. 4. Dependence of the photovoltage amplitude U}, oc JI, on
the effective gate voltage US".

1/B-periodic oscillations with amplitude substantially
enhanced as compared to the response in the absence of
an external magnetic field; see Figs. 6-—8. The period of the
oscillations 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 signal, 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
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FIG. 5. Dependencies of the normalized photovoltage U/P
J/P on the azimuthal angle o obtained for contact pairs along the
edge of Hall bar sample B. The data are obtained in the vicinity of
the CNP for a radiation frequency of 2.54 THz and presented for
several values of the external magnetic field B. Curves are fits af-
ter U = UL(B) sin(2a + ¢y + 05). Note that for better visualization
curves and data are vertically shifted. Arrows on top illustrate the
orientations of the radiation electric field for several values of «. The
inset shows the measured phase shift 65 (triangles) and its model
prediction 65 = arctan(2w,7) calculated for T = 0.6 ps (line).
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FIG. 6. Magnetic field dependence of the normalized photore-
sponse U, /P measured along the top edge for different effective gate
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SdH magnetoresistance; see Fig. 8. Increasing the radiation
intensity by six orders of magnitude, obtained by using
high power pulsed laser, we observed that, while edge
photocurrents can clearly be detected, the magneto-
oscillations of the photoresponse vanish.

IV. MODEL

In general, appearance of dc voltage in response to tera-
hertz radiation can be caused by several phenomena includ-
ing photogalvanic and photothermoelectric effects, as well
as rectification of the terahertz induced dc electric current
in gated structures and in a conducting channel supporting
plasma waves [33,54]. However, apart from photogalvanics,
all these mechanisms can hardly explain the key features of
the observed edge dc current: (i) the edge current is driven
by the radiation with a spatially uniform intensity and (ii)
it is characterized by the specific polarization dependence
described above, changing its direction when the polarization
is reversed. The observed edge current also differs from the
photocurrents formed in the edge channels of 2D topological
insulators [55], since such channels are not formed in our con-
ducting samples. To describe the experimental data we now
demonstrate the microscopic model developed of the edge
photocurrent 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 contributions.

One of the contributions can be interpreted in terms 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
E, perpendicular to the edge causes back and forth motion
of carriers in the sample giving rise to a charge depletion

30
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FIG. 7. Magnetic field dependencies of the normalized photore-
sponse U,/P measured along the top edge for two radiation fre-
quencies. Note that the data for f = 2.54 THz are multiplied by
factor 5.

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 flowing along the edge within
the channel determined by the screening length of the 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 formation is il-
lustrated in Fig. 9. The Drude absorption of linearly polarized
radiation leads to the alignment of the carrier quasimomenta
p where the carriers move predominantly along the line of the
radiation electric field E. The resulting distribution is sketched
in Fig. 9(a) for the angle o = 45° [56]. The alignment results
in an 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 shown schematically for the holes in the bulk of BLG;
see the right gray area indicated as Axpyx 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, Axgge 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.

"'We neglect possible imbalance of the fluxes due to trigonal asym-
metry of the bilayer structure.
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FIG. 8. (a) Magnetic field dependence of the normalized pho-
toresponse U,/P measured along the right edge (red curve)
and of the first derivative of the longitudinal resistance (green
curve). (b) Position of maxima of the photoresponse (red dots)
and magnetoresistance (green triangles) are plotted against the
oscillation numbers.

The model shown in Fig. 9(b) corresponds to hole conduc-
tivity. For electrons, the directions of the edge carrier fluxes
remain the same, which means that the electric 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 van-
ishes for the radiation polarized along or normal to the edge
and reaches a maximum at angles o = 45° and 135°, having
opposite signs for these angles. The overall polarization de-
pendence is given by jegge O sin 2cr, which corresponds to the
experimental behavior of the photoresponse [57].

For our experiments on a square-shaped sample with the
laser spot larger than the sample, see Fig. 1(b), photocur-
rents 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 distribution of the photocur-
rent and photoinduced electrostatic potential in the sample
is illustrated in Fig. 9(c) for o = 45°. The details of the
calculations are given in Sec. VI. All the features of the edge
photocurrents discussed above, including the correlations in
the current directions along the neighboring 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 photoresponse.

Classical magnetic field applied normally to the BLG plane
results in the emergence of the Lorentz force acting upon

(a) (b)
k —

Px

Axedge™d Axpulk

FIG. 9. Microscopic model of the edge photocurrent formation
sketched for p-type samples. (a) Optical alignment of carrier mo-
menta induced by the Drude absorption of linearly polarized tera-
hertz radiation. Blue and red arrows illustrate the anisotropy in the
distribution of carrier momenta p and, consequently, the velocities
v. (b) The carrier fluxes induced by the optical alignment in stripes
of the mean free path width at the sample edge (Axcqee) and in the
sample bulk (Axy,). Vertical red arrow shows the generated electric
current caused by the imbalance of the fluxes at the edge. (c) Cal-
culated distribution of the photocurrents (arrows) and photoinduced
electrostatic potential normalized to the power of incident radiation
in a square shaped sample for the azimuthal angle o« = 45°.

moving carriers. This leads to a rotation of the electron
distribution in the momentum space and, consequently, to
a phase shift 65 in the polarization dependence, which was
observed in the experiments; see Fig. 5. In quantizing mag-
netic fields, this results in a formation of the Landau levels
and the Shubnikov—de Haas oscillations in the conductivity.
The experiment shows that the photocurrent also exhibits
magneto-oscillations with the same periodicity in 1/B.

V. KINETIC THEORY

Now we develop a microscopic theory of the edge photo-
galvanic effect based on the Boltzmann kinetic theory [34]. In
this approach, the distribution function of carriers f(p, x, 1) is
found from the equation

g + ny +e<€(x,t) + lv X B)ﬁ =Stf, ()
ot ax c ap

where p and v = p/m* are the momentum and velocity,
respectively, m* is the effective mass, e is the carrier elec-
tric charge, £(x, t) = £(x) exp(—iwt) + c.c. is the total elec-
tric field consisting of the ac field of the irradiating wave
E exp(—iwt) + c.c. and the local ac field with the amplitude
SE,(x) « E induced by dynamical charge redistribution near
the edge (see the Appendix for details), B is the magnetic field,
and Stf is the collision integral.

We solve Eq. (2) by expanding the distribution function in
a series in the electric field amplitude as follows:

f,x,t) = fo+ [fi(p, x) exp(—iwt) + c.c.] + fo(p, x),
3
where fj is the equilibrium distribution function, f; o E is the
first-order correction, and f, o« EE™* is the time-independent
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second-order correction which determines the dc current.
Equations for f; and f, have the form

afi
—iofi + vy af +e€(x )ﬁ+ ( B)i =Stfi, )
0
022 [ fl c.]+f(va)£=Stf2. (5)
ox c ap
The local density of the dc electric current j,(x) is given by
() =4e) v f(p. x), 6)
P

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

8f2 62‘[1 %
—4et vavyg +4 - + Ey f1).
p
@)

Here, t; is the momentum relaxation time defined as 1/t =
- Zp vy Stf/ Zp vyf and we took into account that the dc
current perpendicular to the edge is absent, i.e., Zp vy fo =0.

The total electric current flowing along the edge is
given by

) =

Jy=/0 Jy(x)dx. (8)

Using the relations }_, fi = —(i/w) }_, v:df1/0x, following
from Eq. (4), and Zp v f1(p, 0) = 0, which represents the
lack of current through the edge, we obtain

Jy = —dery Z vy f2(p, 00) — fo(p, 0)]
I3

2
+4iz)_n:jk Z[Eyvxfl*(pv Oo)_E;Uxfl(p,oo)], 9)
14

Equation (9) is quite general. It shows that the edge pho-
tocurrent 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 second contribution
can be related to the dynamical charge redistribution near the
edge (see the Appendix).

To proceed further, one needs to specify the boundary
condition at x = 0. We assume specular reflection of carriers
at the sample edge implying that the distribution function
satisfies f(px, py, 0) = f(—px, py, 0). In this case, the term
Zp v Vy f2(p, 0) vanishes and the edge current J, is deter-
mined by the corrections to the distribution function far
from the edge where the ac electric field is undisturbed, i.e.,
8Ey(00) =0

The terms Zp vy o(p, 00) and Zp v, f1(p, 00) can be
expressed via the tensor of bulk conductivity. Indeed, in the
sample bulk, the amplitude of the ac electric current induced
by the ac electric field is given by

<b>—4e2vaf1(p,oo) > oupEg,  (10)
B

where 0,4 is the tensor of linear conductivity,

(1 — ia)‘L’l )00
(I —iwt))? 4+ (@11 )’
. wW:T1 00
(I —ion)’ + (01)?
w. = eB./(m*c) is the cyclotron frequency, oy = ne’t;/m*,
and n is the carrier density. The expressions above can be
readily obtained from Eq. (4). In turn, Eq. (5) yields

Y v fiap, o0)
p

Oxx = Oyy =

(11)

Oxy = —Oyx

o JVE; + jOF; - 200 VE; - jOF;)
4m* 1+ Qw.1)?

+c.c.,

(12)

where 1, is the relaxation time of the second angular har-
monic, 1/7p = — Zp vy Stf/ Zp Viby f .

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

Jy= L {imo, |EP — Re oy i(EE; — E,ED)]
m*w .
etiT [ 2Re(0y — 20,T20,y)  Imoy,
m* 1+ (chrz)z wT
x (E E} + E,E})
et T2 | 2Re(0yy + 2w 120,)  Imoy,
+ —
m* 1 4+ Qw.12)? wT)
x (IE.* — |Ey[?). (13)

The edge photocurrent (13) contains (i) the polarization-
independent term J), < |E |2, (ii) the contribution sensitive to
the circular polarization of incident radiation J, o i(ExE} —
E,EY), and (iii) the terms proportional to the Stokes com-
ponents of the incident radiation E E; + E,E} and |E,|* —
|Ey|2, which define the linear polarization. Note that, at zero
magnetic field, the terms o|E|? and oc(|E,|*> — |Ey|2) vanish
and the polarization dependence of the photocurrent excited
by linearly polarized radiation is given by E E} + E\E}.

At w > w,, relevant to our experimental conditions, and
T = 1] = Ty, the photocurrent (13) takes the form

b ne’t? 2w.t|E)? I(EE) — EEY)

T m2(1 + 0?21t2) | 1 4+ w212 ot
E.E} +EE}
T 144022

20.7(2 + 0T (|E|* — |Ey*)
(1 +4a)§r2)(1 + w?1?) '
(14)

In particular, at wt > 1, the dominant contribution to the
photocurrent is given by the last two terms. In this case, the
effect of magnetic field is reduced to a decrease in the pho-
tocurrent magnitude and a shift in the polarization dependence
determined by the angle 6 = arctan(2w, 7).

VI. DISCUSSION

The above kinetic theory of the edge photogalvanic effect
is developed for classical magnetic fields. The conditions
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relevant to our experiment are wt > 1 and @ > w.. The
last two terms Jy o¢ (E E) + EyEY) and Jy o (|E, |z — |Ey %)
in Eq. (14) describe the observed polarlzatlon dependence
of the photocurrents picked up along the adjacent edges.
At zero magnetic field the edge photocurrent J, o (ExE] +
E,E}) oc sin2a (Fig. 3), whereas in classical magnetic fields
its polarization dependence gains a phase shift (Fig. 5). As
follows from Eq. (14) at wt > 1, the photocurrent, and corre-
spondingly the photovoltage, U, o J, o sin(2a + 6p), where
the magnetic field dependence of the phase shift is given
by 6 = arctan(2w,7). This behavior agrees well with that
observed in the experiment (inset of Fig. 5) for m* = 0.03my
and T = 0.6 ps. Note that this value of 7 is in agreement with
an estimation t ~ 0.2 ps based on typical values of mobility
w ~ 10* cm?/V s in our samples. Equation (14) also explains
the opposite signs of the photocurrents for p- and n-type
conductivities (Figs. 3 and 4): since J, e3, the currents’
directions are opposite for electrons (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 configuration. To calcu-
late the spatial distribution of the photoinduced electrostatic
potential ®(x,y) and current spreading in the sample we
solve the continuity equation for the total dc current V - (j +
j%) =0, where j is the edge photocurrent and jU is the
compensating drift current flowing in the bulk of the sample.
Taking into account that j& = Y~ p 0apV p®@, where oy is the
dc conductivity given by Eq. (11) at w = 0, we obtain the
Poisson equation

00

This equation complemented with the boundary condition
of zero electric current j, + _]Sr across the sample edges is
solved numerically using the Green’s function method as in
Ref. [15]. The spatial distribution ®(x,y) calculated from
Egs. (14) and (15) and the corresponding total dc current
are shown in Fig. 9(c) for wt > 1, o = 45°, zero magnetic
field, the effective mass m* = 0.03my, the radiation frequency
w/(2mw) = 2.54 THz, and the laser spot diameter 1.5 mm
much larger than the sample size. The calculated photovoltage
between the neighboring corners of the sample is V/P =
4 'V /W, which agrees well with the measured photovoltage
amplitude and sign (Fig. 3) as well as the simple analytical
estimation V ~ J, /oy ~ eE?/(m*®?). Note that the measured
photocurrent amplitude is by about an order of magnitude
larger than that of the edge photocurrent previously reported
for the single layer graphene [34].

In strong magnetic fields, the density of states D(e), and
accordingly the relaxation time 7, acquires oscillating depen-
dence on the electron energy originating from the formation of
Landau levels. This will lead to additional terms in the edge
photocurrent Jy, o< dD(¢)/de, not considered in the above
theory, which may dominate and determine the oscillating de-
pendence of the photocurrent on magnetic field. At high elec-
tron temperatures, the SAH oscillations, and related magneto-
oscillations of the photocurrent, vanish, as detected in the
experiments applying high power radiation of the pulsed THz
laser. Note that, under these conditions, photothermoelectric
effects may contribute to the signal. Development of a micro-

scopic theory of the edge photogalvanic effect in the regime
of the Shubnikov—de Haas oscillations is a task for the future.

VII. SUMMARY

Combining the experimental data and theory we have
shown that the optical alignment of the free carrier momenta
and dynamic charge accumulation at the edges of the bilayer
graphene samples, caused by linearly polarized terahertz field,
drive a direct electric current. The photocurrent is formed
within the channels at the sample edges, whose width is
defined by the mean free path 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 magneto-oscillations which are periodic in 1/B,
similar 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 [58]. Our results suggest 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 dynami-
cal modulation of the carrier density near the edge is given by

3
8Jy = / %[M(&@E; + 8n* (€, X)Eydx, (A1)

where 8n(€,x) =4 p J11s the local correction to the carrier
density linear in the ac electric field E and o) = n et /m*; see
the second term in the right-hand side of Eq. (7) and Ref. [16].

The profiles of the charge accumulation edn(€, x) and
the total electric field € = E + SE (x) should be calculated
self-consistently. We find the profiles by solving the continuity
equation for the electron density and current

Oy jx = —lewdn, (A2)
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FIG. 10. Spatial profiles of the magnitude |§n/AN]| (solid lines)
and the phase arg(én/AN) (dashed lines) of charge accumulation.

together with the “drift and diffusion equation”

Jx = eDy, 0:dn + o E)

2 o0 _/
+oxx[Ex+£ IC(X x)(?n(x’)dx/]. (A3)

Er 0 r

Here, D,, is the diffusion coefficient, the electric field along
x is the sum of the driving external field E, and the field §E,
due to the dynamically induced charge near the edge [44], K
is the Coulomb interaction kernel

2Ci(|g]) sin(|§]) + [r — 2 Si(|§])] cos(|§1)
K@) =—- >
T
which describes the electric field of a charged wire, and it is

assumed that wt < 1. The expression for 6E is derived from
the 1D Fourier transform of the Keldysh potential [59]

sgn(§),

27 e?

eq(1 +rq)’

where ¢ is the effective dielectric constant of the substrate,
e = (1 + &%92)/2, and the thickness

Vig) =

hBN_l

2e

takes into account the in-plane polarizability of the encapsu-
lating hBN film of the total thickness d"®N and its dielectric
constant g"BN,

Differentiating both sides of Eq. (A3) with respect to x and
using the continuity equation, we obtain

20 [ —x
iwdn = —D878n — 71(; / 8/C<x al >8n(x/)dx/,
Er 0 r

&
F = thN

[ —2Si(|&])]sin(|&]) — 2 Ci(]§]) cos(§)
2
The boundary conditions, j,(0) = 0 and j,(00) = o E, +
oxyEy, lead to a normalization condition for the carrier accu-
mulation én(x),

K@) =

—8(8).

o oxxEy + 0 Ey

AN = / Sn(x)dx = ———=2 (A4)
0 Lwe

Note that the total carrier accumulation amplitude AN is

independent of the Coulomb interaction strength. According

to Eq. (A1), the screening of the electric field at the edge does

<
=)

Width, lor
N
i

e
)

80 100

— _Tzz
2€pew T

FIG. 11. Width of carrier accumulation stripe w as a function
of « calculated for several values of 7. Dashed curve shows the
analytical asymptotics plotted after Eqgs. (A7) and (A9).

not affect 8J, either since the field amplitude E, is constant
and the integral | dn(x)Efdx = ANEY is independent of
Coulomb interaction.

However, the Coulomb interaction changes the spatial pro-
file of the edge current. To proceed, we introduce the length
letf = +/2Dy/w and the dimensionless parameters

2T Oy

(A5)

7'=r/leff, K =
Ewr

and present the drift and diffusion equation in the form

1 00 ~
ion = —o%on + §/ aic<¥>3n(5c’)dx’. (A6)
0 r

7

Numerical solutions of Eq. (A6) are illustrated in Fig. 10
and show exponentially decaying profiles dn(x)

OxxEx + 0y Ey oK/l

dn(x) ~ k—— (A7)
iw e logr
where k is found from the equation
2 k?i? — 2k¥ In(k7
i:—k2/2+/<[7r 7In(k7) + 7] (AS)

27 (K272 + 1)

The solution of Eq. (A8) for real « in the limiting cases of
small and large k has the form

kL1,

K> 1 (A9)

= 1—1,
B {JZ_ ,
The dependence of the width of carrier accumulation stripe
w defined by [6n(w)/8n(0)] = 1/e on « is plotted in Fig. 11
for several values of 7. Dashed curve shows the analyti-
cal asymptotic plotted after Egs. (A7) and (A9). Overall,
the width of carrier accumulation near the edge interpo-
lates from legr = /2D, /w to leff/«/Z_ = /Dyer/Q2uaoy) =
(h/2)/er/(e?m,) with increasing «; see Fig. 11. Having
estimated the feasible value of «, we find that |«| > 1 and the
width of the charge accumulation stripe is much smaller than
l.¢s. The Coulomb contribution to the electric field §E,(x) =
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2mwe/(er) fooo Kl(x —x")/r1én(x") dx' increases the total elec-
tric field right near the edge and decreases it away from

the edge in such a way that fooo én(x)SE (x)dx = 0, which
follows from the antisymmetry of .
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