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We report the observation of the resonant excitation of edge photocurrents in bilayer graphene
subjected to terahertz radiation and a magnetic field. The resonantly excited edge photocurrent is
observed for both inter-band (at low carrier densities) and intra-band (at high densities) transitions
between Landau levels (LL). While the intra-band LL transitions can be traced to the classical
cyclotron resonance (CR) and produce strong resonant features, the inter-band-LL resonances have
quantum nature and lead to the weaker features in the measured photocurrent spectra. The magni-
tude and polarization properties of the observed features agree with the semiclassical theory of the
intra-band edge photogalvanic effect, including its Shubnikov-de-Haas oscillations at low tempera-

tures.
I. INTRODUCTION

The electronic and transport properties of graphene
and two-dimensional (2D) semiconductors are strongly
dependent on properties of the systems edges. Prominent
examples are the quantum Hall regime [1-5], the spin
Hall effect in 2D topological insulators [6-11], or quan-
tum valley Hall effects in chiral edge states [5, 12-16].
In general, the energy dispersion and masses of the edge
charge carriers can substantially differ from those of the
material bulk. Thus, experimental access to these fun-
damental material properties becomes important. Dif-
ferent experimental techniques have been employed to
explore electronic properties of edges including measure-
ments of the quantum Hall effect [17], scanning tunnel-
ing microscopy (STM) [18-20], spatially resolved Raman
scattering [21-23], spin Hall effect in topological insula-
tor systems [9], imaging of edge currents by supercon-
ducting quantum interference devices (SQUID) [24, 25],
electron spin resonance [26], high-resolution transmission
electron microscopy (TEM) [27], and near-field infrared
nanometre-scale microscopy (nanoscopy) [28-32]. In the
last decade it has been demonstrated that an access to
the spin/valley properties of the edge transport can be
obtained employing edge photogalvanic currents excited
by terahertz or infrared radiation [33-42]. While detec-
tion and analysis of the cyclotron resonance at the edges
vicinity would provide informative and important tool to
study such edge properties as the energy spectrum, cy-
clotron mass, carrier density (type), and relaxation times,
this challenging goal is missing so far.

Here, we report on the observation of resonantly en-
hanced edge photogalvanic currents which probe mag-
netotransport in nanometers-scale vicinity of the edges.
The effect is demonstrated in high-mobility pm-scale

bilayer graphene structures excited by THz radiation.
The peaks in the edge current are caused by absorption
peaks at frequencies that match the energies of either
intra-band or inter-band Landau level (LL) transitions
subject to selection rules and favorable LL occupancy.
The stronger intra-band peaks correspond to classical cy-
clotron resonance (CR), while the weaker inter-band res-
onances have no classical counterpart. Below, we loosely
refer to all the observed peaks as “CR”, making clear iden-
tification of their origin.

The observed photocurrent flows along the samples
edges and its direction is defined by the magnetic field
polarity. Upon variation of the magnetic field the edge
current behaviour follows the semiclassical shape of the
CR in the absorbance. Our analysis of the positions and
shape of the CR resonances shows that properties of the
edges in studied bilayer graphene samples can be well
described by parameters of the material bulk. Depend-
ing on the carrier densities the resonance is caused by
either inter-band or intra-band transitions between low-
est Landau levels at low carrier density or involves tran-
sitions between adjacent LL in the conduction band in
the semiclassical regime at high carrier densities. In the
latter case the resonant edge photogalvanic current addi-
tionally exhibits Shubnikov-de-Haas effect related 1/B-
periodic magnetooscillations yielding information on the
edge carrier density. Rotating the polarization plane of
normally incident THz radiation we observed that orien-
tation of the radiation electric field vector only slightly
affects the photocurrent amplitude. The developed mi-
croscopic theory of the edge photocurrent in semiclassical
regime is based on Boltzmann’s kinetic equation and is
in a good agreement with the experiment. The effect
described here is probed in bilayer graphene; we note,
however, that it is of general nature and should be ob-
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FIG. 1: (a) Sketch of the measurement setup. The photo-
voltage is measured as a voltage drop U over a load resistor
Ry, = 10MQ. (b) Longitudinal resistance versus the effec-
tive gate voltage. Corresponding carrier densities are shown
in the inset. Dashed line is a linear fit after n[cm™?]
0.46 x 10" U™ V).

servable also in other two-dimensional crystalline systems
like monolayer graphene, 2D topological insulators and
transition metal dichalcogenide monolayers.

II. SAMPLES AND METHODS

The experiment reported in this paper was carried out
on Hall bar structures prepared from exfoliated bilayer
graphene, encapsulated in hexagonal boron nitride and
equipped with a back gate. Figure 1(b) presents the
gate voltage dependence of the longitudinal resistance,
demonstrating a clear charge neutrality point (CNP).
The CNP slightly shifts for different cool downs, there-
fore, we introduce an effective gate voltage U;H =U, —
U !?NP. The carrier densities n as a function of the effec-
tive gate voltage obtained from magnetotransport exper-
iments is presented in the inset of Fig. 1.

A continuous wave (cw) optically pumped molecular
laser served as source for the normal incident THz radia-
tion exciting the photocurrents in the edges with frequen-
cies of f = 2.54 THz (wavelength A = 118 pum, photon
energy fuv = 10.5 meV) and f = 0.69 THz (A = 432 pm,
hw = 2.85 meV) [43-45]. These laser lines were obtained
using methanol and difluormethane as active media, re-
spectively. A pyroelectric detector was used to control
the radiation power on the sample P ~ 40 mW. The
beam cross-section monitored by a pyroelectric camera
had the Gaussian shape with spot sizes at the full width
at half maximum (FWHM) of 1.5-2 mm, depending on
the frequency. Consequently, the radiation intensity I
at the sample was about 2 W/cm?. The laser used here
emits linearly polarized radiation. In our setup the laser
radiation electric field vector E was oriented along the
y-axis, i.e. along the long side of the Hall bars. To rotate
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FIG. 2: (a) Magnetic field dependence of the normalized pho-
tovoltage Uap/I o Jap/I measured for different azimuth
angles a. The data are presented for the radiation with
f = 2.54 THz, intensity [ ~ 2 W/ch. Inset shows exper-
imental setup and defines the angle . CR1, CR2 and CR3
label the resonance positions. (b) Photovoltages Uap and
Ucp picked up from two contact pairs at the top (red line)
and bottom (black line) sample edges aligned along y-axis,
see inset.

the electric field in respect to the edges we used crystal
quartz A/2-plates. The azimuth angle « is the angle be-
tween the y-axis and the radiation electric field vector E,
see inset in Fig. 2(a).

The samples were placed in an optical cryostat and
illuminated through z-cut crystal quartz windows. All
windows were covered by a thick black polyethylene film,
which is transparent in the terahertz range, but prevents
uncontrolled illumination of the sample with visible and
infrared radiation. The magnetic field B up to 5 T was
applied normal to the graphene layer. Experiments were
performed at temperature T' = 4.2 K. A chopper placed
in front of the laser modulated the radiation with a fre-
quency of 40 Hz. The generated photocurrents J o« U
were measured as a voltage drop U over a load resistor of
Ry, = 10MQ, see Fig. 1(a), applying a standard lock-in
amplifier technique.



IIT. RESONANT EDGE PHOTOCURRENT

Upon exciting the sample with linearly polarized ra-
diation with f = 2.54 THz and sweeping the magnetic
field we observed three pronounced resonances at fields
labeled in Fig. 2 as CR1, CR2, and CR3. The data were
detected between contacts located on the long Hall bar
edges. Figures 2(a) and (b) show two central observa-
tions: (i) the amplitude of the resonance depends on the
orientation of the radiation electric field vector with re-
spect to the edges and (ii) signal polarity is consistently
opposite for opposite edges. The latter, together with the
fact that the signals for opposite edges have almost the
same magnitudes, indicates that the signal stems from
a photocurrent flowing along the sample edges. The
edge contribution Ucgge < Jodge can be obtained by
subtracting the signals measured at the opposite sides,
Uecage = (Ucp — UaB)/2 x (Jep — JaB)/2-

Figure 3(a) demonstrates that the resonance edge pho-
tosignals have opposite signs for opposite polarities of B,
i.e. is odd in magnetic field. Varying the Fermi level
position by changing the back gate voltage we observed
that at moderate gate voltages the CR1 and CR3 become
less pronounced in comparison to the CR2, see Fig. 3(b),
and at high gate voltages vanish. Positions of CR1, CR2,
and CR3 as a function of the carrier density are plotted
in Fig. 4(a). When the carrier density changes from 1019
to 10! em™2, only a weak shift of all three resonances is
observed.

Changing the radiation frequency from 2.54 to 0.69
THz results in the shift of the CR2 and CR1 by about
3.7 times, which proves that the resonance position scales
linearly with f, see Fig. 3(c). Note that for f = 0.69 THz
the resonance CR3 vanish. As we will show below the
resonance positions together with their behaviour upon
variation of the carrier density and radiation frequency
demonstrate that the resonances are caused by the cy-
clotron resonances involving transitions between valence
and conduction bands (CR1 and CR3) and within the
conduction band (CR2).

The data discussed so far were obtained at low gate
voltages (below 1.5 V) and, consequently, low carrier den-
sities (< 0.7 x 10'em™—2). At higher carrier densities the
analysis of the CR-induced photocurrent becomes more
complicated, because the resonances are superimposed
by the SdH-related oscillations in the photocurrent, see
Fig. 5. The carrier densities calculated from the period
of the 1/B oscillations of the photocurrent are the same
as those calculated from the corresponding gate voltages.
The figure shows, however that the oscillating signal is
strongly enhanced at magnetic field of about 1.8 to 2.6 T.
The observed enhancement can be satisfactory described
assuming a single resonance with a position depending
on the carrier density. Our analysis below demonstrates
that this behaviour is well described by the density de-
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FIG. 3: (a) Magnetic field dependence of the edge contri-
bution of the photovoltage Uecdge = (Ucp — Uag)/2 normal-

ized to its maximal value Ugqgs corresponding to the reso-

nance CR2. The data are obtained for f = 2.54 THz and
a = 45°. CR1, CR2, and CR3 label the resonance posi-
tions. (b) Magnetic field dependence of the normalized edge
photovoltage Uedge/Usqge measured for different effective gate

voltages U, geﬁ. The curves are vertically shifted by 0.2 for visi-
bility. (c) Magnetic field dependence of the photovoltage Uap

normalized to its maximum value U™ corresponding to the

resonance CR2. The data are presented for two radiation
frequencies f = 2.54 and 0.69 THz. CR2 labels positions
of the photovoltage maxima, whose position linearly shifts
to lower magnetic field by the frequency reduction according
Bcr2(2.54 THz) /Ber2(0.69 THz) = 2.54/0.69.

pendence of the cyclotron resonance caused by optical
transitions within the conduction band. Note that these
results provide an additional evidence for the absence of
resonances CR1 and CR3 at high carrier density.

As addressed above, the magnitude of the CR-induced
photocurrents changes upon rotation of the radiation
electric field vector with respect to the edges, see
Fig. 2(a). The dependence of the signal on the azimuth
angle o can be well fitted by

U o J=Jysin(2a + ) + Jo, (1)

see Fig. 6 for contacts AB (upper edge). Here Ji, and
Jo are the amplitudes of the polarization dependent and
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FIG. 4: Dependences of the cyclotron resonance positions

Bcri, Bora, and Bers on the carrier density n[cm™2] =

0.46 x 10" U™ [V]. (a) data obtained from the photovoltage
resonances. (b) Values calculated from the allowed optical
transitions between Landau levels listed in the plot legend.
Solid/dashed lines correspond to valleys K /K ~. From the
position of the CR2 corresponding to transitions within the
conduction band we estimate the cyclotron mass mcgr, which
for zero density is 0.019mg. It increases with the increase of
carrier density due to growth of the asymmetry parameter A
with the gate voltage, see Eq. (3).

independent contributions, respectively. Note that that
for the CR-induced signals the phase shift ¢ is almost
zero. Furthermore, while, the signal strength varies with
the azimuth angle, the sign of the resonance response
remains the same and is defined by the magnetic field
polarity only.

IV. IDENTIFICATION OF CYCLOTRON
RESONANCES

To identify optical transitions responsible for the ob-
served cyclotron resonances we obtain the energy dis-
persion as a function of the magnetic field of bilayer
graphene and consider the corresponding selection rules.
Bilayer graphene has a unit cell with 4 carbon atoms,
Ay, By, As, Bs, where Ay of the top layer lies above Bg
of the bottom layer. The dispersion is described with
a Slonczewski-Weiss-McClure tight-binding model pa-
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FIG. 5: Magnetic field dependence of the photovoltage

[Uas(B) —Uas(0)]. The data obtained for a = 45° are given
for different gate voltages increased from (a) U™ = 0.5V to
(d) Us™ = 20V. Dashed lines show fits after Eq. (4). The
values of Bori (for transitions 2— — 3+ and 3— — 2+ ) and
Bers (for transitions 2— — 1) used for fits are calculated af-
ter Egs. (2). The values of Bcr2 and Bgﬁ are calculated after
Eq. (3) for transitions between neighboring Landau levels in
the conduction band: 1 — 24, 24+ — 34, 44+ — 54, and
54+ — 6+ in panels (a), (b), (c), and (d), respectively. Ver-
tical arrows indicate the cyclotron resonance positions. The
transport broadening parameter v = 1/7 = 1.43 ps~ ! is ob-
tained from the transport measurements. The used radiative
decay parameters I' are given in Tab. I.

rameterized by [46-48] parameters vo = 3.16eV (minus
A; — B; hoppings), 71 = 0.35eV (A; — By hopping), 3 =
0.3eV (minus By — As hopping), v4 = 0.14eV (B; — Bs
and A; — A hoppings), Aa,p, = 0.05¢V (sublattice en-
ergy difference E4, —FEp, and Ep,—F,4,) and top-bottom
asymmetry parameter A = 3 (E4, + Ep, — Ea, — Ep,)
that is induced by a vertical electric displacement field
since the field of the bottom gate is not fully screened by
the bottom graphene layer. Note that this parameter de-
fines the gap. The resulting 4-band tight-binding model
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has been used to compute numerically the spectrum of
Landau levels and the parameter A has been found from
self-consistent Hartree approximation that is formulated
as [49-51]

_ dme?cg € +1

A

n2 (nl - nz) ,

€
where ¢y = 0.335nm is the interlayer separation, € ~ 2.7
accounts for electric polarizability of carbon orbitals in
graphene and nq o (constrained as n = ni + ng) are the
density of electrons at graphene layers that can be found
from the wave functions of occupied Landau levels with
phenomenological broadening.

To understand the labeling of Landau levels and gain
qualitative understanding of the results we note that
the 4-band model can be reduced to an effective 2-band
model with Hamiltonian [49, 50, 52]

Hy = ho+ hy+ ha + ha + hy,

- 1 1)
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where 7 = Epy+ipy, vi = V3av;/2h, m = 1 /(208), ais a

)

lattice constant of graphene and ¢ = +1 denotes the K+
valleys. We note that hy is responsible for electron-hole
asymmetry of the spectrum (with holes being slightly
more massive), fLw is a trigonal warping term and I:LA
is a top-bottom asymmetry term that inevitably arizes
in single-gated devices and is responsible for the gap be-
tween valence and conduction bands.

In the standard basis of magnetic -eigenstates
oi(z,y) = h(x/lg — ple/?'L)eipyy/h7 where h; are har-
monic oscillator eigenstates and lg = /fic/eB, the oper-
ators 7 act as lowering operators Ty, = —i\/ﬂ(h/lB)cpl,l
at the valley K* and as raising operators in the opposite
valley. This allows us to find the spectrum of Landau
levels analytically once we neglect the trigonal warping
term. In the valley Kt the spectrum is

21 VU= 1)+ m? (Vi + 3,0/ (202))?

Ey = B2V, + - )
3 h=21%m
1 12
N — , 1>2
LG ( o1 ) s
A 2K%V
E1=*+7Z2B47 ¢1K+=<%1)

2
A
By = 50 vor = (%) ©)

This clarifies the labeling of LLs as 3—,2—,0,1,24+,3 +
..., shown in Fig. 7 (4+/— corresponds to Landau levels
in conduction/valence band). To calculate LL spectrum
for the K~ valley A must be substituted by —A.

The allowed optical transitions are obtained from the
selection rules following Ref. [53]. For the circularly po-
larized radiation the allowed transitions are

(2—) = (1), (3=) = (2%), (4-) = (31)...
when B is parallel to the direction of light angular mo-
mentum (B > 0 in Fig. 7) or

(BF) = (4+), 2F) = (B+), (1) = (2+)

when B is anti-parallel to the direction of light angular
momentum (B < 0 in Fig. 7). The energy of (1) — (2+)
and (2—) — (1) transitions are slightly valley-split when
A # 0, while for other transitions the valley splitting is
negligibly small. The transitions (I-) — (({ — 1)—) at
I > 1 correspond to classical CR transitions for holes,
transitions (I4+) — ((I + 1)+) are classical CR for elec-
trons, while the rest are the quantum inter-band transi-
tions. Note that level (0) does not participate in radiation
emission/absorption in case of small asymmetry parame-
ter, see Ref. [53]. The selection rules need to be combined
with the conditions that the initial (final) states are, at
least partially, filled (empty). At low electron doping
and for a frequency of f = 2.54 THz these yield four reso-
nances labeled CR1’, CR1”, CR2, and CR3 in Fig. 7. The



calculated positions correspond well to those detected in
experiment, see, e.g., Fig. 2. Because CRs are excited by
linearly polarized radiation the resonances in Fig. 7 at
positive (negative) magnetic fields appear also for neg-
ative (positive) B. Note that in experiment the transi-
tions CR1’ and CR1” are not resolved because they have
very close positions. We also note that the difference in
the CR2 and CR3 peak positions is due to electron-hole
asymmetry of the spectrum (54 term in Hamiltonian),
this results in a larger mass of holes. With the increase
of the carrier density the final states for the inter-band
transitions in CR3, CR1’ and CR1” become occupied and
these resonances vanish. This is indeed observed in the
experiment, see Fig. 4. The occupation of the final states
is also the reason of disappearance of the CR3 resonance
at substantial frequency reduction, see Fig. 3(c).

At high densities, the classical regime applies and the
distance between the neighboring Landau levels [ and [+1
for [ > 1, determining the position of CR, is given by

2h%V,

%

Ei—E =~ sign({) (3)
h2

+
2m /14 m? (Vi + 3,0/ (212)) /12

where we have to keep the term containing A since the
latter grows almost linearly with increasing doping and
hence is important even at large [. The values of reso-
nance magnetic field Beg are calculated using Eq. (2) at
low carrier density and Eq. (3) at high carrier density cor-
responding to the semiclassical regime. The calculated
values of Bcr were then used to fit the data in Fig. 5.
The growth of A with gate voltage explains the reduction
of LL separation, and, consequently, the growth of Bcgr
with increasing electron density.

Below we show that at cyclotron resonance the edge
current flows within a strip with the width equal to the
cyclotron diameter (2v/w,., where v is the carrier velocity
at the Fermi level). This value is around tens of nanome-
ters and is already smaller than the free path length at
experimental conditions. Therefore, at CR we probe a
few tens of nm wide region near the edge. For low gate
voltages, the doping near the edge is the same as in the
bulk, so the CR position is determined by the bulk dop-
ing level. In general, at higher gate voltages (as used in
Fig. 5), the doping may become notably inhomogeneous
near the edge of the graphene-back gate capacitor at the
scale d/e = 100 nm, where d ~ 400 nm is the distance to
the bottom gate [54, 55| and € &~ 4 is the dielectric con-
stant of SiOs dielectric. This effect may lead to broad-
ening of the edge current region and to deviations of the
CR position from that predicted from the bulk doping.
However, carrier densities obtained from the period of
the photocurrent oscillations, Fig. 5, coincide with that
calculated from the corresponding gate voltages.

Our analysis below demonstrates that the resonant be-
haviour of the observed edge photocurrents upon varia-
tion of the magnetic field follows the semiclassical shape
of the CR in the absorbance, given by

1
”o‘zi:(rﬂ/ﬂu(wiwc)r )

Apart from the conventional transport width of the CR
given by the momentum relaxation rate 1/7, here we
include an additional electrodynamic contribution, I' =
2me?n/cmcr, where mcg is the cyclotron mass, which
accounts for a significant reflection of the radiation in
the vicinity of CR in high density samples [56-58|. The
curves calculated after the right-hand side of Eq. (4) are
shown by dashed lines in Fig. 5 demonstrating a good
agreement with the experimental data. In these plots we
used the values of 7 = 0.7 ps extracted from the mobil-
ity measurements at Ugeff = 0.5 V, the cyclotron electron
mass mcg obtained from the calculated CR positions and
the radiative decay parameter I' calculated for different
Ugﬁ, which are summarized in Tab. I. The values of Bcgr
in the low-density regime were calculated after Eq. (2)
for the transitions between the lowest Landau levels, see
Fig. 5(a) and resonances Bcri, Bora and Begrs. In the
high density regime Ber was obtained from Eq. (3) for
the intra-band transitions between the neighboring Lan-
dau levels in the conduction band, see B&y in Figs. 5(b),
(¢) and (d). The values of the cyclotron electron mass
mgcr and radiative decay parameter I' were further ob-
tained from the calculated CR positions.

At low density, see Fig. 5(a), the transport width dom-
inates, 77! > I', whereas at high densities both contri-
butions become comparable in magnitude. While the
overall agreement obtained without fitting parameters is
encouraging, we should mention that the used semiclassi-
cal description becomes less accurate at low densities cor-
responding to transitions between low-lying Landau lev-
els. Here the electrodynamic effects are negligible, while
the transport width is expected to be larger than 1/7
due to Landau quantization effects [59]. In Fig. 5, one
clearly distinguishes four CR lines corresponding to dif-
ferent inraband (Bcre and B&) and inter-band (Bcgr:
and Bcgrs) transitions between distinct Landau levels.

V. EDGE PHOTOCURRENT AT CYCLOTRON
RESONANCE IN CLASSICAL REGIME

In this section we discuss the model describing cy-
clotron resonance in the dc edge current. Edge photocur-
rent induced by terahertz radiation at zero and low mag-
netic fields far from the cyclotron resonance conditions
was studied in bilayer graphene in our previous work [41].
It was shown that the dc edge current is induced by the
high-frequency electric field of the incident THz radia-
tion due to the breaking of the parity symmetry at the



Ugﬁ [V] n [1011 Cm_2] Bcr [T] mCR/mo I [ps_l]
0.5 0.23 Bcrz = 1.8 0.020  0.06
9.5 4.37 B&, =21 0.023 100
15 6.90 B& =24 0.026 1.40
20 9.20 B&, =27 0.029 1.70
TABLE I: Cyclotron resonance magnetic fields Bcre and

Bétﬁ, calculated cyclotron masses mcr/mo, and radiative de-
cay parameter I obtained for different gate voltages Ugeff‘ The
values together with the transport width of the CR given by
the momentum relaxation rate 1/7 = 1.43 ps~! are used for
calculating curves in Fig. 5.
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FIG. 7: Calculated Landau levels as a function of magnetic
field for gate induced doping n = 0.7-10'*cm™? corresponding
to bilayer asymmetry gap A = 0.4 meV. The levels are labeled
according to Egs. (2). Solid/dashed lines correspond to val-
leys K*/K~. Arrows indicate allowed optical transitions for
right circularly polarized radiation (o) with f = 2.54 THz.
Transitions labeled CR1’, CR1”, CR2, and CR3 correspond
to experimentally observed resonances, see, e.g., Fig. 2. Due
to close positions of CR1’ and CR1” these resonances are
not resolved in experiments, therefore, in the corresponding
experimental plots they are labeled as CR1. Note that for
linear polarized radiation used in experiments the resonances
plotted at positive (negative) magnetic fields appear also at
negative (positive) B.

edge. This phenomenon can be viewed as a dc conversion
of the bulk ac electric current at the edge. Two possible
microscopic mechanisms of such an ac-dc conversion were
discussed. The first one is based on the alignment of the
free carrier momenta by the high-frequency electric field
and subsequent scattering of the carriers at the edge.
The second one is related to the dynamic charge accu-
mulation near the edge and synchronized charge motion
along the edge. In line with Ref. [41] the dc edge voltage
observed in the present work at low magnetic field be-
haves as U  sin(2a + ¢p), where g is the phase shift
induced by magnetic field.

In the current work we present the theory of the edge
photocurrent at high magnetic fields satisfying the cy-

clotron resonance condition, when the driving frequency
w is close to the cyclotron frequency w.. As seen in Figs. 2
and 6, the polarization and magnetic-field dependences
of the edge photovoltage in the CR regime differ signifi-
cantly from those at zero or low magnetic field addressed
above. The sign of the voltage no longer depends on the
orientation of the electric field with respect to the edge,
see Ref. [41], but is defined by the direction of magnetic
field.

Such a behaviour can be explained by the following
model, see Fig. 8. Here, we discuss the model for posi-
tively charged holes, however its generalization for elec-
trons is straightforward. At w.7 > 1 the holes in the 2D
layer move along cyclotron orbits. When the frequency of
the driving electric field coincides with the cyclotron fre-
quency, the motion of holes becomes synchronized. The
integral velocity of holes in the bulk of the 2D plane vpyx
rotates following the rotating electric field E of the inci-
dent wave. The oscillating electric field also leads to pe-
riodic accumulation and depletion of holes at the edge,
however the hole density oscillates with a 7 /2 retarda-
tion as compared to electric field. This fact follows from
the continuity equation dn/0t + 0iy/0x = 0, where n
is the hole density and i, is the hole flux normal to the
edge. One may say, that the oscillations of the hole den-
sity at the edge are driven by the electric field E, which
is shifted by a quarter of period in time with respect to
E. Due to holes accumulation and depletion the inte-
gral hole velocity near the edge veqge differs from vpyk.
In the first half-period of the electric-field oscillations,
when E, > 0, the retarded field E points towards the
edge leading to accumulation of holes at the edge and,
consequently, to |Vedge| > |Ubuik|- At the second half-
period, when £, < 0, E points towards the bulk leading
to depletion of holes at the edge, and during that time
period |Vedge| < |Ubuik|.- Such asymmetric oscillations of
Vedge Tesult in a net dc current flowing along the edge.
This current is formed near the edge within a strip of
the width equal to the diameter of the cyclotron orbit
le = 2v/|we|. As seen in Fig. 8, the direction of this cur-
rent is determined by the direction of the cyclotron mo-
tion, and hence, by the sign of the magnetic field. The
model suggests, that the increase of the edge current at
the cyclotron resonance is related to the increase of vpyx
and veqge due to resonant absorption.

The discussed mechanism describes the formation
of the edge current at classical magnetic fields, when
ep/h > |w.|, where ep is the Fermi energy. It is valid
for intra-band absorption at high carrier densities, see
the observed B& resonance in Fig. 5 (b-d). Resonances
CR1 and CR3 are caused by inter-band transitions be-
tween valence and conduction band Landau levels and
formation of the edge current in that case should be con-
sidered separately [39].

For microscopic description of the edge photocurrent
we apply the Boltzmann approach, which is valid for the
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FIG. 8: Schematic illustration of the edge current formation in
the cyclotron resonance regime considering positively charged
holes and circularly polarized radiation. Charge carriers move
along cyclotron orbits. In the bulk the integral velocity of
carriers vpyuik rotates following rotating electric field E of ra-
diation. The oscillating electric field leads to dynamic carrier
accumulation and depletion at the edge, however the carrier
density oscillates with a m/2 retardation as compared to E
(one can say, that carrier density oscillations are driven by
the electric field in the past E) Due to the density oscilla-
tions the absolute value of the integral carrier velocity near
the edge Veqge is different at first [E, > 0, panel (a)] and
second [E, < 0, panel (b)] half-periods of the electric field
oscillations, resulting in a net dc current flowing along the
edge.

classical range of the driving field frequency w < ep/h,
corresponding to intra-band absorption of the incident
radiation. We consider a semi-infinite 2D gas of charge
carriers occupying z > 0 half-space. The distribu-
tion function of the charge carriers (electrons or holes)
f(p,x,t) is found from the Boltzmann kinetic equation

of  of 1 af _ f—h)

8t+%8 —|—e<8(a:t)—|— va) op F—
()

where €(z,t) = E(x) exp(—iwt) + c.c. is the total elec-

tric field in the sample consisting of the ac field of the
incident wave E exp(—iwt) + c.c. and the local screening
field due to redistribution of charge, B || z is the mag-
netic field, p and v = p/m are the carrier momentum
and velocity, respectively, (f) is the distribution func-
tion averaged over directions of p, 7 is the relaxation
time, e is the carrier electric charge and m is the effective
mass. In what follows we assume that 7 is independent
of carrier energy. The kinetic equation should be sup-
plemented with a boundary condition at = 0. Here
we consider the specular reflection of carriers at the sam-
ple edge implying that the distribution function satisfies
f(pzapyao) = f(_pwapyao)'

Equation (5) is solved by expanding the distribution
function in a series over the electric field E as f(p, z,t) =
fo(p,) + [f1(p, @) exp(—iwt) + c.c.] + fo(p. ), where fo
is the equilibrium distribution function, f; o E and

f2 o< EE* [33]. The density of the dc edge current is
determined by the time-independent correction fo(p,x)
and reads

:L') = 4ezvyf2(p7x) ’ (6)

where the factor 4 accounts for the spin and valley de-
generacy. Using Eq. (5) one can present j,(x) as [41]

= —4672%% o +472p:(E;f1+Eyf1*)~ (7)

To calculate j,(x) using Eq. (7) one needs to find
fi(p,x) and fo(p,z) from Eq. (5), which can be done
numerically. However, as shown in Ref. [41], the to-
tal current flowing along the edge J, = fooo Jylx)dr is
found analytically and can be expressed in terms of the
conductivity tensor. Substituting the expression for the
conductivity tensor in Eq. (13) of Ref. [41] and setting
T1 = T9 = T we obtain

2
J, = L2 [A|E]® +iB(E,E; — E,E%)

+C(E B} + ByE2) + D(E)? — |Ey)D)] . (8)

where
2w,.T
= 9
A 14 2(w? + w2)72 + (w2 — w?)274”’ ©)
B — _ 1+ (w? +w?)r?
wr [1 4 2(w? + w2)72 4 (w? — w?2)274]’

c - 1+ (w? — 5w?)r?

(1 + 4w272)[1 + 2(w? + w2)72 + (w2

D 2weT [2 4+ (w? — w?)7?]
(14 4w2m?)[1 + 2(w? + w2)T? 4 (w? — w?)?74]

—w2Pr

Here o( is the conductivity of 2D electron (or hole)
gas at zero magnetic field, and w. = eB./(mcre) is
the cyclotron frequency. As follows from Eq. (9), the
dc edge current in presence of a magnetic field is in-
duced by linearly polarized radiation with nonzero terms
E.E;+EyE} or |[E,|* —|Ey|?, circularly polarized radia-
tion with nonzero i(E, E;, — E, E;), and also unpolarized
radiation.

Let us now consider the behaviour of the edge pho-
tocurrent (8) in the vicinity of the cyclotron resonance,
i.e. in the frequency range |w — |w.|| < |we| and |we|T >
1. For linearly polarized radiation the edge current is de-
termined by the first, third, and fourth terms in Eq. (8).
The cyclotron resonance occurs for both directions of
magnetic field at B, = £Bcr, where Ber = mcerwc/|el.
Near the resonance the edge current given by Eqs. (8)



and (9) is simplified to

Jlin sign(B,)ernl
v 2Bcr
V14 (W= wel)?7? .
1 2 0 . 10
x |1+ STRE: sin(2a + 6p) (10)

Here « is the electric field angle with respect to the edge,

27y 1
onee 1+ (w— |we|)272

(11)

is the absorbance of the 2D layer in the vicinity of cy-
clotron resonance and far from the edge for non-polarized
radiation, I = cn,|E|?/(2m) is the intensity of the ra-
diation, and n,, is the refractive index of the dielectric
medium surrounding bilayer graphene. The phase shift
0p is determined from

1+ we| (w — Jwe|) 7

WeT

tanfpg =

(12)

The sign, magnitude and polarization dependence of
the edge dc current given by Eqgs. (10) and (11) are
in agreement with experimental observations, shown in
Figs. 2, 3, and 6. Equations (10) and (11) show that the
edge dc current at cyclotron resonance is proportional to
the absorbed energy. Therefore, an increase of the edge
current magnitude at cyclotron resonance is due to the
increase of absorption. The direction of the edge current
is determined by the direction of magnetic field in agree-
ment with experimental data in Figs. 2 and 3, which show
the change of the photovoltage sign for opposite direc-
tions of the magnetic field. Interestingly, the direction of
the dc current is the same for electrons and holes. These
characteristic features are similar to the ones observed
for the edge photocurrent at strong magnetic field under
conditions of the quantum Hall effect [39].

As follows from Eq. (10), the edge current induced
by linearly polarized radiation consists of a polarization-
independent contribution and a contribution « sin(2a +
0p) that is sensitive to the direction of the electric field.
The second contribution ~ |w.|7 is less than the first
one. The phase shift g, given by Eq. (12), vanishes at
the resonance so that the polarization dependent part of
Jéi“ behaves as sin 2a. Weak dependence of the edge cur-
rent on polarization and sin 2a behaviour are in line with
experimental observations shown in Fig. 6. Far from res-
onance, when |w — |w.||T > 1, we have |0p| = 7/2, so
that the polarization dependent part of lelin behaves as
cos 2av.

For circularly polarized radiation the edge photocur-
rent is determined by the first two terms in Eq. (8).
The cyclotron resonance occurs for a particular direction
of the magnetic field at B, = —(e/|e|)PeircBcr, where
P = 1(EQEE£}k — EyE;)/|E|2, Peye = %1 for right (left)-
hand circularly polarized radiation. Near the resonance
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FIG. 9: (a) Edge photocurrent calculated after Egs. (8)
and (9) for linearly polarized radiation with (E.E; +
E,E;)/|E|*> = £1. Cyclotron resonances occur at B, =
+2.4 T. (b) Dependence of the edge current on the azimuthal
angle at different magnetic fields — in resonance, w. = w (red
line), and out of resonance, w. = 0.85 w, w. = 1.15 w. The
curve at zero magnetic field is shown by dashed line for com-
parison. (c) Distribution of the edge current density over
z-coordinate for circularly polarized incident radiation. The
dashed vertical line shows the diameter of the cyclotron orbit
lc = 2lp/(weT) at resonance, lop is the mean free path length.
The parameters used are: w/(27) = 2.54 THz, 7 = 0.7 ps,
Bcer =2.4 T and wr =11, Jo = el /(2Bcr).

Eq. (8) yields

sign(B,)ernl . (13)

CIrc
M= Bcr

Figure 9(a) shows the edge photocurrent calculated af-
ter Egs. (8) and (9) as a function of the magnetic field.
The calculations were done for two linear polarizations
(E.E; + E,E})/|E]* = £1, corresponding to o = 45°
and 135°. Parameters used in calculations are the same
as in calculations of the dashed curve in Fig. 5(c), see
Ugeff = 15 V in Tab. I. Sharp CR resonances in the edge
current occur at B, = +2.4 T with magnitude, which is
almost independent of the polarization, and sign, which
is determined by the direction of magnetic field. These
results are in good agreement with experimental obser-
vations, see Figs. 2, 3 and 5. By contrast, the directions
of the dc current at B, = 0 is opposite for o = 45° and
135°, see Ref. [41]. The dependence of J, on « is shown
in Fig. 9(b) for different values of B, corresponding to
the resonances CR2 and CR3. Note that the dependen-
cies are presented for low densities corresponding to CRs



in the quantum mechanical limit, because at higher den-
sities the SAH make it difficult extraction of the CR’s
amplitude and, consequently, do not allow to analyze its
polarization dependence. Nevertheless, it is clear that
the polarization dependence of the edge photocurrent at
CR is indeed very weak and follows sin 2a dependence,
whereas out of the resonance the polarization dependence
of J, changes to cos2a (see Ref. [41]), being in line with
Eq. (10). The distribution of the edge photocurrent den-
sity j,(x), calculated after Eq. (7) with f1(p, z) found nu-
merically from Eq. (5), is shown in Fig. 9(c). The results
are obtained for circularly polarized radiation when the
first term is Eq. (7) vanishes. It is seen that at w.7 > 1
the dc current flows mainly in the strip of the width equal
to the cyclotron diameter I. = 2ly/(w.7), which at this
conditions is much less than the mean free path ly. By
contrast, at zero magnetic field the current is distributed
over a much larger length ~ Ig.

VI. SUMMARY

We reported on the observation and study of cyclotron
resonance induced edge currents in high mobility hBN
encapsulated bilayer graphene. The cyclotron masses,
momentum relaxation time, and carrier densities deter-
mined from the position and shape of CR together with
the analysis of 1/B-periodic magnetooscillations demon-
strate that in studied samples and for the investigated
carrier density range these parameters do not distinguish
from those of the material bulk. Experimental findings
for high carrier densities corresponding to the semiclas-
sical regime are explained within the microscopic model
based on the Boltzmann kinetic equation. Theoretical
model describing the edge photocurrent at low carrier
density, when the cyclotron resonance emerges due to
inter-band or intra-band transitions between the lowest
Landau levels, is a future task.
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