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We show that driving a two-dimensional electron gas by an in-plane electric field oscillating at the frequency
w gives rise to an electric current at 2w flowing near the edge of the system. This current has both parallel and
perpendicular to the edge components, which emit electromagnetic waves at 2w with different polarizations. We
develop a microscopic theory of such an edge second harmonic generation and calculate the edge current at 2w
in different regimes of electron transport and electric-field screening. We also show that at high frequencies the
spatial profile of the edge current contains oscillations caused by excitation of plasma waves.

DOI: 10.1103/PhysRevB.106.125426

I. INTRODUCTION

Nonlinear transport and optical phenomena in two-
dimensional (2D) electron systems are at the core of modern
research in solid-state physics [1-4]. Of particular interest are
the second-order effects comprising second harmonic gen-
eration (SHG) [5-15] and generation of dc current by ac
electric field of radiation [16-23]. Such effects in the leading
electro-dipole electron-photon interaction occur in structures
with broken space inversion symmetry and, therefore, have
been established as a sensitive tool to probe structural inho-
mogeneity, crystalline symmetry, the staking and twist of 2D
crystal flakes, etc. [6,24-28].

In small-size samples, the translational and inversion
symmetry is naturally broken at the edges, which gives
rise to additional (edge-related) sources of second-order
nonlinearity. The corresponding photogalvanic currents flow-
ing along the edges and controlled by the electromagnetic
field polarization have been observed in single and bilayer
graphene [29-32]. A kinetic theory of the edge photogalvanic
effects has been developed for the intraband (Drude-like) opti-
cal transitions [29,30,33], inter-Landau level transitions [31],
interband one-photon [34] and two-photon absorption [32] in
2D Dirac materials. Edge effects in SHG response have been
observed in 2D layers of transition metal dichalcogenides in
the spectral range of interband transitions and attributed to the
local modification of atomic and electronic structures at the
edges [35,36]. The edge SHG induced by nonlinear intraband
transport of 2D electron gas at the edge remains unexplored
so far.

Here, we study SHG induced by high-frequency intraband
transport of 2D electrons at the edge of a semi-infinite sample.
We show that driving the electrons back and forth by an
in-plane ac electric field at the frequency w gives rise to an
electric response at 2w. The current at the double frequency
emerges near the edge in a narrow region determined by the
dynamical screening of the electric field and the mean free
path of electrons. The current at 2w has both parallel and
perpendicular to the edge components which have specific
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dependencies on the incident field polarization and emit the
electromagnetic field at 2w with different polarizations. We
develop a kinetic theory of the edge SHG and calculate the
current at 2w in different regimes of electron transport and
electric-field screening. At wt; > 1, where 1| is the momen-
tum relaxation time of electrons, the spatial profile of the
current contains oscillations caused by excitation of plasma
waves [37-40]. Remarkably, the studied second-harmonic
current is induced already at normal incidence of radiation
and does not require the absence of spatial inversion center
in the crystal lattice. Hence, it can be observed in the flakes of
centrosymmetric 2D materials, such as graphene.

The edge SHG can be viewed as a low-dimensional analog
of the surface SHG in bulk materials [41-49]. The latter
is known since 1960s and used now as an efficient tool to
probe the structure of surface, in particular, surface recon-
struction [46—49]. The most relevant to our research are the
papers on the surface SHG in metals, e.g., Refs. [41,43,44].
The calculations of surface currents were carried out in the ki-
netic, Ref. [41], and hydrodynamic, Refs. [43,44], approaches
in the collisionless regime of electron transport, which works
well for metals excited by high-frequency radiation. The pre-
vious results on 3D metals can not be directly applied to the
edge SHG because of the different nature of electric-field
screening and current spreading in 2D systems [37,38,50],
which ultimately determine the nonlinear response. Moreover,
to describe properly the transport of 2D electrons driven by
terahertz field [51,52] we go beyond the collisionless model
and take into account the processes of electron gas relaxation
since the corresponding relaxation times are comparable to the
period of driving electric field.

II. SECOND HARMONIC EMISSION BY EDGE CURRENTS

Consider a semi-infinite 2DEG occupying the half-plane
x > 0 atz = 0 and irradiated by a plane electromagnetic wave
with the electric field E,, (1) = E,e™™ + E* e, where E,,
is the incident field amplitude; see Fig. 1. As we calculate
below, nonlinearity of the field-induced ac electron transport

©2022 American Physical Society
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FIG. 1. Second harmonic generation at the edge of 2DEG. In-
cident electromagnetic wave with the in-plane electric field E,,
oscillating at the frequency w induces the electric current J,, at
the double frequency in a narrow strip near the edge. In turn, the
edge current J,, emits outgoing electromagnetic wave at 2w with
the electric-field amplitude E,,,. (a) The incident field E, with both x
and y components induces the current along the edge J5,,,  E,, 1E,
emitting the wave with E,,, || y. (b) For the incident field E, || x, the
edge current flows perpendicular to the edge, Ja, Ef)wx, and the
outgoing wave is polarized with E,,, L y.

at the edge results in the emergence of the current oscillating
at the double frequency. This current has inhomogeneous den-
SItY Jo, (X, 1) = ja, (x)e™ 2 + j3(x)e*" and is localized at
the edge. The direction of the edge current depends on the
incident field polarization. For the field polarized perpendic-
ularly to the edge, E, Ly in Fig. 1(b), the current j,, is
perpendicular to the edge. The field E ,, with both parallel and
perpendicular components induces also the current j,, along
the edge, Fig. 1(a).

The edge current, in turn, emits electromagnetic waves
with the frequency 2w and the vector potential A, (r, 1) =
As,(r)e 2 + A (r)e*™. The field A, (r) can be found
from the wave equation [53]

2 4 |
AAsy, + k5,A2, = —Tsz(x)S(z), (1)

where k., = 2w/c is the wave vector of the emitted wave and
8(z) is the Dirac 6 function. Translation invariance in the y
direction implies that A,,, is independent of y.

The Green function of the two-dimensional Helmholtz
equation enables us to present the solution of Eq. (1) in the
form

Anr) =" f o COH o/ G — X7 + Ddx,  (2)

where H(()l) is the Hankel function of the first kind.

Far from the edge, A, (r) represents the outgoing cylin-
drical wave. Its parameters can be found by analyzing the
asymptotic of Ay, (r) at large R = ~/x2 + z2. The asymptotic
expansion of the Hankel function at large arguments has
the form H(()l)(é) ~ /2](&)exp(i€ — i /4). Then, in the far
field zone, i.e., at R > 2m /ky,, and in the dipole approxima-
tion [53], which suggests k;,! < 2, where [ is the width of
the stripe where the edge current flows, the field is given by

i 21

A2w(r)=C o.R
vV Rw

exp [i(ksz - %)]sz, 3)

where
+o0
T = [ s @)
0

is the total electric current at 2w flowing at the edge.
The magnetic and electric fields of the outgoing wave are
related to the vector potential as

k2w

H2a) = lk2w X Azwa P
ka

E3, = H>, X &)

where k;, = (x/R, 0, z/R)ky,. The current J,,, flowing along
the edge emits the electromagnetic waves with the field E,,
parallel to the edge, whereas the edge current flowing perpen-
dicularly to the edge induces the wave with the field E,, lying
in the (x, z) plane, see Fig. 1.

III. KINETIC THEORY

Now we calculate the edge current J,,. We consider
intraband transport of electrons and neglect contributions as-
sociated with real or virtual interband transitions which are
vanishing when the photon energy is much smaller than the
band gap [54]. In the kinetic approach, the response of an
electron system to an external field is described by the Boltz-
mann equation for the electron distribution function f. In
our case f = f(p, x,t), and the Boltzmann equation has the
form [30,33]

af , df af
— 4 v, +eE - — =Stf, 6
o Tl T, f (©6)

where p is the electron momentum, v = p/m is the electron
velocity, m is the effective mass, €(x, ¢) is the total electric
field in the 2D layer acting on electrons, and Stf is the
collision integral. The collision integral describes the relax-
ation of electrons in the bulk of 2D layer. Additionally, we
assume that electrons are reflected specularly at the edge,
which implies the boundary condition f(py, py,x =0)=
f(_va Dy, X = O)

The field E€(x,t) is the sum of the incident field E(¢)
and the field induced by oscillating electric charge near the
edge [37]

T 20, t)dx

£, 1) = Eyult) + / D et = By 1),
0 X —X

(N
where p(x,t) is the charge density given by p(x,?) =
ev Zp( f — fo), v is the factor of spin and valley degeneracy,
Jo is the equilibrium distribution function, and the principal
value of the integral in Eq. (7) is calculated. The charge
density depends on the x coordinate only, therefore the y
component of the electric field remains unscreened. Note,
that we neglect electromagnetic retardation assuming that
00/2n <K ¢, where oy is the two-dimensional conductivity of
the electron gas [37,40]. In fact, the same inequality justifies
the dipole approximation used in Eq. (3).

Since the external field is harmonic, we solve Egs. (6)
and (7) by expanding the distribution function f and the

125426-2



SECOND HARMONIC GENERATION AT THE EDGE OF ...

PHYSICAL REVIEW B 106, 125426 (2022)

electric field &€ in the Fourier series as follows:

fp.x, 1) = fo+ [fi(p.x)e ™ +c.c]
+ [H(p, x)e > +c.c.],

Ex, 1) = [Ey(x)e™ + c.c.] + [Erp(x)e™H +c.c.],
(3

where f1, &, x E, and f, &, X Euz) in the lowest order in
the incident field amplitude. Note, that f(p, x,t) [as well
as &,(x,t)] also contains time-independent nonequilibrium
corrections o« E2. These corrections determine static edge
polarization and dc edge currents [30,33]. However, they are
not relevant for SHG and are omitted.

Equations for the corrections f; and f, read

d a
_ia)fl"i_vxi"’_egw'ﬁ:Stflv &)
dx ap
a a a
dify 0,2 e, g, 3 g 10
ax ap 8p
where
T 200 (X )’
Enwx(X) = Eg x8p1 + -, (11)
0 X—X

gnw,y = Ea),y(sn,ls and pnw(x) =ev Zp fn(pv x)~
The amplitude of the local current density oscillating at 2w
is determined by the correction f, as follows:

Jr@)=ev Y vfa(p.x), (12)
p

and the total current is given by Eq. (4). Below we solve
Egs. (9)—(11) and calculate the current components parallel
and perpendicular to the edge.

IV. CURRENT ALONG THE EDGE

Consider first the y component of the edge current. Multi-
plying Eq. (10) by v, and summing up over p we obtain

92 ( /i 3f1>

vy — +e vl Eox—— + Epy—
Xp: Y ox Zp: Y Py }pr
d fo

+e U*52w.x_ =
R

where 7; is the momentum relaxation time defined as
Zp Ve Stf = —1:1_' Zp ve f, Ref. [55]. Taking into account

that 3, v,0f,/0py = 0 and 3, v,df,/dpy = —(1/m) 3, £
we obtain the current density

. evt fr eEw}
oy = —m[ip: VypUy—— o Zf1j| (14)

The total current J,,, given by Eq. (4) is found
by integrating Eq. (14) over x. Using the relation
>, fi = —(i/w) ), v:d fi/0x, which follows from Eq. (9),

2iw—17") Y v (13)

p

we obtain

evrl
Z vay[fZ

1 — 2iwt, 2iwT)

,+00) — fa(p, 0)]

]2{1),y = -

ie*vt E,,y

> il fi(p. +00) — fi(p. 0)].

" mo(l = 2iet)) -~
(15)

Equation (15) is general and does not rely on particular type of
boundary conditions. It shows that the current at 2w emerges
if the field-induced corrections to the electron distribution at
the edge and the 2D bulk are different.

To proceed further, we note that Zp v f1(p, 0) = 0 since
the current through the edge does not flow. The sum
Zp vV, f2(p, 0) also vanishes for the specular reflection of
electrons from the edge. Therefore, the edge current Jy, ,
is determined by the corrections to the distribution function
far from the edge, where the electric field is unscreened,
ie., €, =E, and &,, =0, and the electron distribution is
homogeneous.

The term Zp v f1(p, +00) describes ac electric current
in the bulk and can be expressed via the bulk conductivity.
Solution of the kinetic Eq. (9) in the case of uniform electric
field yields

ev Y vfi(p. +00) = 0, B, (16)
p

where o, = 0yp/(l —iwty) is the Drude conductivity at
the frequency w, op = n.e*ti/m is the static conductiv-
ity, and n,=v Zp fo is the carrier density. The term
Zp U Uy f2(p, +00) is calculated by multiplying Eq. (10) by
vV, and summing up the result over p, which gives

Y v fo(p, +00) =
p

XZfl
P

where 1, is the relaxation time of the second angular har-
monic, 1/7, = — Zp VU, Stf/ Zp v, f, Ref. [55].

Finally, taking into account Egs. (15), (16), and (17), we
obtain the current along the edge

en
m(l —2iwt,)

(P, +00)(vxEp,y + vyEy 2), a7

ieopt(1 — 4diwt))
J2w,y = - N . . Ew,wa,y~

mw(l —iot))(1 — 2iwt))(1 — 2iwt)
(13)

The current J5, , is proportional to E, E,, ,. It reaches max-
ima for the field E, linearly polarized at the angle £ /4 with
respect to the edge and for circularly polarized field. The cur-
rent vanishes for the field E, polarized along or perpendicular
to the edge.

Figure 2 shows the frequency dependence of the current
J2w,y. The current is calculated after Eq. (18) for linearly
polarized incident field E,, and different ratio between the
relaxation times 7, and 7;. Since J, , is complex, both the
modulus and the argument of J,, , are plotted. We consider
two cases: 7, = 77 and 1, < ;. The former corresponds to
electron scattering by short-range impurities, when the prob-
ability of scattering is independent of the scattering angle and
the relaxation times of all angular harmonics coincide; see
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FIG. 2. Frequency dependence of the edge current at 2w flowing
parallel to the edge. The dashed line corresponds to short-range
scattering with 7; = 1, the solid line stands for the hydrodynamic
regime with 7, <« 1;. The main graph and the inset show the modulus
|20,y and the argument arg(J,,,) of the complex-value current J,, ,
respectively. The current is measured in Jy = 2600112Ea,,wa,y /m.

Ref. [55]. The case 1, < T corresponds to the hydrodynamic
regime when the second angular harmonic of the distribution
function is destroyed by frequent electron-electron collisions
while the first angular harmonic is almost unaffected by
electron-electron collisions and survives at much longer times.
In this case, the first contribution to the edge current in
Eq. (15) vanishes. Figure 2 shows that J,, , is weakly sensitive
to the 1o /7 ratio. The current o 1/w and o 1/w’ at low and
high frequencies, respectively. An estimation for the current
magnitude J, , for n =2 x 10" cm~2, m = 0.067my rele-
vant for GaAs-based quantum wells, t; = 1 ps, wt; = 1, and
the electric field E, = 1 kV/cm oriented at 45° with respect
to the edge gives J,,, ~ 0.3 x 1075 A.

Figure 3 shows the spatial distributions of the current den-
sity jow,y(x) near the edge. Different curves correspond to
different wt;. The distributions are obtained from Eq. (14) for
7, K 71, when the first term in Eq. (14) is negligible. The sec-
ond term is then found by numerical calculations of the charge
density p,(x) = ev Zp /1 in the local response approximation

0.3 p
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=05 = W2 |
=2 53, 0/ [T
a 7
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Coordinate x (arb. units)
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Edge current density s, (arb. units)

FIG. 3. Spatial profile of the edge current density jy, ,(x) in-
duced by linearly polarized field E,, , = E,, ;. The main graph and
the inset show the modulus |j,, | and the argument arg( s, ) of
the complex-value current jj,, ,, respectively. The current density is
calculated numerically in the local response approximation.

(see next section for details). In this approximation, the decay
of the edge current j,, ,(x) in the 2D bulk is determined by
the length of dynamical screening /i, = op/w. Hence, the
current profile narrows with the frequency increase. At large
w7y, arg(joe,y) exhibits spatial oscillations, i.e., the currents
J2w,y at different x are phase-shifted and flow in the opposite
directions in the nearby regions. These oscillations are caused
by excitation of the edge plasmons, see the Appendix for
details.

V. CURRENT NORMAL TO THE EDGE

Now consider the x component of the edge current. Mul-
tiplying Eq. (10) by v,, summing up over p, and taking
into account that }_,v;dfi/dpy =0 and ), v.dfu/dp: =

—(1/m)3_, fu, we obtain
—evT egw!x
= 1 —2iwt |: v - m Zf1:| + UZwSZw,x»
L5 >
(19)

where oy, = 0p/(1 — 2iwt;) is the conductivity at double
frequency.

The total current is obtained from Eq. (19) by integrating
over x. Using the relation ) _, fi = —(i/w) }_, v:d fi/dx, we

0%
T ox

j2w,x

obtain
evrl
s = = T g Zv [/2(p, +00) — fo(p, 0)]
ie? v Eg, x

Z vl fi(p, +00) — fi(p, 0)]

" mo(l = 2iot)

ie*vT d&, x
d
+ mw(l — 2iwTt;) ,/ ; vifi dx

on / Eron(¥)d. (20)

Comparing Egs. (15) and (20) one observes that the current
perpendicular to the edge contains two additional contribu-
tions which are not proportional to a difference between
the distribution function at the edge and in the 2D bulk.
Evaluation of these terms requires the knowledge of the dis-
tribution function corrections f; and f> and the electric field
&, in the whole half-space x > 0. The corrections and the
field can be found numerically from Eqs. (9)—(11). However,
solving Egs. (9)—(11) self-consistently is, in general, a chal-
lenging task. Therefore, in what follows we consider two
approximations.

Note that symmetry consideration of the edge SHG allows
the current J,, . to be induced by both E/ 2 cand E7 2 .y However,
the analysis of Egs. (19), (9), and (10) shows that, for specular
reflection of electrons from the edge, Jy, » X Ew . 1.e., the
current J, , vanishes for the field E, polarized along the
edge. This result also holds in the local response approxima-
tion considered below.

A. Strong screening: Local response approximation

In the absence of high-¢ dielectric environment, Coulomb
interaction in 2D systems is dominant and, therefore, drift
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FIG. 4. Frequency dependence of the edge current at 2w flowing
perpendicular to the edge. The solid line corresponds to the local re-
sponse approximation in the regime of strong screening. The dashed
line is calculated in the hydrodynamic regime with 7, <« t; and
neglecting screening. The main graph and the inset show the modulus
| /2.« | and the argument arg(J,, ) of the complex-value current J,, .,
respectively. The current is measured in Jy = ecoT?E2  /m.

currents induced by local electric fields prevail over diffusion
currents. In the local response approximation [38], terms with
the spatial gradients in equations for the current density are
neglected. As a result, equations for the current density at w
and 2w assume the form

jw,x(x) = Ua)gw,x(x) 21
and

€T Py (x)gw,x(x)

(). 2
m(l — 2ia)‘[l) + UZcugZu), (x) ( )

J2wx(X) =
The latter follows directly from Eq. (19).

To find the spatial profile of the current density j, ((x)
and the total current J,,, , we solve Egs. (21) and (22) self-
consistently with Eqs. (11) for &, «(x) and the continuity
equations —inwpp, + djuw./dx = 0; see the Appendix for
details. The absence of the current through the edge implies
the boundary conditions j, »(0) = 0.

Figure 4 shows the frequency dependence of the current
J26.x- The solid line shows the current calculated numerically
in the local response approximation for linearly polarized
incident field E, || x. The dependence closely follows the one
for Jo,,, shown in Fig. 2, and the phase shift between J,,, ; and
Jaw,y for linearly polarized incident field is close to zero.

Figure 5 shows the spatial distributions of the current den-
sity jow.x(x) near the edge. Different curves correspond to
different wt;. Similarly to the current along the edge j, y,
the current j,, , decays in the 2D bulk on the scale of the
screening length I, = 0p/w and its profile narrows with the
frequency increase. In contrast to ja, y, the current jy, , van-
ishes at x = 0 as set by boundary conditions. Similarly to
Jow,y> the profile of j,, . exhibits spatial oscillations at large
wt) caused by the excitation of edge plasmons.

B. Negligible screening

The opposite case of weak screening is realized if the 2D
layer is surrounded by a high-¢ dielectric medium and one can

10 20 30 40 5Q
Coordinate x (arb. units)

[ — wr;=0.1 i
3 Tt =2 sa 0 5
L " [

0.10F “'WZL/L’ I
: -JT A N /\’ [
L 0

| J
0 20 40 60 80 100
Coordinate x (arb. units)

Edge current density j»,, , (arb. units)

FIG. 5. Spatial profile of the edge current density j,, .(x) in-
duced by linearly polarized field E,, || x. The main graph and the
inset show the modulus |j,, .| and the argument arg(j,, ) of the
complex-value current j,, ., respectively. The current density is cal-
culated numerically in the local response approximation, Eq. (22).

neglect the back action of an in-plane electric field produced
by charge oscillations. In this case, the total electric field €
acting upon the electrons coincides with the incident field E,
and the last line in Eq. (20) vanishes. To calculate the other
contributions to J,,, , we need to find the difference between
the distribution functions at the edge and in the bulk by solv-
ing Eqgs. (9) and (10) with &, x = E,,, £u,y = 0, and €3, = 0.
We do it analytically for 7, < 71, which corresponds to the
hydrodynamic regime of electron flow, and wt, < 1. In this
regime, one can retain only the zeroth and first angular har-
monics in the distribution function corrections f; and f5.

The functions f,(p,x) (n = 1,2) can be searched in the
form f,(p, x) = a,(p, x) + vib,(p, x). The absence of the cur-
rent through the edge, the current at 2w in the bulk, and the
charge/energy oscillations at  in the bulk implies b,(p, 0) =
0, by(p, +00) =0, and a;(p, +o0) = 0, respectively. Solu-
tion of Eq. (9) with these boundary conditions has the form

ay = el E, foe ", by = —et,E, fi(1 —e "), (23)

7] . mw
Tpy=——"—, Ao =(1—1) , 24)
1 —iwTt 2et,

&= p2/2m, and (...)) = 9(...)/de. Equation (10) leads to the
system of coupled differential equations

where

. 0b, ,
—2imway + 88— = —eE, (b)),
X

ad
% + (‘[1_1 —2iw)b, = _eEw,xa/l' (25)
X

Its solution has the form
a = A+ Be_)hwx + Cxe_}wx - De_Azwx/()\ZwTZw)v
by, = D(ef)”"’x _ ef)»sz) + er*)»wx, (26)

where 1, and X,, are given by Eq. (24) with v — 2w, and
the constants A, B, C, D, F' are found from Eq. (25).
Further, we note that

ev ) v filp, +00) = 0,E ., Y ufi(p,0) =0,
p p
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and

(p9 +OO) - f2(pa 0)]

PIRISVE
p
1
=5 Z elar(p, +00) — ax(p, 0)].
mn 14

By solving Eq. (25) we find

lUwEw.x

Y elax(p, +00) — ax(p, 0)] =

p

er + 415, T, — fzzw + 3/ 270 /T20 (T20 —
X

67,)
(TZw - 2Tw )2 '

27)

where the sign of /7, is chosen so that Re,/7,, > 0.
Finally, Eq. (20) for the current Jy, , yields

; ieaorlEaz)’)C Fo) (28)
200 = T o( — o)1 — 2iwry).
where
3 8 2 + 2 w 1) w 6 0]
Floy = B+ V2Bl 6] o)

4(.[250 - 27:(0 )2

The frequency dependence of the current Jp, . given by
Eq. (28) is shown in Fig. 4 by the dashed line. Comparing the
dashed and solid lines we see that the currents at 2w calculated
in the regimes of strong and negligible screening are close in
magnitude.

We recall that Eq. (28) is obtained in the hydrodynamic
regime with 7, < 17, @~'. Within the same approximation,
the current along the edge J»,, is given by Eq. (18) with
75 = 0. In this regime, the ratio J5, x/J20,y is determined by
the incident field polarization and the function F(w). The
absolute value of F(w) lies in the range 0.7-0.8 and its ar-
gument is close to zero in the whole frequency range. The
latter suggests that the ac current J,,, is linearly polarized for
linearly polarized field E,.

VI. SUMMARY

To summarize, we have studied theoretically second
harmonic generation (SHG) emerging at the edge of a two-
dimensional (2D) electron gas. It has been shown that ac
in-plane electric field oscillating at frequency @ induces ac
electric current at frequency 2w near the edge. This second-
harmonic current is induced already at normal incidence of
radiation and does not require the absence of spatial inversion
center in the crystal lattice. The current is formed in the edge
region determined by the dynamical screening of the electric
field and the mean free path of electrons. The edge current J,,,
has both parallel and perpendicular to the edge components,
Jro,| X Eq Ey 1 and Jo, | EQZ) > respectively, where E,,
is the driving electric-field amplitude. The currents J2w,) and
Jow. 1 emit electromagnetic fields at 2w with different polar-
izations and different radiation patterns. We have developed
the kinetic theory of high-frequency nonlinear edge trans-
port which takes into account the screening of the in-plane
electric field by 2D electrons. The parallel current Jy,, | is

calculated analytically in a quite general case whereas the
perpendicular current J,,, | is calculated in the limiting cases
of strong and negligible screening. At wt; > 1, where 1) is the
momentum relaxation time, the spatial profile of the current
density contains oscillations caused by the excitation of edge
plasmons. The SHG spectroscopy can be used to visualize
edges and spatial inhomogeneities in doped 2D materials and
heterostructures.
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APPENDIX: PROFILES OF ELECTRIC FIELD, CHARGE,
AND CURRENT IN THE LOCAL RESPONSE
APPROXIMATION

Here, we calculate the spatial distributions of the electric
field, charge, and electric current at the edge of a 2D electron
gas in the local response approximation. To this end, we solve
Egs. (11), (21), and (22) together with the continuity equations

djnw,x
dx

inside a strip of the width 2a occupying —a < x < a.
Equation (11) for the strip assumes the form

20pe (X' )d X'

x—Xx

—IinwpPLe + =0 (A1)

gnw,x(x) = Ea),x(sn,l + / (AZ)
This integral equation can be inverted to express o, via

Enw.x- Taking into account that p,, is infinite at x = £a and
[, Puw(x)dx = 0, we obtain [56]

( ) XEw x8n 1 / vas — x gnw x(x )d-x

nw (X - .

P i —x2 22 Va2 —x2(x —x')
(A3)

Note that the first term in the right-hand side of Eq. (A3)
at n = 1 gives the distribution of charge density induced by
the static electric field, i.e., in the limit @ — 0, when the x
component of the field inside the strip is completely screened
sothat &, = 0.

Equations (A1) and (A3) yield

—i djnw,x o xEu),xSn,l / vas —x' Enw «(X)dx’'
nw dx _ZN\/m 272 m(x—x’) ’
(Ad4)

First, we analyze the linear response and calculate the dis-
tributions &, (x), p,(x), and j, .(x). By integrating Eq. (A4)
from —a to x and using Eq. (21) together with the boundary
condition j, ,(—a) = 0 we obtain

va 2 _szwx

ilscrgw,x

1-— iCl)'L’]

/ dx”/' Ja? —x' &M(x)dx' (AS)

» 272 [a2 — x'12 (x" —
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FIG. 6. Spatial profiles of the electric field &, ,(x) at the edge
of 2D electron gas subject to the incident electric field E, .. The
main graph and the inset show the modulus |€, .| and the argument
arg(&, ) of the complex-value field &, ., respectively. The field
profile is calculated numerically in the local response approximation.

Equation (AS) is simplified further by introducing the vari-
ables « and B as follows: x = acos @ and x’ = a cos . Taking
into account that

x dx” 1 sin #
=——In{——"5], (A6
—u A —X2(x' —x") asinp | sin T'

we finally obtain the integral equation for &,

ilscrgw,x(a) _ Ea),x sina

a(l —iwt)) 27

1 T sin ﬂ
— —2/ In| ——=— | sin BE, +(B)dB.
2= Jo |'sin 42|

2
(A7)

Equation (A7) can be solved by decomposing the electric
field &, () in the Fourier series

Epr(a) = Z Eé)’") sin ma.

m=1

(A8)

The integrals in Eq. (A7) are calculated analytically,
m sin # . T
/ In —— . | sinma da = — sinmp. (A9)
0 | sin == | m

This procedure allows us to reduce the integral Eq. (A7) to the
set of linear equations

ilmEM 1 g — Ey .
—_—t = - Om,1s Al0
a(l — ioty) ng y omt A0
where
201 -1 m+m'1,,,/
Ky = — L+ D" Im . (Al
m* + (mZ _ 1)2 _ ZmIZ(mZ + 1)

The Fourier components £ can be readily found from the
numerical solution of the equation set (A10).

Figure 6 shows the spatial profiles of the electric field
Ewx(x) at the edge of 2D electron gas calculated after
Egs. (A8) and (A10) for different frequencies of the incident
field E, . The x coordinate in Fig. 6 is counted from the
left edge of the wide strip. The calculations are done for the
strip width a > I, when field profiles at the edge do not
depend on a. Figure 6 reveals that the electric field is effi-
ciently screened in the region x ~ [, = 0p/w near the edge
(Epx ~ +/x at small x), whereas far from the edge the field
is unscreened and coincides with E,, .. With the frequency
increase, the screening length decreases and the region of field
screening narrows. At large wtj, the profile &, ,(x) contains
oscillations caused by excitation of plasmons with the wave
vectors g ~ w?/(2mn.e?) = w11/ (2mly) [38,39].

Now we calculate j,, .(x). By integrating Eq. (A4) with
n = 2 over x from —a to x and using the boundary condition
J20x(—a) = 0 and Eq. (22), one obtains

iLger oo x 1 (7 [ sin®f
_ thajon() LT SR ) sing
2a(1 — 2iwt) 272 Jy | sin “;I

X |:j2w,x(,3) Agw x(,B) wx(ﬂ)i|dﬂ
(A12)
where
A= _ ieO()T] (A]3)

mo(l —iot))(1 — 2iewt)’

and &, , is the field at w calculated above.
Decomposing the current jy,, . (c¢) in the Fourier series,

Jrwx(@) = Zf"” sin ma, (Al14)

and using Eqgs. (A8) and (A9), we reduce the integral
Eq. (A12) to the set of linear equations

2a(1 - 2iwty) w2 S~ ot J20
Al , ad o
m'=1 m'=m+1

(A15)

The total current flowing near the left edge is found as

mcos(nm 2) m
o= [ s = 30 T o,

m>1

(A16)

The profile of the edge current calculated after Eqs. (A14)
and (A15) is shown in Fig. 5 of the main text. The total current
J2w.x 18 shown in Fig. 4 by the solid line.
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