
ФОТОГАЛЬВАНИЧЕСКИЕ ЭФФЕКТЫ

В НИЗКОРАЗМЕРНЫХ СИСТЕМАХ – 2

ГЕОМЕТРИЧЕСКИЕ ЭФФЕКТЫ

С.А. Тарасенко

ФТИ им. А.Ф. Иоффе, Санкт-Петербург

Летняя школа фонда Базис - 2024
                            «Современные проблемы физики конденсированного состояния»



PHOTOCURRENTS IN 2D SYSTEMS

j

E(t)

Mechanisms of dc current (photocurrent) induced by homogeneous radiation

- Macroscopic inhomogeneity (p-n junction, asymmetry of contacts, ratchets)
- Lack of space inversion symmetry at microscopic level (photogalvanic effects)
- Photon drag (light pressure)

Excitation by plane wave
𝑬 𝑡 = 𝑬exp −𝑖𝜔𝑡 + c. c.

(complex) amplitude

Photocurrents
𝒋 ∝ 𝐸𝐸∗, i. e. , ∝ 𝐼

radiation intensity
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EDGE CURRENTS IN TWO-DIMENSIONAL SYSTEMS

Symmetry is naturally broken at edges
   ⇒ Second-order effects get allowed

E(t)

j
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EDGE CURRENTS EXCITED BY 
LINEARLY AND CIRCULARLY POLARIZED RADIATION
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𝐽! ∝ (𝐸"𝐸!∗ + 𝐸!𝐸"∗)
∝ sin2𝜑

Linearly polarized radiation

𝐽! ∝ 𝑖(𝐸"𝐸!∗ − 𝐸!𝐸"∗)
∝ 𝑃$%&$

Circularly polarized radiation



QUASI-CLASSICAL APPROACHɆɟɯɚɧɢɡɦ ɝɟɧɟɪɚɰɢɢ ɬɨɤɚ
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Kinetic equation for distribution function

𝜕𝑓
𝜕𝑡 + 𝑣!

𝜕𝑓
𝜕𝑥 + 𝑒𝓔 𝑥, 𝑡 ⋅

𝜕𝑓
𝜕𝒑 = I{𝑓}

𝑓(𝒑, 𝑥, 𝑡)

+ Boundary condition at 𝑥 = 0

diffusive scattering specular reflection

ℰ",$ = 𝐸",$

Electric field (external field + screening)
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SOLUTION OF THE KINETIC EQUATION

𝑓 𝒑, 𝑥, 𝑡 = 𝑓' + 𝑓( 𝒑, 𝑥 𝑒)*+, + c. c. + 𝑓- 𝒑, 𝑥 + …

Expansion in the Fourier series

𝑓( ∝ 𝐸 𝑓- ∝ 𝐸𝐸∗

The density of dc electric current and the total dc current

𝑗! 𝑥 = 𝑒𝜈;
.

𝑣! 𝑓-(𝑥, 𝒑)

The edge current
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the spin and valley degeneracy
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CONTRIBUTIONS TO EDGE CURRENT

Ɇɟɯɚɧɢɡɦ ɝɟɧɟɪɚɰɢɢ ɬɨɤɚ
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Alignment of electron momenta by linearly polarized radiation 
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Anisotropic part of the distribution function

2nd angular harmonic 
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CONTRIBUTIONS TO EDGE CURRENT

𝐽$ = −𝑒𝜈𝜏=
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𝒑
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Dynamic accumulation of carriers at the edge

screening length



LINEAR VS PARABOLIC ENERGY SPECTRA

short-range
short-range
Coulomb
Coulomb

ε = v0 p

monolayer

Ed
ge

 p
ho

to
cu

rr
en

t,
J y

 (n
A

)

−40

−20

0

20

Frequency, ωτ1

0 1 2 3 4 5

short-range
short-range
Coulomb
Coulomb

ε = p2/2m

bilayer

Ed
ge

 p
ho

to
cu

rr
en

t,
J y

 (n
A

)

−15

−10

−5

0

5

Frequency, ωτ1

0 1 2 3 4 5

Edge currents in 2D systems with linear (graphene) and parabolic (bilayer) spectra

Graphene with the carrier density n = 5*1011 cm-2, 
relaxation time 𝜏1 = 1 ps, and the intensity I = 1 W/cm2

Bilayer with the carrier density n = 5*1011 cm-2, 
relaxation time 𝜏1 = 1 ps, and the intensity I = 1 W/cm2

Edge current (specular reflection from the edge)
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Therefore, the second sum in Eq. (13) is calculated as follows
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where s(w) is the conductivity, 109
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2 Â

p

t1v2 f 00
1 � iwt1

=
ne2

m
t1

1 � iwt1
, (16)

all the values are taken at the Fermi level, n = g Âp f0 is the carrier density, and S2 =
ExE⇤

y + E⇤
x Ey and S3 = i(ExE⇤

y � E⇤
x Ey) are the Stokes parameters of the incident radiation.

The third sum in Eq. (13) is calculated as follows
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Lastly, the sum with f2(p, •) in Eq. (13) can be expressed with the help of Eq. (5) via the 110

sum with f1(p, •) as follows 111
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Integration of the right-hand side of Eq. (18) by parts gives
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The above sums can be calculated similarly to the sums in Eqs. (15) and (17), which yields 112
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Finally, summing up all contributions to the edge current we obtain
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Equation (21) represents the main result of this paper. It describes the edge ac current 113

flowing in 2D electron gas with an arbitrary electron dispersion #(p) and arbitrary energy- 114

dependent relaxation times. 115

M.V. Durnev and S.A.T., Appl. Sci. 13, 4080 (2023)



SAMPLES: GRAPHENE MONOLAYERS AND BILAYERS

- exfoliated mono and bilayers/ h-BN
- epitaxial graphene on SiC
- contacts, Hall bar structure
- back gate to tune the Fermi level

Sketch of samples

Samples: Regensburg, Goteborg, Manchester 

B

Transport data. Dependence 
on gate voltage in graphene bilayer 



EXPERIMENTAL TECHNIQUE

Experimental geometry

- pulsed molecular THz laser
- 𝑓 = 0.6, 0.8, 1.1, 2.0, and 3.3 THz

Photoresponse vs laser spot position

Experiment: Regensburg

large-scale epitaxial graphene



PHOTOVOLTAGE IN SQUARE-SHAPE BILAYER SAMPLE

Ɋɚɫɬɟɤɚɧɢɟ ɬɨɤɚ ɢ ɩɨɬɟɧɰɢɚɥ

∇ · (M + MHGJH) = 0

ɇɚ ɤɪɚɹɯ ɤɜɚɞɪɚɬɚ� MQ = 0

�� � ��

𝐽" = −
2𝑒#𝜏# 𝑛$ 𝐸%𝐸"
𝑚∗& 1 + 𝜔&𝜏&

∝ sin2𝛼

Edge electric current

Electrostatic potential distribution
div 𝒋./010 + 𝒋23451 = 0
𝒋23451 = 𝜎𝑬 = −𝜎 grad Φ

E

S. Candussio, M.V. Durnev, J. Yin, J. Keil, Y. Yang, S.-K. Son, A. Mishchenko, H. Plank, 
V.V. Bel’kov, S. Slizovskiy, S.A.T., V. Fal’ko, and S.D. Ganichev, PRB 102, 045406 (2020)

p-type

n-type

𝛼



EFFECT OF MAGNETIC FIELD
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on magnetic field

Edge photocurrent in classical magnetic field
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EDGE PHOTOCURRENT AT INTER-BAND TRANSITIONS

Optical alignment in bulk zinc-blende crystals and quantum wells: 
D.N. Mirlin, in Optical orientation (North-Holland, 1984)
V.I. Zemskii, B.P. Zakharchenya, D.N. Mirlin, JETP Lett. (1976)
V.D. Dymnikov, M.I. D’yakonov, and V.I. Perel, JETP (1976)
N.A. Merkulov, V.I. Perel, and M.E. Portnoi, JETP (1991)

Optical alignment in graphene:
R.R. Hartmann and M.E. Portnoi, (LAP Lambert Academic, Chisinau, 2011)
L.E. Golub, S.A.T., M.V. Entin, L.I. Magarill, Phys. Rev. B 84, 195408 (2011)

Strong absorption and optical alignment of electron momenta 
at inter-band transitions in 2D Dirac materials



EDGE PHOTOCURRENT AT INTER-BAND TRANSITIONS

Structure with many narrow strips

Excitation spectrum of edge photocurrent

electron-hole asymmetry is required 
for the electric current to emerge

M.V. Durnev and S.A.T., Phys Rev. B 103, 165411 (2021)

gapless 2D 
Dirac crystal

gapped 2D 
Dirac crystal

Edge photocurrents of electrons and holes

at radiation intensity 1 W/cm2

and momentum relaxation time 1 ps

projection to 1 μA per W/cm2 in 3×3 mm2 sample
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SECOND HARMONIC GENERATION

𝐽&', " ∝ 𝐸%𝐸" 𝐽&', % ∝ 𝐸%&

AC electric field
𝑬+ exp −𝑖𝜔𝑡 + 𝑐. 𝑐.
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MICROSCOPIC THEORY OF EDGE SHG
Boltzmann equation for distribution function

𝜕𝑓
𝜕𝑡
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𝜕𝑥

+ 𝑒𝓔 𝑥, 𝑡 ⋅
𝜕𝑓
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= I{𝑓} + collision integral  
+ boundary conditions

Electric field (external field + screening) at 𝜔 and 2𝜔

𝑓 𝒑, 𝑥, 𝑡 = 𝑓' + 𝑓( 𝒑, 𝑥 𝑒)*+, + c. c. + 𝑓- 𝒑, 𝑥 𝑒)-*+, + c. c. + …

Expansion in the Fourier series
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Currents at double frequency along and normal to edge



2ω CURRENT ALONG THE EDGE
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Frequency dependence of the current at 2𝜔

Current along the edge

- The total current weakly depends on screening (while the current profile does depend)
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2ω CURRENT PERPENDICULAR TO THE EDGE
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Frequency dependence of the current and current profile
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ar
g 

(J
2

, x
)

- /2

0

/2

Frequency ( 1)
0 1 2

strong screening
no screeningEd

ge
 cu

rre
nt

J 2
, x

 /J
0

0

1

2

3

4

5

Frequency ( 1)
0 0.5 1.0 1.5 2.0

FIG. 4. Frequency dependence of the edge current at 2ω 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 τ2 ! τ1 and
neglecting screening. The main graph and the inset show the modulus
|J2ω,x| and the argument arg(J2ω,x ) of the complex-value current J2ω,x ,
respectively. The current is measured in J0 = eσ0τ

2
1 E 2

ω,x/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 ω
and 2ω assume the form

jω,x(x) = σωEω,x(x) (21)

and

j2ω,x(x) = eτ1ρω(x)Eω,x(x)
m(1 − 2iωτ1)

+ σ2ωE2ω,x(x). (22)

The latter follows directly from Eq. (19).
To find the spatial profile of the current density j2ω,x(x)

and the total current J2ω,x we solve Eqs. (21) and (22) self-
consistently with Eqs. (11) for Enω,x(x) and the continuity
equations −inωρnω + d jnω,x/dx = 0; see the Appendix for
details. The absence of the current through the edge implies
the boundary conditions jnω,x(0) = 0.

Figure 4 shows the frequency dependence of the current
J2ω,x. The solid line shows the current calculated numerically
in the local response approximation for linearly polarized
incident field Eω ‖ x. The dependence closely follows the one
for J2ω,y shown in Fig. 2, and the phase shift between J2ω,x and
J2ω,y for linearly polarized incident field is close to zero.

Figure 5 shows the spatial distributions of the current den-
sity j2ω,x(x) near the edge. Different curves correspond to
different ωτ1. Similarly to the current along the edge j2ω,y,
the current j2ω,x decays in the 2D bulk on the scale of the
screening length lscr = σ0/ω and its profile narrows with the
frequency increase. In contrast to j2ω,y, the current j2ω,x van-
ishes at x = 0 as set by boundary conditions. Similarly to
j2ω,y, the profile of j2ω,x exhibits spatial oscillations at large
ωτ1 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-ε dielectric medium and one can
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FIG. 5. Spatial profile of the edge current density j2ω,x (x) in-
duced by linearly polarized field Eω ‖ x. The main graph and the
inset show the modulus | j2ω,x| and the argument arg( j2ω,x ) of the
complex-value current j2ω,x , 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 E
acting upon the electrons coincides with the incident field Eω

and the last line in Eq. (20) vanishes. To calculate the other
contributions to J2ω,x we need to find the difference between
the distribution functions at the edge and in the bulk by solv-
ing Eqs. (9) and (10) with Eω,x = Eω, Eω,y = 0, and E2ω = 0.
We do it analytically for τ2 ! τ1, which corresponds to the
hydrodynamic regime of electron flow, and ωτ2 ! 1. In this
regime, one can retain only the zeroth and first angular har-
monics in the distribution function corrections f1 and f2.

The functions fn(p, x) (n = 1, 2) can be searched in the
form fn(p, x) = an(p, x) + vxbn(p, x). The absence of the cur-
rent through the edge, the current at 2ω in the bulk, and the
charge/energy oscillations at ω in the bulk implies bn(p, 0) =
0, b2(p,+∞) = 0, and a1(p,+∞) = 0, respectively. Solu-
tion of Eq. (9) with these boundary conditions has the form

a1 = eλ−1
ω Eω,x f ′

0e−λωx, b1 = −eτωEω,x f ′
0(1 − e−λωx ), (23)

where

τω = τ1

1 − iωτ1
, λω = (1 − i)

√
mω

2ετω

, (24)

ε = p2/2m, and (...)′ = ∂ (...)/∂ε. Equation (10) leads to the
system of coupled differential equations

−2imωa2 + ε
∂b2

∂x
= −eEω,x(b1ε)′,

∂a2

∂x
+ (τ−1

1 − 2iω)b2 = −eEω,xa′
1. (25)

Its solution has the form

a2 = A + Be−λωx + Cxe−λωx − De−λ2ωx/(λ2ωτ2ω ),

b2 = D(e−λωx − e−λ2ωx ) + Fxe−λωx, (26)

where τ2ω and λ2ω are given by Eq. (24) with ω → 2ω, and
the constants A, B, C, D, F are found from Eq. (25).

Further, we note that

eν
∑

p

vx f1(p,+∞) = σωEω,x,
∑

p

vx f1(p, 0) = 0,

125426-5

strong screening

Numerical calculations for 2D system with parabolic spectrum:
––– strong screening (local response approximation)
- - - no screening

M.V. Durnev and S.A.T., Phys Rev. B 106, 125426 (2022)



ПЛАН ЛЕКЦИИ

• Краевые фотогальванические эффекты в 2D материалах
- микроскопические механизмы, кинетическая теория

     эксперимент на графене
   - генерация второй гармоники
•  Фототоки, индуцированные структурированным светом
•  Основные результаты



STRUCTURED RADIATION
From intensity or polarization gratings to beams carrying orbital angular momentum (twisted   

radiation) and fields with fully controlled spatiotemporal structure
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OPTICAL BEAMS

Superposition of plane waves
GUNYAGA, DURNEV, AND TARASENKO PHYSICAL REVIEW B 108, 115402 (2023)
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FIG. 3. Photocurrents induced by the radial and azimuthal Bessel
beams with m = 0. (a) and (b) Distributions of the electric field
vector E(r) and the photocurrent density j(r) = j (pol) + j (ph) for the
radial Bessel beam. (c) and (d) Distributions of the electric field
vector E(r) and the photocurrent j(r) for the azimuthal Bessel beam.
Red and blue backgrounds encode the radiation intensity and the
magnitude of the photocurrent density, respectively.

j (pol)
r + j (ph)

r = j0Jm(Jm+1 − Jm−1) p1,

j (pol)
ϕ + j (ph)

ϕ = j0Jm(Jm+1 − Jm−1)
(

p2 + p3

ωτ

)

− j0
ωτ

Jm(Jm+1 + Jm−1), (31)

where

j0 = − ne3τ 3E2
0 q‖

m∗2(1 + ω2τ 2)
, (32)

p1 = |α|2 − |β|2, p2 = αβ∗ + α∗β, and p3 = i(αβ∗ − α∗β )
are the polarization parameters of the plane waves constituting
the Bessel beam, and Jm = Jm(q‖r).

Now, we illustrate the photocurrents induced by Bessel
beams with different polarizations and angular momentum
projections. We focus on the polarization- and phase-sensitive
photocurrents j (pol) + j (ph). The photothermoelectric current
j (th) has only a radial component and is determined solely by
the gradient of the radiation intensity. Note that, for the beams
composed of circularly or elliptically polarized plane waves
(p3 $= 0), the spatial distribution of the radiation intensity and,
hence, the photothermoelectric current depend on the sign of
circular polarization; see Eq. (30).

Figure 3 shows the spatial distributions of the ac electric
field and the photocurrent density for the radial (p1 = 1)
and azimuthal (p1 = −1) Bessel beams with the total angu-
lar momentum projection m = 0. In these particular cases,

)b()a(
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FIG. 4. Spatial distributions of the photocurrent density j(r) =
j (pol) + j (ph) for the Bessel beams with m = 0 composed of (a) left-
handed (p3 = −1) and (b) right-handed (p3 = 1) circularly polarized
plane waves. The current j forms vortices with the winding direction
determined by the radiation helicity.

the electric field in the beams has only radial or azimuthal
component, and the field distribution is rotationally invariant,
Figs. 3(a) and 3(c). For the both beams, the photocurrent has
only a radial component, Figs. 3(b) and 3(d). The current
density is nonmonotonic and oscillates with the distance from
the beam center; these oscillations originate from the radial
distribution of the electric field. While the local current mag-
nitude is the same for the radial and azimuthal Bessel beams,
the current directions are opposite and controlled by the po-
larization of plane waves constituting the beams. Note that the
photothermoelectric effect also produces a radial electric cur-
rent. This contribution, however, is independent of the linear
polarization and, therefore, can be experimentally separated.

Whereas the photocurrents induced by the radial and
azimuthal Bessel beams with m = 0 flow radially, the pho-
tocurrents induced by the beams composed of circularly
polarized plane waves (p3 = ±1) have polarization-sensitive
azimuthal components. This is shown in Fig. 4 for the Bessel
beams with m = 0. In these cases, the photocurrents form
vortices (here, the sets of concentric current loops with alter-
nating directions) with the winding direction determined by
the radiation helicity.

For the Bessel beams with m $= 0, the spatial distributions
of the ac field amplitude and the photocurrent density get
more complex with the radial and azimuthal components in-
termixed. Figures 5(a) and 5(c) show the snapshots of the
electric field distributions in the radial (p1 = 1) Bessel beams
with m = ±2 at a certain time t0. The field distributions at any
time t are obtained by the rotation of the given distributions
by the angle ϕ = ω(t − t0)/m, as indicated by bent red ar-
rows. Far from the beam center, the field is linearly polarized
along the radius, whereas at the beam core the polarization is
elliptical. Figures 5(b) and 5(d) show the distributions of the
photocurrent density in the beams. The photocurrents contain
both radial and azimuthal components. The direction of the
azimuthal component is controlled by the sign of m and,
hence, it is opposite in Figs. 5(b) and 5(d).

Figure 6 shows the spatial distributions of the photocur-
rent density for the Bessel beams with m = ±1 composed
of the left-handed (p3 = −1) and the right-handed (p3 = 1)
circularly polarized plane waves. Similarly to the case of
m = 0 (Fig. 4), the photocurrents have polarization-sensitive

115402-6

𝒒 = (𝒒∥, 𝑞<)

𝑬𝒒

Bessel beams

GUNYAGA, DURNEV, AND TARASENKO PHYSICAL REVIEW B 108, 115402 (2023)

E(r) j(r)

)b()a(

)d()c(

FIG. 3. Photocurrents induced by the radial and azimuthal Bessel
beams with m = 0. (a) and (b) Distributions of the electric field
vector E(r) and the photocurrent density j(r) = j (pol) + j (ph) for the
radial Bessel beam. (c) and (d) Distributions of the electric field
vector E(r) and the photocurrent j(r) for the azimuthal Bessel beam.
Red and blue backgrounds encode the radiation intensity and the
magnitude of the photocurrent density, respectively.
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(
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ωτ

)
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Jm(Jm+1 + Jm−1), (31)

where

j0 = − ne3τ 3E2
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m∗2(1 + ω2τ 2)
, (32)

p1 = |α|2 − |β|2, p2 = αβ∗ + α∗β, and p3 = i(αβ∗ − α∗β )
are the polarization parameters of the plane waves constituting
the Bessel beam, and Jm = Jm(q‖r).

Now, we illustrate the photocurrents induced by Bessel
beams with different polarizations and angular momentum
projections. We focus on the polarization- and phase-sensitive
photocurrents j (pol) + j (ph). The photothermoelectric current
j (th) has only a radial component and is determined solely by
the gradient of the radiation intensity. Note that, for the beams
composed of circularly or elliptically polarized plane waves
(p3 $= 0), the spatial distribution of the radiation intensity and,
hence, the photothermoelectric current depend on the sign of
circular polarization; see Eq. (30).

Figure 3 shows the spatial distributions of the ac electric
field and the photocurrent density for the radial (p1 = 1)
and azimuthal (p1 = −1) Bessel beams with the total angu-
lar momentum projection m = 0. In these particular cases,
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FIG. 4. Spatial distributions of the photocurrent density j(r) =
j (pol) + j (ph) for the Bessel beams with m = 0 composed of (a) left-
handed (p3 = −1) and (b) right-handed (p3 = 1) circularly polarized
plane waves. The current j forms vortices with the winding direction
determined by the radiation helicity.

the electric field in the beams has only radial or azimuthal
component, and the field distribution is rotationally invariant,
Figs. 3(a) and 3(c). For the both beams, the photocurrent has
only a radial component, Figs. 3(b) and 3(d). The current
density is nonmonotonic and oscillates with the distance from
the beam center; these oscillations originate from the radial
distribution of the electric field. While the local current mag-
nitude is the same for the radial and azimuthal Bessel beams,
the current directions are opposite and controlled by the po-
larization of plane waves constituting the beams. Note that the
photothermoelectric effect also produces a radial electric cur-
rent. This contribution, however, is independent of the linear
polarization and, therefore, can be experimentally separated.

Whereas the photocurrents induced by the radial and
azimuthal Bessel beams with m = 0 flow radially, the pho-
tocurrents induced by the beams composed of circularly
polarized plane waves (p3 = ±1) have polarization-sensitive
azimuthal components. This is shown in Fig. 4 for the Bessel
beams with m = 0. In these cases, the photocurrents form
vortices (here, the sets of concentric current loops with alter-
nating directions) with the winding direction determined by
the radiation helicity.

For the Bessel beams with m $= 0, the spatial distributions
of the ac field amplitude and the photocurrent density get
more complex with the radial and azimuthal components in-
termixed. Figures 5(a) and 5(c) show the snapshots of the
electric field distributions in the radial (p1 = 1) Bessel beams
with m = ±2 at a certain time t0. The field distributions at any
time t are obtained by the rotation of the given distributions
by the angle ϕ = ω(t − t0)/m, as indicated by bent red ar-
rows. Far from the beam center, the field is linearly polarized
along the radius, whereas at the beam core the polarization is
elliptical. Figures 5(b) and 5(d) show the distributions of the
photocurrent density in the beams. The photocurrents contain
both radial and azimuthal components. The direction of the
azimuthal component is controlled by the sign of m and,
hence, it is opposite in Figs. 5(b) and 5(d).

Figure 6 shows the spatial distributions of the photocur-
rent density for the Bessel beams with m = ±1 composed
of the left-handed (p3 = −1) and the right-handed (p3 = 1)
circularly polarized plane waves. Similarly to the case of
m = 0 (Fig. 4), the photocurrents have polarization-sensitive
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Examples are Gaussian, Hermite-Gaussian, or 
Laguerre-Gaussian beams 

𝑬 𝒓, 𝑡 =;
𝒒

𝑬𝒒 exp 𝑖𝒒 ⋅ 𝒓 − 𝑖𝜔𝑡 + c. c .
𝒒 = 𝜔/𝑐

Paraxial approximation
𝑞" , 𝑞! ≪ 𝑞<



VECTOR BEAMS
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Bessel beams

Distribution of electric field E in the beam cross-section
Electric field

(a) Radial beam (c) Azimuthal beam

𝑬 𝝆, 𝑧 =;
𝒒∥

𝑬𝒒∥ exp(𝑖𝑞<𝑧 + 𝑖𝒒∥ ⋅ 𝝆)
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TWISTED LIGHT

Twisted light (optical vortices)

m (integer) is the projection 
of orbital angular momentum (OAM)

photons with OAM

𝑬 𝝆, 𝑧 ∝ exp(𝑖𝑚𝜑)
Electric field in the beam 

K.A. Forbes, D.L. Andrews, J. Phys. Photonics 3, 022007 (2021)

Reviews: A. Forbes, M. de Oliveira, and M. R. Dennis, Structured light, Nat. Photonics 15, 253 (2021)
B.A. Knyazev and V.G. Serbo, Phys. Usp. 61, 449 (2018)

THz range: X. Wei, C. Liu, L. Niu et al., Appl. Opt. 54, 10641 (2015)
Y.Y. Choporova, B.A. Knyazev, G.N. Kulipanov et al., Phys. Rev. A 96, 023846 (2017)



PHOTORESPONSE TO STRUCTURED RADIATION

Photoresponse: Z. Ji, W. Liu, S. Krylyuk et al., Science 368, 763 (2020)
S. Sederberg, F. Kong, F. Hufnagel et al., Nat. Photon. 14, 680 (2020)

Z. Ji, W. Liu, S. Krylyuk et al., Science 368, 763 (2020)

Observation: Photoresponse sensitive to photon orbital angular momentum (OAM)

Open questions: Microscopic mechanisms, Theory 



PHOTOCURRENTS BY STRUCTURED THZ RADIATION

Electric field of incident radiation 
in the 2D electron gas plane

𝑬 𝒓, 𝑡 = 𝑬 𝒓 exp −𝑖𝜔𝑡 + c. c.

Emergent dc photocurrent 𝒋(𝒓)
due to ac field structure

(complex) amplitude
varying in 2D plane

𝑗) 𝒓 ∝
𝜕
𝜕𝑟*

𝐸+𝐸,
∗



QUASI-CLASSICAL APPROACH
Boltzmann equation for electron distribution function 𝑓(𝒑, 𝒓, 𝑡)

𝜕𝑓
𝜕𝑡
+ 𝒗 ⋅

𝜕𝑓
𝜕𝒓

+ 𝑒 𝑬∥ 𝒓, 𝑡 +
1
𝑐
𝒗×𝑩8 𝒓, 𝑡 ⋅

𝜕𝑓
𝜕𝒑

= I {𝑓}

I 𝑓 =
𝑓 − 𝑓
𝜏

+ I5)5{𝑓} + I>{𝑓}

Collision integral (relaxation time approximation)

Electric 𝑬(𝒓, 𝑡) and magnetic 𝑩(𝒓, 𝑡) fields of radiation

𝐵8 = −𝑖
𝑐
𝜔

𝜕𝐸$
𝜕𝑥

−
𝜕𝐸!
𝜕𝑦

Solution to second order in the electric field, i.e., the radiation intensity

𝑬𝑩

Assumptions: length of field variation 𝐿(∼ λ) ≫ 𝑙 mean free path,     
spatial dispersion of screening is negligible at 𝐿 ≫ (2𝜋𝜎/𝑐)



SOLUTION OF THE KINETIC EQUATION

𝑓 𝒑, 𝒓, 𝑡 = 𝑓'(𝒑) + 𝑓( 𝒑, 𝒓 𝑒)*+, + c. c. + 𝑓- 𝒑, 𝒓

Expansion in the field amplitude

𝑓( ∝ 𝐸 𝑓- ∝ 𝐸𝐸∗, 𝐸𝐵∗

The density of dc electric current

𝒋 𝒓 = 𝑒𝜈;
𝒑

𝒗𝑓-(𝒑, 𝒓)

𝜈 is the spin and/or valley degeneracy

−𝑖𝜔𝑓, + 𝒗 ⋅
𝜕𝑓,
𝜕𝒓
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𝜕𝑓%
𝜕𝒑
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𝒗 ⋅
𝜕𝑓)
𝜕𝒓

+ 𝑒 𝑬∥ 𝒓, 𝑡 +
1
𝑐
𝒗×𝑩8 𝒓, 𝑡 ⋅

𝜕𝑓,∗

𝜕𝒑
+ c. c. = I {𝑓)}

Set of differential equations



CONTRIBUTIONS TO PHOTOCURRENT  
Photocurrent density

A.A. Gunyaga, M.V. Durnev, and S.A.T., Phys. Rev. B 108, 115402 (2023)
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equation over p, and neglecting the gradient term ∝ ∇ f1 one
obtains

∑

p

v f1 = σ

eν
E‖(r), (10)

where σ is the conductivity,

σ = ne2τ

m∗(1 − iωτ )
, (11)

and n = ν
∑

p f0 is the 2D electron density.
The sum

∑
p f ∗

1 in the second term in Eq. (9) can be
calculated by summing up Eq. (6) over p and using Eq. (10),
which gives

∑

p

f1 = − iσ
eνω

∇ · E‖(r), (12)

where ∇ · E‖ = ∂Ex/∂x + ∂Ey/∂y.
The first term in Eq. (9) is determined by the gradient of

f2; therefore the sums
∑

p vαvβ f2 can be also calculated in
the local response approximation. The function f2 contains
the zero and second angular harmonics which both contribute
to the sums

∑
p vαvβ f2 since

∑

p

vαvβ f2 =
∑

p

v2

2
δαβ f2 +

∑

p

(
vαvβ − v2

2
δαβ

)
f2. (13)

The contribution of the zero angular harmonic is calculated as
follows,

∑

p

v2

2
f2 = K

m∗ν
, (14)

where K = ν
∑

p(m∗v2/2) f2 is the density of the excess ki-
netic energy of electrons. If the energy relaxation of electrons
is faster than the energy diffusion, the excess energy K can
be found from the balance between the energy gain from the
high-frequency field 2(Re σ )|E‖|2 and the energy dissipation
K/τε, where τε is the energy relaxation time [54]. Thus, the
energy balance gives K = 2τε(Re σ )|E‖|2. To calculate the
contributions of the second angular harmonics, we multiply
Eq. (7) by vxvy or v2

x − v2
y and sum up the result over p, which

yields
∑

p

vxvy f2 = 2τRe σ

m∗ν
(ExE∗

y + E∗
x Ey),

∑

p

v2
x − v2

y

2
f2 = 2τRe σ

m∗ν
(|Ex|2 − |Ey|2). (15)

Finally, combining all the contributions to the photocur-
rent, we obtain

j = j (th) + j (pol) + j (ph), (16)

where

j (th) = −2
eττε Re σ

m∗ ∇S0, (17)

j (pol)
x = −eτ 2 Re σ

m∗

(
∂S1

∂x
+ ∂S2

∂y
− 1

ωτ

∂S3

∂y

)
,

j (pol)
y = −eτ 2 Re σ

m∗

(
∂S2

∂x
− ∂S1

∂y
+ 1

ωτ

∂S3

∂x

)
, (18)

j (ph) = −2
eτ Re σ

m∗ω
Im(Ex∇E∗

x + Ey∇E∗
y ), (19)

Re σ = ne2τ/[m∗(1 + ω2τ 2)], S0 = |E‖|2, S1 = |Ex|2 −
|Ey|2, S2 = ExE∗

y + E∗
x Ey, and S3 = i(ExE∗

y − E∗
x Ey). In

the paraxial approximation for normally incident radiation,
S0, S1, S2, and S3 correspond to the (non-normalized) Stokes
parameters. The parameter S0 describes the radiation intensity,
S1/S0 and S2/S0 are the degrees of linear polarization in the
(xy) axes and in the diagonal axes, respectively, and S3/S0 is
the degree of circular polarization. All the above contributions
to the dc current are proportional to the square of the electric
field amplitude, i.e., the radiation intensity, and, therefore,
belong to the class of photocurrents.

Besides the photothermoelectric current j (th) originating
from inhomogeneous heating and proportional to the gra-
dient of the radiation intensity, the photocurrent contains
the contributions j (pol) and j (ph). The first one, j (pol) given
by Eqs. (18), is determined by the gradients of the (non-
normalized) polarization Stokes parameters Sj ( j = 1, 2, 3).
This photocurrent is induced by the electromagnetic field with
spatially varying polarization, see Fig. 2, and emerges even
if the field intensity is constant across the 2D gas plane.
It is also induced by the field with a fixed polarization but
nonuniform intensity, e.g., when the ratio Sj/S0 is constant
but S0 depends on r. In this particular case, the photocurrent
j (pol) can be seen as proportional to the in-plane gradient of
the radiation intensity, similarly to the photothermoelectric
contribution. However, its direction is determined by the field
polarization and it can flow both along or perpendicularly to
the intensity gradient. The polarization-sensitive photocurrent
flowing perpendicularly to the intensity gradient is some-
what similar to the edge photogalvanic current in 2DEG
[26,55].

The contribution j (ph) given by Eq. (19) does not even
require polarization gradients to emerge. For the field E(r) =
E0eiϕ(r) with the constant amplitude and polarization, the pho-
tocurrent j (ph) is proportional to the gradient of the phase ϕ(r).
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wave obliquely incident on the 2D system. In this geometry,
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is the in-plane component of the wave vector. The emerging
photocurrent j (ph) ∝ q‖|E‖|2 is proportional to the in-plane
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All the photocurrent contributions discussed above are pro-
portional to the cube of the electric charge e. It means that
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the main result of our work. It describes the generation of
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tocurrent j (ph) is proportional to the gradient of the phase ϕ(r).
An example of such a field E(r) is the plane electromagnetic
wave obliquely incident on the 2D system. In this geometry,
the phase varies linearly in 2D plane as ϕ = q‖ · r, where q‖
is the in-plane component of the wave vector. The emerging
photocurrent j (ph) ∝ q‖|E‖|2 is proportional to the in-plane
wave vector q‖ and corresponds to the photon drag effect
[41,43,45]. Thus, the phase-sensitive contribution j (ph) given
by Eq. (19) can be viewed as a generalization of the photon
drag effect to the electromagnetic field with arbitrary varying
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All the photocurrent contributions discussed above are pro-
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Equation (16) with the contributions (18) and (19) is
the main result of our work. It describes the generation of
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(xy) axes and in the diagonal axes, respectively, and S3/S0 is
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to the dc current are proportional to the square of the electric
field amplitude, i.e., the radiation intensity, and, therefore,
belong to the class of photocurrents.

Besides the photothermoelectric current j (th) originating
from inhomogeneous heating and proportional to the gra-
dient of the radiation intensity, the photocurrent contains
the contributions j (pol) and j (ph). The first one, j (pol) given
by Eqs. (18), is determined by the gradients of the (non-
normalized) polarization Stokes parameters Sj ( j = 1, 2, 3).
This photocurrent is induced by the electromagnetic field with
spatially varying polarization, see Fig. 2, and emerges even
if the field intensity is constant across the 2D gas plane.
It is also induced by the field with a fixed polarization but
nonuniform intensity, e.g., when the ratio Sj/S0 is constant
but S0 depends on r. In this particular case, the photocurrent
j (pol) can be seen as proportional to the in-plane gradient of
the radiation intensity, similarly to the photothermoelectric
contribution. However, its direction is determined by the field
polarization and it can flow both along or perpendicularly to
the intensity gradient. The polarization-sensitive photocurrent
flowing perpendicularly to the intensity gradient is some-
what similar to the edge photogalvanic current in 2DEG
[26,55].

The contribution j (ph) given by Eq. (19) does not even
require polarization gradients to emerge. For the field E(r) =
E0eiϕ(r) with the constant amplitude and polarization, the pho-
tocurrent j (ph) is proportional to the gradient of the phase ϕ(r).
An example of such a field E(r) is the plane electromagnetic
wave obliquely incident on the 2D system. In this geometry,
the phase varies linearly in 2D plane as ϕ = q‖ · r, where q‖
is the in-plane component of the wave vector. The emerging
photocurrent j (ph) ∝ q‖|E‖|2 is proportional to the in-plane
wave vector q‖ and corresponds to the photon drag effect
[41,43,45]. Thus, the phase-sensitive contribution j (ph) given
by Eq. (19) can be viewed as a generalization of the photon
drag effect to the electromagnetic field with arbitrary varying
phase.

All the photocurrent contributions discussed above are pro-
portional to the cube of the electric charge e. It means that
the photocurrents excited in n-type and p-type structures are
directed oppositely while the flows of carriers, electrons or
holes, are co-directed.

Equation (16) with the contributions (18) and (19) is
the main result of our work. It describes the generation of
dc current in 2DEG by arbitrary spatially inhomogeneous
electromagnetic field. Below, we apply it to study the pho-
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from inhomogeneous heating and proportional to the gra-
dient of the radiation intensity, the photocurrent contains
the contributions j (pol) and j (ph). The first one, j (pol) given
by Eqs. (18), is determined by the gradients of the (non-
normalized) polarization Stokes parameters Sj ( j = 1, 2, 3).
This photocurrent is induced by the electromagnetic field with
spatially varying polarization, see Fig. 2, and emerges even
if the field intensity is constant across the 2D gas plane.
It is also induced by the field with a fixed polarization but
nonuniform intensity, e.g., when the ratio Sj/S0 is constant
but S0 depends on r. In this particular case, the photocurrent
j (pol) can be seen as proportional to the in-plane gradient of
the radiation intensity, similarly to the photothermoelectric
contribution. However, its direction is determined by the field
polarization and it can flow both along or perpendicularly to
the intensity gradient. The polarization-sensitive photocurrent
flowing perpendicularly to the intensity gradient is some-
what similar to the edge photogalvanic current in 2DEG
[26,55].

The contribution j (ph) given by Eq. (19) does not even
require polarization gradients to emerge. For the field E(r) =
E0eiϕ(r) with the constant amplitude and polarization, the pho-
tocurrent j (ph) is proportional to the gradient of the phase ϕ(r).
An example of such a field E(r) is the plane electromagnetic
wave obliquely incident on the 2D system. In this geometry,
the phase varies linearly in 2D plane as ϕ = q‖ · r, where q‖
is the in-plane component of the wave vector. The emerging
photocurrent j (ph) ∝ q‖|E‖|2 is proportional to the in-plane
wave vector q‖ and corresponds to the photon drag effect
[41,43,45]. Thus, the phase-sensitive contribution j (ph) given
by Eq. (19) can be viewed as a generalization of the photon
drag effect to the electromagnetic field with arbitrary varying
phase.

All the photocurrent contributions discussed above are pro-
portional to the cube of the electric charge e. It means that
the photocurrents excited in n-type and p-type structures are
directed oppositely while the flows of carriers, electrons or
holes, are co-directed.

Equation (16) with the contributions (18) and (19) is
the main result of our work. It describes the generation of
dc current in 2DEG by arbitrary spatially inhomogeneous
electromagnetic field. Below, we apply it to study the pho-
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This photocurrent is induced by the electromagnetic field with
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E0eiϕ(r) with the constant amplitude and polarization, the pho-
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the photocurrents excited in n-type and p-type structures are
directed oppositely while the flows of carriers, electrons or
holes, are co-directed.

Equation (16) with the contributions (18) and (19) is
the main result of our work. It describes the generation of
dc current in 2DEG by arbitrary spatially inhomogeneous
electromagnetic field. Below, we apply it to study the pho-
tocurrents induced by fields with polarization gradients and
by beams of twisted light.

115402-3

𝑆% = 𝐸∥
)

𝑆, = 𝐸! ) − 𝐸$
)

(i) Photothermoelectric current
“Stokes” parameters

(ii) Currents by polarization gradients 

𝑆) = (𝐸!𝐸$∗ + 𝐸$𝐸!∗)

𝑆: = 𝑖 𝐸!𝐸$∗ − 𝐸$𝐸!∗

∝ 𝑃;<=;

intensity

(ii) Currents by phase gradient

generalized photon drag

𝜎 the high-frequency conductivity



(I) PHOTOTHERMOELECTRIC CURRENT

PHOTOCURRENTS INDUCED BY STRUCTURED LIGHT PHYSICAL REVIEW B 108, 115402 (2023)
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which gives

∑

p

f1 = − iσ
eνω

∇ · E‖(r), (12)

where ∇ · E‖ = ∂Ex/∂x + ∂Ey/∂y.
The first term in Eq. (9) is determined by the gradient of

f2; therefore the sums
∑

p vαvβ f2 can be also calculated in
the local response approximation. The function f2 contains
the zero and second angular harmonics which both contribute
to the sums

∑
p vαvβ f2 since

∑

p

vαvβ f2 =
∑

p

v2

2
δαβ f2 +

∑

p

(
vαvβ − v2

2
δαβ

)
f2. (13)

The contribution of the zero angular harmonic is calculated as
follows,

∑

p

v2

2
f2 = K

m∗ν
, (14)

where K = ν
∑

p(m∗v2/2) f2 is the density of the excess ki-
netic energy of electrons. If the energy relaxation of electrons
is faster than the energy diffusion, the excess energy K can
be found from the balance between the energy gain from the
high-frequency field 2(Re σ )|E‖|2 and the energy dissipation
K/τε, where τε is the energy relaxation time [54]. Thus, the
energy balance gives K = 2τε(Re σ )|E‖|2. To calculate the
contributions of the second angular harmonics, we multiply
Eq. (7) by vxvy or v2

x − v2
y and sum up the result over p, which

yields
∑

p

vxvy f2 = 2τRe σ

m∗ν
(ExE∗

y + E∗
x Ey),

∑

p

v2
x − v2

y

2
f2 = 2τRe σ

m∗ν
(|Ex|2 − |Ey|2). (15)

Finally, combining all the contributions to the photocur-
rent, we obtain

j = j (th) + j (pol) + j (ph), (16)

where

j (th) = −2
eττε Re σ

m∗ ∇S0, (17)

j (pol)
x = −eτ 2 Re σ

m∗

(
∂S1

∂x
+ ∂S2

∂y
− 1

ωτ

∂S3

∂y

)
,

j (pol)
y = −eτ 2 Re σ

m∗

(
∂S2

∂x
− ∂S1

∂y
+ 1

ωτ

∂S3

∂x

)
, (18)

j (ph) = −2
eτ Re σ

m∗ω
Im(Ex∇E∗

x + Ey∇E∗
y ), (19)

Re σ = ne2τ/[m∗(1 + ω2τ 2)], S0 = |E‖|2, S1 = |Ex|2 −
|Ey|2, S2 = ExE∗

y + E∗
x Ey, and S3 = i(ExE∗

y − E∗
x Ey). In

the paraxial approximation for normally incident radiation,
S0, S1, S2, and S3 correspond to the (non-normalized) Stokes
parameters. The parameter S0 describes the radiation intensity,
S1/S0 and S2/S0 are the degrees of linear polarization in the
(xy) axes and in the diagonal axes, respectively, and S3/S0 is
the degree of circular polarization. All the above contributions
to the dc current are proportional to the square of the electric
field amplitude, i.e., the radiation intensity, and, therefore,
belong to the class of photocurrents.

Besides the photothermoelectric current j (th) originating
from inhomogeneous heating and proportional to the gra-
dient of the radiation intensity, the photocurrent contains
the contributions j (pol) and j (ph). The first one, j (pol) given
by Eqs. (18), is determined by the gradients of the (non-
normalized) polarization Stokes parameters Sj ( j = 1, 2, 3).
This photocurrent is induced by the electromagnetic field with
spatially varying polarization, see Fig. 2, and emerges even
if the field intensity is constant across the 2D gas plane.
It is also induced by the field with a fixed polarization but
nonuniform intensity, e.g., when the ratio Sj/S0 is constant
but S0 depends on r. In this particular case, the photocurrent
j (pol) can be seen as proportional to the in-plane gradient of
the radiation intensity, similarly to the photothermoelectric
contribution. However, its direction is determined by the field
polarization and it can flow both along or perpendicularly to
the intensity gradient. The polarization-sensitive photocurrent
flowing perpendicularly to the intensity gradient is some-
what similar to the edge photogalvanic current in 2DEG
[26,55].

The contribution j (ph) given by Eq. (19) does not even
require polarization gradients to emerge. For the field E(r) =
E0eiϕ(r) with the constant amplitude and polarization, the pho-
tocurrent j (ph) is proportional to the gradient of the phase ϕ(r).
An example of such a field E(r) is the plane electromagnetic
wave obliquely incident on the 2D system. In this geometry,
the phase varies linearly in 2D plane as ϕ = q‖ · r, where q‖
is the in-plane component of the wave vector. The emerging
photocurrent j (ph) ∝ q‖|E‖|2 is proportional to the in-plane
wave vector q‖ and corresponds to the photon drag effect
[41,43,45]. Thus, the phase-sensitive contribution j (ph) given
by Eq. (19) can be viewed as a generalization of the photon
drag effect to the electromagnetic field with arbitrary varying
phase.

All the photocurrent contributions discussed above are pro-
portional to the cube of the electric charge e. It means that
the photocurrents excited in n-type and p-type structures are
directed oppositely while the flows of carriers, electrons or
holes, are co-directed.

Equation (16) with the contributions (18) and (19) is
the main result of our work. It describes the generation of
dc current in 2DEG by arbitrary spatially inhomogeneous
electromagnetic field. Below, we apply it to study the pho-
tocurrents induced by fields with polarization gradients and
by beams of twisted light.
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equation over p, and neglecting the gradient term ∝ ∇ f1 one
obtains

∑
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v f1 = σ

eν
E‖(r), (10)

where σ is the conductivity,

σ = ne2τ

m∗(1 − iωτ )
, (11)

and n = ν
∑

p f0 is the 2D electron density.
The sum

∑
p f ∗

1 in the second term in Eq. (9) can be
calculated by summing up Eq. (6) over p and using Eq. (10),
which gives

∑
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f1 = − iσ
eνω

∇ · E‖(r), (12)

where ∇ · E‖ = ∂Ex/∂x + ∂Ey/∂y.
The first term in Eq. (9) is determined by the gradient of

f2; therefore the sums
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p vαvβ f2 can be also calculated in
the local response approximation. The function f2 contains
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to the sums

∑
p vαvβ f2 since

∑

p

vαvβ f2 =
∑
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The contribution of the zero angular harmonic is calculated as
follows,

∑
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2
f2 = K

m∗ν
, (14)

where K = ν
∑

p(m∗v2/2) f2 is the density of the excess ki-
netic energy of electrons. If the energy relaxation of electrons
is faster than the energy diffusion, the excess energy K can
be found from the balance between the energy gain from the
high-frequency field 2(Re σ )|E‖|2 and the energy dissipation
K/τε, where τε is the energy relaxation time [54]. Thus, the
energy balance gives K = 2τε(Re σ )|E‖|2. To calculate the
contributions of the second angular harmonics, we multiply
Eq. (7) by vxvy or v2

x − v2
y and sum up the result over p, which

yields
∑

p

vxvy f2 = 2τRe σ

m∗ν
(ExE∗

y + E∗
x Ey),

∑

p

v2
x − v2

y

2
f2 = 2τRe σ

m∗ν
(|Ex|2 − |Ey|2). (15)

Finally, combining all the contributions to the photocur-
rent, we obtain

j = j (th) + j (pol) + j (ph), (16)

where

j (th) = −2
eττε Re σ

m∗ ∇S0, (17)

j (pol)
x = −eτ 2 Re σ

m∗

(
∂S1

∂x
+ ∂S2

∂y
− 1

ωτ

∂S3

∂y

)
,

j (pol)
y = −eτ 2 Re σ
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(
∂S2

∂x
− ∂S1

∂y
+ 1

ωτ

∂S3

∂x

)
, (18)

j (ph) = −2
eτ Re σ

m∗ω
Im(Ex∇E∗

x + Ey∇E∗
y ), (19)

Re σ = ne2τ/[m∗(1 + ω2τ 2)], S0 = |E‖|2, S1 = |Ex|2 −
|Ey|2, S2 = ExE∗

y + E∗
x Ey, and S3 = i(ExE∗

y − E∗
x Ey). In

the paraxial approximation for normally incident radiation,
S0, S1, S2, and S3 correspond to the (non-normalized) Stokes
parameters. The parameter S0 describes the radiation intensity,
S1/S0 and S2/S0 are the degrees of linear polarization in the
(xy) axes and in the diagonal axes, respectively, and S3/S0 is
the degree of circular polarization. All the above contributions
to the dc current are proportional to the square of the electric
field amplitude, i.e., the radiation intensity, and, therefore,
belong to the class of photocurrents.

Besides the photothermoelectric current j (th) originating
from inhomogeneous heating and proportional to the gra-
dient of the radiation intensity, the photocurrent contains
the contributions j (pol) and j (ph). The first one, j (pol) given
by Eqs. (18), is determined by the gradients of the (non-
normalized) polarization Stokes parameters Sj ( j = 1, 2, 3).
This photocurrent is induced by the electromagnetic field with
spatially varying polarization, see Fig. 2, and emerges even
if the field intensity is constant across the 2D gas plane.
It is also induced by the field with a fixed polarization but
nonuniform intensity, e.g., when the ratio Sj/S0 is constant
but S0 depends on r. In this particular case, the photocurrent
j (pol) can be seen as proportional to the in-plane gradient of
the radiation intensity, similarly to the photothermoelectric
contribution. However, its direction is determined by the field
polarization and it can flow both along or perpendicularly to
the intensity gradient. The polarization-sensitive photocurrent
flowing perpendicularly to the intensity gradient is some-
what similar to the edge photogalvanic current in 2DEG
[26,55].

The contribution j (ph) given by Eq. (19) does not even
require polarization gradients to emerge. For the field E(r) =
E0eiϕ(r) with the constant amplitude and polarization, the pho-
tocurrent j (ph) is proportional to the gradient of the phase ϕ(r).
An example of such a field E(r) is the plane electromagnetic
wave obliquely incident on the 2D system. In this geometry,
the phase varies linearly in 2D plane as ϕ = q‖ · r, where q‖
is the in-plane component of the wave vector. The emerging
photocurrent j (ph) ∝ q‖|E‖|2 is proportional to the in-plane
wave vector q‖ and corresponds to the photon drag effect
[41,43,45]. Thus, the phase-sensitive contribution j (ph) given
by Eq. (19) can be viewed as a generalization of the photon
drag effect to the electromagnetic field with arbitrary varying
phase.

All the photocurrent contributions discussed above are pro-
portional to the cube of the electric charge e. It means that
the photocurrents excited in n-type and p-type structures are
directed oppositely while the flows of carriers, electrons or
holes, are co-directed.

Equation (16) with the contributions (18) and (19) is
the main result of our work. It describes the generation of
dc current in 2DEG by arbitrary spatially inhomogeneous
electromagnetic field. Below, we apply it to study the pho-
tocurrents induced by fields with polarization gradients and
by beams of twisted light.
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equation over p, and neglecting the gradient term ∝ ∇ f1 one
obtains

∑
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v f1 = σ

eν
E‖(r), (10)

where σ is the conductivity,

σ = ne2τ

m∗(1 − iωτ )
, (11)

and n = ν
∑

p f0 is the 2D electron density.
The sum

∑
p f ∗

1 in the second term in Eq. (9) can be
calculated by summing up Eq. (6) over p and using Eq. (10),
which gives

∑

p

f1 = − iσ
eνω

∇ · E‖(r), (12)

where ∇ · E‖ = ∂Ex/∂x + ∂Ey/∂y.
The first term in Eq. (9) is determined by the gradient of

f2; therefore the sums
∑

p vαvβ f2 can be also calculated in
the local response approximation. The function f2 contains
the zero and second angular harmonics which both contribute
to the sums
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p vαvβ f2 since
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vαvβ f2 =
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2
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)
f2. (13)

The contribution of the zero angular harmonic is calculated as
follows,

∑

p

v2

2
f2 = K

m∗ν
, (14)

where K = ν
∑

p(m∗v2/2) f2 is the density of the excess ki-
netic energy of electrons. If the energy relaxation of electrons
is faster than the energy diffusion, the excess energy K can
be found from the balance between the energy gain from the
high-frequency field 2(Re σ )|E‖|2 and the energy dissipation
K/τε, where τε is the energy relaxation time [54]. Thus, the
energy balance gives K = 2τε(Re σ )|E‖|2. To calculate the
contributions of the second angular harmonics, we multiply
Eq. (7) by vxvy or v2

x − v2
y and sum up the result over p, which

yields
∑

p

vxvy f2 = 2τRe σ

m∗ν
(ExE∗

y + E∗
x Ey),

∑

p

v2
x − v2
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2
f2 = 2τRe σ

m∗ν
(|Ex|2 − |Ey|2). (15)

Finally, combining all the contributions to the photocur-
rent, we obtain

j = j (th) + j (pol) + j (ph), (16)

where

j (th) = −2
eττε Re σ

m∗ ∇S0, (17)

j (pol)
x = −eτ 2 Re σ
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(
∂S1
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,
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, (18)

j (ph) = −2
eτ Re σ

m∗ω
Im(Ex∇E∗

x + Ey∇E∗
y ), (19)

Re σ = ne2τ/[m∗(1 + ω2τ 2)], S0 = |E‖|2, S1 = |Ex|2 −
|Ey|2, S2 = ExE∗

y + E∗
x Ey, and S3 = i(ExE∗

y − E∗
x Ey). In

the paraxial approximation for normally incident radiation,
S0, S1, S2, and S3 correspond to the (non-normalized) Stokes
parameters. The parameter S0 describes the radiation intensity,
S1/S0 and S2/S0 are the degrees of linear polarization in the
(xy) axes and in the diagonal axes, respectively, and S3/S0 is
the degree of circular polarization. All the above contributions
to the dc current are proportional to the square of the electric
field amplitude, i.e., the radiation intensity, and, therefore,
belong to the class of photocurrents.

Besides the photothermoelectric current j (th) originating
from inhomogeneous heating and proportional to the gra-
dient of the radiation intensity, the photocurrent contains
the contributions j (pol) and j (ph). The first one, j (pol) given
by Eqs. (18), is determined by the gradients of the (non-
normalized) polarization Stokes parameters Sj ( j = 1, 2, 3).
This photocurrent is induced by the electromagnetic field with
spatially varying polarization, see Fig. 2, and emerges even
if the field intensity is constant across the 2D gas plane.
It is also induced by the field with a fixed polarization but
nonuniform intensity, e.g., when the ratio Sj/S0 is constant
but S0 depends on r. In this particular case, the photocurrent
j (pol) can be seen as proportional to the in-plane gradient of
the radiation intensity, similarly to the photothermoelectric
contribution. However, its direction is determined by the field
polarization and it can flow both along or perpendicularly to
the intensity gradient. The polarization-sensitive photocurrent
flowing perpendicularly to the intensity gradient is some-
what similar to the edge photogalvanic current in 2DEG
[26,55].

The contribution j (ph) given by Eq. (19) does not even
require polarization gradients to emerge. For the field E(r) =
E0eiϕ(r) with the constant amplitude and polarization, the pho-
tocurrent j (ph) is proportional to the gradient of the phase ϕ(r).
An example of such a field E(r) is the plane electromagnetic
wave obliquely incident on the 2D system. In this geometry,
the phase varies linearly in 2D plane as ϕ = q‖ · r, where q‖
is the in-plane component of the wave vector. The emerging
photocurrent j (ph) ∝ q‖|E‖|2 is proportional to the in-plane
wave vector q‖ and corresponds to the photon drag effect
[41,43,45]. Thus, the phase-sensitive contribution j (ph) given
by Eq. (19) can be viewed as a generalization of the photon
drag effect to the electromagnetic field with arbitrary varying
phase.

All the photocurrent contributions discussed above are pro-
portional to the cube of the electric charge e. It means that
the photocurrents excited in n-type and p-type structures are
directed oppositely while the flows of carriers, electrons or
holes, are co-directed.

Equation (16) with the contributions (18) and (19) is
the main result of our work. It describes the generation of
dc current in 2DEG by arbitrary spatially inhomogeneous
electromagnetic field. Below, we apply it to study the pho-
tocurrents induced by fields with polarization gradients and
by beams of twisted light.
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FIG. 2. The ac electromagnetic field E(r, t ) with spatially inhomogeneous polarization induces direct photocurrents j(r) in the regions
where the polarization varies. (a)–(c) Photocurrents induced by linearly polarized radiation whose polarization vector turns in the electron
gas plane. (b) Spatial profiles of the Stokes parameters Sj (x)/S0 of the incident radiation. The in-plane field polarizations are shown by black
arrows. (c) Spatial distribution of the x and y components of the photocurrent density j(x). (d)–(f) Photocurrents induced by radiation with
the polarization varying from left-handed to right-handed circular polarization. (e) Spatial profiles of the Stokes parameters Sj (x)/S0 of the
incident radiation. The field polarizations are shown by black arrows and ellipses. (f) Spatial distribution of the x and y components of the
photocurrent density j(x) at ωτ = 1.

III. PHOTOCURRENTS INDUCED BY GRADIENTS
OF FIELD POLARIZATION

Consider the photocurrents induced by electromagnetic
fields with the constant in-plane amplitude |E‖| in the 2DEG
plane and the polarization varying along the x axis. Fig-
ures 2(a) and 2(d) show examples of such fields. In Fig. 2(a),
the field E‖ is linearly polarized and the polarization rotates
from E‖ ‖ x at large negative x to E‖ ‖ y at large positive x.
In Fig. 2(d), the field polarization varies from the left-handed
to the right-handed circular polarization through the linear
polarization.

Figures 2(b) and 2(c) show the spatial dependence of the
Stokes parameters and the spatial distribution of the emer-
gent photocurrent density j(x) for the radiation sketched
in Fig. 2(a). The polarization parameter S1/S0 varies from
+1 at x → −∞ to −1 at x → +∞ whereas S2/S0 van-
ishes at x → ±∞ and reaches its maximum value of 1
at x = 0. We take the spatial profile of the electric field
amplitude in the form Ex = E0 cos #(x), Ey = E0 sin #(x),
where #(x) = (π/4)[tanh(x/L) + 1], which corresponds to
the Stokes parameters S0 = E2

0 , S1 = E2
0 cos 2#(x), S2 =

E2
0 sin 2#(x), and S3 = 0. As follows from Eqs. (17)–(19),

the currents j (th) and j (ph) vanish for such a field, and the
photoresponse is determined by the polarization-sensitive

contribution j (pol). The current j (pol) emerges in the region
where S1 and S2 vary, with j (pol)

x ∝ ∂S1/∂x and j (pol)
y ∝

∂S2/∂x. As a result, the photocurrent j has both components

jx(x) = −π

2
cos[(π/2)tanh(x/L)]

cosh2(x/L)
j0,

jy(x) = −π

2
sin[(π/2)tanh(x/L)]

cosh2(x/L)
j0, (20)

where j0 = −ne3τ 3E2
0 /[m∗2L(1 + ω2τ 2)]. The distributions

jx(x) and jy(x) are plotted in Fig. 2(c). On average, the carriers
(electrons with e < 0 or holes with e > 0) flow from the
domain with E‖ ‖ x to the domain with E‖ ‖ y.

Figures 2(e) and 2(f) show the spatial distributions of
the Stokes parameters and the photocurrent density for the
radiation with varying helicity as sketched in Fig. 2(d).
Here, the profile of the electric field amplitude is taken in
the form Ex = iE0 sin #(x), Ey = E0 cos #(x), where #(x) =
(π/4)tanh(x/L). The corresponding Stokes parameters have
the form S0 = E2

0 , S1 = −E2
0 cos 2#(x), S2 = 0, and S3 =

−E2
0 sin 2#(x). For this electromagnetic field, the photocur-

rent j is also solely determined by the polarization-sensitive
contribution j (pol) with the projections j (pol)

x ∝ ∂S1/∂x and
j (pol)
y ∝ ∂S3/∂x. Thus, the spatial distributions of the pho-
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FIG. 2. The ac electromagnetic field E(r, t ) with spatially inhomogeneous polarization induces direct photocurrents j(r) in the regions
where the polarization varies. (a)–(c) Photocurrents induced by linearly polarized radiation whose polarization vector turns in the electron
gas plane. (b) Spatial profiles of the Stokes parameters Sj (x)/S0 of the incident radiation. The in-plane field polarizations are shown by black
arrows. (c) Spatial distribution of the x and y components of the photocurrent density j(x). (d)–(f) Photocurrents induced by radiation with
the polarization varying from left-handed to right-handed circular polarization. (e) Spatial profiles of the Stokes parameters Sj (x)/S0 of the
incident radiation. The field polarizations are shown by black arrows and ellipses. (f) Spatial distribution of the x and y components of the
photocurrent density j(x) at ωτ = 1.

III. PHOTOCURRENTS INDUCED BY GRADIENTS
OF FIELD POLARIZATION

Consider the photocurrents induced by electromagnetic
fields with the constant in-plane amplitude |E‖| in the 2DEG
plane and the polarization varying along the x axis. Fig-
ures 2(a) and 2(d) show examples of such fields. In Fig. 2(a),
the field E‖ is linearly polarized and the polarization rotates
from E‖ ‖ x at large negative x to E‖ ‖ y at large positive x.
In Fig. 2(d), the field polarization varies from the left-handed
to the right-handed circular polarization through the linear
polarization.

Figures 2(b) and 2(c) show the spatial dependence of the
Stokes parameters and the spatial distribution of the emer-
gent photocurrent density j(x) for the radiation sketched
in Fig. 2(a). The polarization parameter S1/S0 varies from
+1 at x → −∞ to −1 at x → +∞ whereas S2/S0 van-
ishes at x → ±∞ and reaches its maximum value of 1
at x = 0. We take the spatial profile of the electric field
amplitude in the form Ex = E0 cos #(x), Ey = E0 sin #(x),
where #(x) = (π/4)[tanh(x/L) + 1], which corresponds to
the Stokes parameters S0 = E2

0 , S1 = E2
0 cos 2#(x), S2 =

E2
0 sin 2#(x), and S3 = 0. As follows from Eqs. (17)–(19),

the currents j (th) and j (ph) vanish for such a field, and the
photoresponse is determined by the polarization-sensitive

contribution j (pol). The current j (pol) emerges in the region
where S1 and S2 vary, with j (pol)

x ∝ ∂S1/∂x and j (pol)
y ∝

∂S2/∂x. As a result, the photocurrent j has both components

jx(x) = −π

2
cos[(π/2)tanh(x/L)]

cosh2(x/L)
j0,

jy(x) = −π

2
sin[(π/2)tanh(x/L)]

cosh2(x/L)
j0, (20)

where j0 = −ne3τ 3E2
0 /[m∗2L(1 + ω2τ 2)]. The distributions

jx(x) and jy(x) are plotted in Fig. 2(c). On average, the carriers
(electrons with e < 0 or holes with e > 0) flow from the
domain with E‖ ‖ x to the domain with E‖ ‖ y.

Figures 2(e) and 2(f) show the spatial distributions of
the Stokes parameters and the photocurrent density for the
radiation with varying helicity as sketched in Fig. 2(d).
Here, the profile of the electric field amplitude is taken in
the form Ex = iE0 sin #(x), Ey = E0 cos #(x), where #(x) =
(π/4)tanh(x/L). The corresponding Stokes parameters have
the form S0 = E2

0 , S1 = −E2
0 cos 2#(x), S2 = 0, and S3 =

−E2
0 sin 2#(x). For this electromagnetic field, the photocur-

rent j is also solely determined by the polarization-sensitive
contribution j (pol) with the projections j (pol)

x ∝ ∂S1/∂x and
j (pol)
y ∝ ∂S3/∂x. Thus, the spatial distributions of the pho-
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tocurrent components are given by the functions

jx(x) = π

2
sin[(π/2)tanh(x/L)]

cosh2(x/L)
j0,

jy(x) = −π

2
cos[(π/2)tanh(x/L)]

cosh2(x/L)
j0

ωτ
, (21)

which are plotted in Fig. 2(f).
Interestingly, the photocurrent between the domains with

left-handed and right-handed circular polarizations flows
along the boundary of the domains, as sketched in Fig. 2(d).
The total boundary current

Jy =
∫

jy(x)dx = −ne3τ 2[S3(+∞) − S3(−∞)]
m∗2ω(1 + ω2τ 2)

(22)

does not depend on the domain boundary structure or the
boundary width L and is determined by the difference of the
Stokes parameter S3 in the domains. Moreover, in the colli-
sionless limit, i.e., at ωτ $ 1, the current Jy is independent
of the relaxation time τ . These features allow us to attribute
the photocurrent Jy to the chiral edge current emerging be-
tween the photoinduced topological phases with the opposite
Floquet-Chern numbers [49,50].

The photocurrent (22) is estimated as Jy ≈ 20 µA for
the carrier density n = 5 × 1011 cm−2, the relaxation time
τ = 1 ps, the effective mass m∗ = 0.03m0, where m0 is the
free-electron mass, which correspond to bilayer graphene
[26], ωτ = 1, and the electric field amplitude E‖ = 0.25
kV/cm corresponding to the terahertz radiation intensity I =
1 kW/cm2.

IV. PHOTOCURRENTS INDUCED
BY TWISTED RADIATION

Now, we apply the developed theory to calculate the
photoresponse of 2DEG to the twisted radiation, i.e., the
electromagnetic waves carrying orbital angular momentum,
Fig. 1. Such calculations can be conveniently done in the
polar coordinate frame with the radial er = (cos ϕ, sin ϕ) and
azimuthal eϕ = (− sin ϕ, cos ϕ) unit vectors, where ϕ is the
polar angle counted from the x axis. In this frame, the pho-
tocurrents j (th), j (pol), and j (ph) are given by

j (th) = −2
eττε Re σ

m∗ ∇P0, (23)

j (pol)
r = −eτ 2 Re σ

m∗

(
∂P1

∂r
+ 2P1

r
+ 1

r
∂P2

∂ϕ
− 1

ωτ

1
r

∂P3

∂ϕ

)
,

j (pol)
ϕ = eτ 2 Re σ

m∗

(
1
r

∂P1

∂ϕ
− ∂P2

∂r
− 2P2

r
− 1

ωτ

∂P3

∂r

)
, (24)

j (ph) = −2
eτ Re σ

m∗ω

[
Im(Er∇E∗

r + Eϕ∇E∗
ϕ ) + P3

eϕ

r

]
, (25)

where ∇ = er∂r + (eϕ/r)∂ϕ , P0 = |Er |2 + |Eϕ|2 = S0,
P1 = |Er |2 − |Eϕ|2, P2 = ErE∗

ϕ + E∗
r Eϕ , and P3 =

i(ErE∗
ϕ − E∗

r Eϕ ) = S3. In the paraxial approximation, P0,
P1, P2, and P3 correspond to the Stokes parameters in the
local coordinate frame (er, eϕ ). The presence of the terms in
Eqs. (24) and (25) which do not contain derivatives is due to
the fact that the directions of the er and eϕ vectors depend
on ϕ.

As a commonly used example, we consider the class of the
Bessel beams which are characterized by the integer index m
of the projection of the total angular momentum onto the beam
axis [4,5,16,56]. The electric field in the beam decomposed
over the plane waves has the form

E(r, z) = E0eiqzz
∑

q‖

a(q‖) exp
(
iq‖ · r

)
eq, (26)

where E0 is the amplitude, q = (q‖, qz ) is the wave vector with
the in-plane component q‖, q = ωnω/c, nω is the refractive
index of the medium, eq ⊥ q is the unit polarization vector
of the plane wave, and a(q‖) is the Fourier coefficient. The
Bessel beams are formed from the plane waves with the wave
vectors q lying on the surface of the cone with a certain angle
θq and the axis parallel to z. Therefore, qz = q cos θq and q‖ =
q sin θq are fixed, and the integration in Eq. (26) is performed
over the directions of the wave vector q‖.

The vector eq determines the polarization (spin momen-
tum) of the plane waves constituting the Bessel beam. We take
eq in the form

eq = α eθq + β eϕq, (27)

where α and β are complex numbers, |α|2 + |β|2 = 1,
and eθq = (cos θq cos ϕq, cos θq sin ϕq,− sin θq) and eϕq =
(− sin ϕq, cos ϕq, 0) are the unit vectors orthogonal to each
other and to the wave vector q. The cases of α = 1/

√
2

and β = ±i/
√

2, for example, correspond to the beams com-
posed of the circularly polarized plane waves. The total
angular momentum projection m of the twisted field is de-
termined by the dependence of a(q‖) on the polar angle
ϕq of the in-plane wave vector q‖, which is taken in the
form

a(q‖) = i−m−1(2π/q‖)δ(q‖ − q sin θq) exp(imϕq). (28)

By calculating the sum in Eq. (26) with eq and a(q‖) given
by Eqs. (27) and (28), respectively, one obtains the in-plane
components of the electric field in the polar coordinate frame
and in the paraxial approximation (θq * 1) [4],

Er (r,ϕ) = E0

2
eimϕ[o+Jm+1(q‖r) − o−Jm−1(q‖r)],

Eϕ (r,ϕ) = E0

2i
eimϕ[o+Jm+1(q‖r) + o−Jm−1(q‖r)], (29)

where o± = α ± iβ and Jm is the Bessel function with the
index m. In particular, o± = 1 for the “radial” Bessel beam
constructed from p-polarized plane waves (α = 1, β = 0) and
o± = ±i for the “azimuthal” Bessel beam constructed from
s-polarized waves (α = 0, β = 1). For the Bessel beams con-
structed from circularly polarized plane waves, only one of
the coefficients, either o+ or o−, is nonzero.

The straightforward calculation of the photocurrent com-
ponents (23)–(25) with the electric field given by Eq. (29)
yields j (th)

ϕ = 0,

j (th)
r = j0

τε

τ
{Jm+1(Jm − Jm+2) − Jm−1(Jm − Jm−2)

− [Jm+1(Jm − Jm+2) + Jm−1(Jm − Jm−2)] p3}, (30)
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equation over p, and neglecting the gradient term ∝ ∇ f1 one
obtains

∑

p

v f1 = σ

eν
E‖(r), (10)

where σ is the conductivity,

σ = ne2τ

m∗(1 − iωτ )
, (11)

and n = ν
∑

p f0 is the 2D electron density.
The sum

∑
p f ∗

1 in the second term in Eq. (9) can be
calculated by summing up Eq. (6) over p and using Eq. (10),
which gives

∑

p

f1 = − iσ
eνω

∇ · E‖(r), (12)

where ∇ · E‖ = ∂Ex/∂x + ∂Ey/∂y.
The first term in Eq. (9) is determined by the gradient of

f2; therefore the sums
∑

p vαvβ f2 can be also calculated in
the local response approximation. The function f2 contains
the zero and second angular harmonics which both contribute
to the sums

∑
p vαvβ f2 since

∑

p

vαvβ f2 =
∑

p

v2

2
δαβ f2 +

∑

p

(
vαvβ − v2

2
δαβ

)
f2. (13)

The contribution of the zero angular harmonic is calculated as
follows,

∑

p

v2

2
f2 = K

m∗ν
, (14)

where K = ν
∑

p(m∗v2/2) f2 is the density of the excess ki-
netic energy of electrons. If the energy relaxation of electrons
is faster than the energy diffusion, the excess energy K can
be found from the balance between the energy gain from the
high-frequency field 2(Re σ )|E‖|2 and the energy dissipation
K/τε, where τε is the energy relaxation time [54]. Thus, the
energy balance gives K = 2τε(Re σ )|E‖|2. To calculate the
contributions of the second angular harmonics, we multiply
Eq. (7) by vxvy or v2

x − v2
y and sum up the result over p, which

yields
∑

p

vxvy f2 = 2τRe σ

m∗ν
(ExE∗

y + E∗
x Ey),

∑

p

v2
x − v2

y

2
f2 = 2τRe σ

m∗ν
(|Ex|2 − |Ey|2). (15)

Finally, combining all the contributions to the photocur-
rent, we obtain

j = j (th) + j (pol) + j (ph), (16)

where

j (th) = −2
eττε Re σ

m∗ ∇S0, (17)

j (pol)
x = −eτ 2 Re σ

m∗

(
∂S1

∂x
+ ∂S2

∂y
− 1

ωτ

∂S3

∂y

)
,

j (pol)
y = −eτ 2 Re σ

m∗

(
∂S2

∂x
− ∂S1

∂y
+ 1

ωτ

∂S3

∂x

)
, (18)

j (ph) = −2
eτ Re σ

m∗ω
Im(Ex∇E∗

x + Ey∇E∗
y ), (19)

Re σ = ne2τ/[m∗(1 + ω2τ 2)], S0 = |E‖|2, S1 = |Ex|2 −
|Ey|2, S2 = ExE∗

y + E∗
x Ey, and S3 = i(ExE∗

y − E∗
x Ey). In

the paraxial approximation for normally incident radiation,
S0, S1, S2, and S3 correspond to the (non-normalized) Stokes
parameters. The parameter S0 describes the radiation intensity,
S1/S0 and S2/S0 are the degrees of linear polarization in the
(xy) axes and in the diagonal axes, respectively, and S3/S0 is
the degree of circular polarization. All the above contributions
to the dc current are proportional to the square of the electric
field amplitude, i.e., the radiation intensity, and, therefore,
belong to the class of photocurrents.

Besides the photothermoelectric current j (th) originating
from inhomogeneous heating and proportional to the gra-
dient of the radiation intensity, the photocurrent contains
the contributions j (pol) and j (ph). The first one, j (pol) given
by Eqs. (18), is determined by the gradients of the (non-
normalized) polarization Stokes parameters Sj ( j = 1, 2, 3).
This photocurrent is induced by the electromagnetic field with
spatially varying polarization, see Fig. 2, and emerges even
if the field intensity is constant across the 2D gas plane.
It is also induced by the field with a fixed polarization but
nonuniform intensity, e.g., when the ratio Sj/S0 is constant
but S0 depends on r. In this particular case, the photocurrent
j (pol) can be seen as proportional to the in-plane gradient of
the radiation intensity, similarly to the photothermoelectric
contribution. However, its direction is determined by the field
polarization and it can flow both along or perpendicularly to
the intensity gradient. The polarization-sensitive photocurrent
flowing perpendicularly to the intensity gradient is some-
what similar to the edge photogalvanic current in 2DEG
[26,55].

The contribution j (ph) given by Eq. (19) does not even
require polarization gradients to emerge. For the field E(r) =
E0eiϕ(r) with the constant amplitude and polarization, the pho-
tocurrent j (ph) is proportional to the gradient of the phase ϕ(r).
An example of such a field E(r) is the plane electromagnetic
wave obliquely incident on the 2D system. In this geometry,
the phase varies linearly in 2D plane as ϕ = q‖ · r, where q‖
is the in-plane component of the wave vector. The emerging
photocurrent j (ph) ∝ q‖|E‖|2 is proportional to the in-plane
wave vector q‖ and corresponds to the photon drag effect
[41,43,45]. Thus, the phase-sensitive contribution j (ph) given
by Eq. (19) can be viewed as a generalization of the photon
drag effect to the electromagnetic field with arbitrary varying
phase.

All the photocurrent contributions discussed above are pro-
portional to the cube of the electric charge e. It means that
the photocurrents excited in n-type and p-type structures are
directed oppositely while the flows of carriers, electrons or
holes, are co-directed.

Equation (16) with the contributions (18) and (19) is
the main result of our work. It describes the generation of
dc current in 2DEG by arbitrary spatially inhomogeneous
electromagnetic field. Below, we apply it to study the pho-
tocurrents induced by fields with polarization gradients and
by beams of twisted light.
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tocurrent components are given by the functions

jx(x) = π

2
sin[(π/2)tanh(x/L)]

cosh2(x/L)
j0,

jy(x) = −π

2
cos[(π/2)tanh(x/L)]

cosh2(x/L)
j0

ωτ
, (21)

which are plotted in Fig. 2(f).
Interestingly, the photocurrent between the domains with

left-handed and right-handed circular polarizations flows
along the boundary of the domains, as sketched in Fig. 2(d).
The total boundary current

Jy =
∫

jy(x)dx = −ne3τ 2[S3(+∞) − S3(−∞)]
m∗2ω(1 + ω2τ 2)

(22)

does not depend on the domain boundary structure or the
boundary width L and is determined by the difference of the
Stokes parameter S3 in the domains. Moreover, in the colli-
sionless limit, i.e., at ωτ $ 1, the current Jy is independent
of the relaxation time τ . These features allow us to attribute
the photocurrent Jy to the chiral edge current emerging be-
tween the photoinduced topological phases with the opposite
Floquet-Chern numbers [49,50].

The photocurrent (22) is estimated as Jy ≈ 20 µA for
the carrier density n = 5 × 1011 cm−2, the relaxation time
τ = 1 ps, the effective mass m∗ = 0.03m0, where m0 is the
free-electron mass, which correspond to bilayer graphene
[26], ωτ = 1, and the electric field amplitude E‖ = 0.25
kV/cm corresponding to the terahertz radiation intensity I =
1 kW/cm2.

IV. PHOTOCURRENTS INDUCED
BY TWISTED RADIATION

Now, we apply the developed theory to calculate the
photoresponse of 2DEG to the twisted radiation, i.e., the
electromagnetic waves carrying orbital angular momentum,
Fig. 1. Such calculations can be conveniently done in the
polar coordinate frame with the radial er = (cos ϕ, sin ϕ) and
azimuthal eϕ = (− sin ϕ, cos ϕ) unit vectors, where ϕ is the
polar angle counted from the x axis. In this frame, the pho-
tocurrents j (th), j (pol), and j (ph) are given by

j (th) = −2
eττε Re σ

m∗ ∇P0, (23)

j (pol)
r = −eτ 2 Re σ

m∗

(
∂P1

∂r
+ 2P1

r
+ 1

r
∂P2

∂ϕ
− 1

ωτ

1
r

∂P3

∂ϕ

)
,

j (pol)
ϕ = eτ 2 Re σ

m∗

(
1
r

∂P1

∂ϕ
− ∂P2

∂r
− 2P2

r
− 1

ωτ

∂P3

∂r

)
, (24)

j (ph) = −2
eτ Re σ

m∗ω

[
Im(Er∇E∗

r + Eϕ∇E∗
ϕ ) + P3

eϕ

r

]
, (25)

where ∇ = er∂r + (eϕ/r)∂ϕ , P0 = |Er |2 + |Eϕ|2 = S0,
P1 = |Er |2 − |Eϕ|2, P2 = ErE∗

ϕ + E∗
r Eϕ , and P3 =

i(ErE∗
ϕ − E∗

r Eϕ ) = S3. In the paraxial approximation, P0,
P1, P2, and P3 correspond to the Stokes parameters in the
local coordinate frame (er, eϕ ). The presence of the terms in
Eqs. (24) and (25) which do not contain derivatives is due to
the fact that the directions of the er and eϕ vectors depend
on ϕ.

As a commonly used example, we consider the class of the
Bessel beams which are characterized by the integer index m
of the projection of the total angular momentum onto the beam
axis [4,5,16,56]. The electric field in the beam decomposed
over the plane waves has the form

E(r, z) = E0eiqzz
∑

q‖

a(q‖) exp
(
iq‖ · r

)
eq, (26)

where E0 is the amplitude, q = (q‖, qz ) is the wave vector with
the in-plane component q‖, q = ωnω/c, nω is the refractive
index of the medium, eq ⊥ q is the unit polarization vector
of the plane wave, and a(q‖) is the Fourier coefficient. The
Bessel beams are formed from the plane waves with the wave
vectors q lying on the surface of the cone with a certain angle
θq and the axis parallel to z. Therefore, qz = q cos θq and q‖ =
q sin θq are fixed, and the integration in Eq. (26) is performed
over the directions of the wave vector q‖.

The vector eq determines the polarization (spin momen-
tum) of the plane waves constituting the Bessel beam. We take
eq in the form

eq = α eθq + β eϕq, (27)

where α and β are complex numbers, |α|2 + |β|2 = 1,
and eθq = (cos θq cos ϕq, cos θq sin ϕq,− sin θq) and eϕq =
(− sin ϕq, cos ϕq, 0) are the unit vectors orthogonal to each
other and to the wave vector q. The cases of α = 1/

√
2

and β = ±i/
√

2, for example, correspond to the beams com-
posed of the circularly polarized plane waves. The total
angular momentum projection m of the twisted field is de-
termined by the dependence of a(q‖) on the polar angle
ϕq of the in-plane wave vector q‖, which is taken in the
form

a(q‖) = i−m−1(2π/q‖)δ(q‖ − q sin θq) exp(imϕq). (28)

By calculating the sum in Eq. (26) with eq and a(q‖) given
by Eqs. (27) and (28), respectively, one obtains the in-plane
components of the electric field in the polar coordinate frame
and in the paraxial approximation (θq * 1) [4],

Er (r,ϕ) = E0

2
eimϕ[o+Jm+1(q‖r) − o−Jm−1(q‖r)],

Eϕ (r,ϕ) = E0

2i
eimϕ[o+Jm+1(q‖r) + o−Jm−1(q‖r)], (29)

where o± = α ± iβ and Jm is the Bessel function with the
index m. In particular, o± = 1 for the “radial” Bessel beam
constructed from p-polarized plane waves (α = 1, β = 0) and
o± = ±i for the “azimuthal” Bessel beam constructed from
s-polarized waves (α = 0, β = 1). For the Bessel beams con-
structed from circularly polarized plane waves, only one of
the coefficients, either o+ or o−, is nonzero.

The straightforward calculation of the photocurrent com-
ponents (23)–(25) with the electric field given by Eq. (29)
yields j (th)

ϕ = 0,

j (th)
r = j0

τε

τ
{Jm+1(Jm − Jm+2) − Jm−1(Jm − Jm−2)

− [Jm+1(Jm − Jm+2) + Jm−1(Jm − Jm−2)] p3}, (30)
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FIG. 3. Photocurrents induced by the radial and azimuthal Bessel
beams with m = 0. (a) and (b) Distributions of the electric field
vector E(r) and the photocurrent density j(r) = j (pol) + j (ph) for the
radial Bessel beam. (c) and (d) Distributions of the electric field
vector E(r) and the photocurrent j(r) for the azimuthal Bessel beam.
Red and blue backgrounds encode the radiation intensity and the
magnitude of the photocurrent density, respectively.

j (pol)
r + j (ph)

r = j0Jm(Jm+1 − Jm−1) p1,

j (pol)
ϕ + j (ph)

ϕ = j0Jm(Jm+1 − Jm−1)
(

p2 + p3

ωτ

)

− j0
ωτ

Jm(Jm+1 + Jm−1), (31)

where

j0 = − ne3τ 3E2
0 q‖

m∗2(1 + ω2τ 2)
, (32)

p1 = |α|2 − |β|2, p2 = αβ∗ + α∗β, and p3 = i(αβ∗ − α∗β )
are the polarization parameters of the plane waves constituting
the Bessel beam, and Jm = Jm(q‖r).

Now, we illustrate the photocurrents induced by Bessel
beams with different polarizations and angular momentum
projections. We focus on the polarization- and phase-sensitive
photocurrents j (pol) + j (ph). The photothermoelectric current
j (th) has only a radial component and is determined solely by
the gradient of the radiation intensity. Note that, for the beams
composed of circularly or elliptically polarized plane waves
(p3 $= 0), the spatial distribution of the radiation intensity and,
hence, the photothermoelectric current depend on the sign of
circular polarization; see Eq. (30).

Figure 3 shows the spatial distributions of the ac electric
field and the photocurrent density for the radial (p1 = 1)
and azimuthal (p1 = −1) Bessel beams with the total angu-
lar momentum projection m = 0. In these particular cases,

)b()a(

p3 = −1 p3 = 1

FIG. 4. Spatial distributions of the photocurrent density j(r) =
j (pol) + j (ph) for the Bessel beams with m = 0 composed of (a) left-
handed (p3 = −1) and (b) right-handed (p3 = 1) circularly polarized
plane waves. The current j forms vortices with the winding direction
determined by the radiation helicity.

the electric field in the beams has only radial or azimuthal
component, and the field distribution is rotationally invariant,
Figs. 3(a) and 3(c). For the both beams, the photocurrent has
only a radial component, Figs. 3(b) and 3(d). The current
density is nonmonotonic and oscillates with the distance from
the beam center; these oscillations originate from the radial
distribution of the electric field. While the local current mag-
nitude is the same for the radial and azimuthal Bessel beams,
the current directions are opposite and controlled by the po-
larization of plane waves constituting the beams. Note that the
photothermoelectric effect also produces a radial electric cur-
rent. This contribution, however, is independent of the linear
polarization and, therefore, can be experimentally separated.

Whereas the photocurrents induced by the radial and
azimuthal Bessel beams with m = 0 flow radially, the pho-
tocurrents induced by the beams composed of circularly
polarized plane waves (p3 = ±1) have polarization-sensitive
azimuthal components. This is shown in Fig. 4 for the Bessel
beams with m = 0. In these cases, the photocurrents form
vortices (here, the sets of concentric current loops with alter-
nating directions) with the winding direction determined by
the radiation helicity.

For the Bessel beams with m $= 0, the spatial distributions
of the ac field amplitude and the photocurrent density get
more complex with the radial and azimuthal components in-
termixed. Figures 5(a) and 5(c) show the snapshots of the
electric field distributions in the radial (p1 = 1) Bessel beams
with m = ±2 at a certain time t0. The field distributions at any
time t are obtained by the rotation of the given distributions
by the angle ϕ = ω(t − t0)/m, as indicated by bent red ar-
rows. Far from the beam center, the field is linearly polarized
along the radius, whereas at the beam core the polarization is
elliptical. Figures 5(b) and 5(d) show the distributions of the
photocurrent density in the beams. The photocurrents contain
both radial and azimuthal components. The direction of the
azimuthal component is controlled by the sign of m and,
hence, it is opposite in Figs. 5(b) and 5(d).

Figure 6 shows the spatial distributions of the photocur-
rent density for the Bessel beams with m = ±1 composed
of the left-handed (p3 = −1) and the right-handed (p3 = 1)
circularly polarized plane waves. Similarly to the case of
m = 0 (Fig. 4), the photocurrents have polarization-sensitive
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tocurrent components are given by the functions

jx(x) = π

2
sin[(π/2)tanh(x/L)]

cosh2(x/L)
j0,

jy(x) = −π

2
cos[(π/2)tanh(x/L)]

cosh2(x/L)
j0

ωτ
, (21)

which are plotted in Fig. 2(f).
Interestingly, the photocurrent between the domains with

left-handed and right-handed circular polarizations flows
along the boundary of the domains, as sketched in Fig. 2(d).
The total boundary current

Jy =
∫

jy(x)dx = −ne3τ 2[S3(+∞) − S3(−∞)]
m∗2ω(1 + ω2τ 2)

(22)

does not depend on the domain boundary structure or the
boundary width L and is determined by the difference of the
Stokes parameter S3 in the domains. Moreover, in the colli-
sionless limit, i.e., at ωτ $ 1, the current Jy is independent
of the relaxation time τ . These features allow us to attribute
the photocurrent Jy to the chiral edge current emerging be-
tween the photoinduced topological phases with the opposite
Floquet-Chern numbers [49,50].

The photocurrent (22) is estimated as Jy ≈ 20 µA for
the carrier density n = 5 × 1011 cm−2, the relaxation time
τ = 1 ps, the effective mass m∗ = 0.03m0, where m0 is the
free-electron mass, which correspond to bilayer graphene
[26], ωτ = 1, and the electric field amplitude E‖ = 0.25
kV/cm corresponding to the terahertz radiation intensity I =
1 kW/cm2.

IV. PHOTOCURRENTS INDUCED
BY TWISTED RADIATION

Now, we apply the developed theory to calculate the
photoresponse of 2DEG to the twisted radiation, i.e., the
electromagnetic waves carrying orbital angular momentum,
Fig. 1. Such calculations can be conveniently done in the
polar coordinate frame with the radial er = (cos ϕ, sin ϕ) and
azimuthal eϕ = (− sin ϕ, cos ϕ) unit vectors, where ϕ is the
polar angle counted from the x axis. In this frame, the pho-
tocurrents j (th), j (pol), and j (ph) are given by

j (th) = −2
eττε Re σ

m∗ ∇P0, (23)

j (pol)
r = −eτ 2 Re σ

m∗

(
∂P1

∂r
+ 2P1

r
+ 1

r
∂P2

∂ϕ
− 1

ωτ

1
r

∂P3

∂ϕ

)
,

j (pol)
ϕ = eτ 2 Re σ

m∗

(
1
r

∂P1

∂ϕ
− ∂P2

∂r
− 2P2

r
− 1

ωτ

∂P3

∂r

)
, (24)

j (ph) = −2
eτ Re σ

m∗ω

[
Im(Er∇E∗

r + Eϕ∇E∗
ϕ ) + P3

eϕ

r

]
, (25)

where ∇ = er∂r + (eϕ/r)∂ϕ , P0 = |Er |2 + |Eϕ|2 = S0,
P1 = |Er |2 − |Eϕ|2, P2 = ErE∗

ϕ + E∗
r Eϕ , and P3 =

i(ErE∗
ϕ − E∗

r Eϕ ) = S3. In the paraxial approximation, P0,
P1, P2, and P3 correspond to the Stokes parameters in the
local coordinate frame (er, eϕ ). The presence of the terms in
Eqs. (24) and (25) which do not contain derivatives is due to
the fact that the directions of the er and eϕ vectors depend
on ϕ.

As a commonly used example, we consider the class of the
Bessel beams which are characterized by the integer index m
of the projection of the total angular momentum onto the beam
axis [4,5,16,56]. The electric field in the beam decomposed
over the plane waves has the form

E(r, z) = E0eiqzz
∑

q‖

a(q‖) exp
(
iq‖ · r

)
eq, (26)

where E0 is the amplitude, q = (q‖, qz ) is the wave vector with
the in-plane component q‖, q = ωnω/c, nω is the refractive
index of the medium, eq ⊥ q is the unit polarization vector
of the plane wave, and a(q‖) is the Fourier coefficient. The
Bessel beams are formed from the plane waves with the wave
vectors q lying on the surface of the cone with a certain angle
θq and the axis parallel to z. Therefore, qz = q cos θq and q‖ =
q sin θq are fixed, and the integration in Eq. (26) is performed
over the directions of the wave vector q‖.

The vector eq determines the polarization (spin momen-
tum) of the plane waves constituting the Bessel beam. We take
eq in the form

eq = α eθq + β eϕq, (27)

where α and β are complex numbers, |α|2 + |β|2 = 1,
and eθq = (cos θq cos ϕq, cos θq sin ϕq,− sin θq) and eϕq =
(− sin ϕq, cos ϕq, 0) are the unit vectors orthogonal to each
other and to the wave vector q. The cases of α = 1/

√
2

and β = ±i/
√

2, for example, correspond to the beams com-
posed of the circularly polarized plane waves. The total
angular momentum projection m of the twisted field is de-
termined by the dependence of a(q‖) on the polar angle
ϕq of the in-plane wave vector q‖, which is taken in the
form

a(q‖) = i−m−1(2π/q‖)δ(q‖ − q sin θq) exp(imϕq). (28)

By calculating the sum in Eq. (26) with eq and a(q‖) given
by Eqs. (27) and (28), respectively, one obtains the in-plane
components of the electric field in the polar coordinate frame
and in the paraxial approximation (θq * 1) [4],

Er (r,ϕ) = E0

2
eimϕ[o+Jm+1(q‖r) − o−Jm−1(q‖r)],

Eϕ (r,ϕ) = E0

2i
eimϕ[o+Jm+1(q‖r) + o−Jm−1(q‖r)], (29)

where o± = α ± iβ and Jm is the Bessel function with the
index m. In particular, o± = 1 for the “radial” Bessel beam
constructed from p-polarized plane waves (α = 1, β = 0) and
o± = ±i for the “azimuthal” Bessel beam constructed from
s-polarized waves (α = 0, β = 1). For the Bessel beams con-
structed from circularly polarized plane waves, only one of
the coefficients, either o+ or o−, is nonzero.

The straightforward calculation of the photocurrent com-
ponents (23)–(25) with the electric field given by Eq. (29)
yields j (th)

ϕ = 0,

j (th)
r = j0

τε

τ
{Jm+1(Jm − Jm+2) − Jm−1(Jm − Jm−2)

− [Jm+1(Jm − Jm+2) + Jm−1(Jm − Jm−2)] p3}, (30)
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FIG. 3. Photocurrents induced by the radial and azimuthal Bessel
beams with m = 0. (a) and (b) Distributions of the electric field
vector E(r) and the photocurrent density j(r) = j (pol) + j (ph) for the
radial Bessel beam. (c) and (d) Distributions of the electric field
vector E(r) and the photocurrent j(r) for the azimuthal Bessel beam.
Red and blue backgrounds encode the radiation intensity and the
magnitude of the photocurrent density, respectively.

j (pol)
r + j (ph)

r = j0Jm(Jm+1 − Jm−1) p1,

j (pol)
ϕ + j (ph)

ϕ = j0Jm(Jm+1 − Jm−1)
(

p2 + p3

ωτ

)

− j0
ωτ

Jm(Jm+1 + Jm−1), (31)

where

j0 = − ne3τ 3E2
0 q‖

m∗2(1 + ω2τ 2)
, (32)

p1 = |α|2 − |β|2, p2 = αβ∗ + α∗β, and p3 = i(αβ∗ − α∗β )
are the polarization parameters of the plane waves constituting
the Bessel beam, and Jm = Jm(q‖r).

Now, we illustrate the photocurrents induced by Bessel
beams with different polarizations and angular momentum
projections. We focus on the polarization- and phase-sensitive
photocurrents j (pol) + j (ph). The photothermoelectric current
j (th) has only a radial component and is determined solely by
the gradient of the radiation intensity. Note that, for the beams
composed of circularly or elliptically polarized plane waves
(p3 $= 0), the spatial distribution of the radiation intensity and,
hence, the photothermoelectric current depend on the sign of
circular polarization; see Eq. (30).

Figure 3 shows the spatial distributions of the ac electric
field and the photocurrent density for the radial (p1 = 1)
and azimuthal (p1 = −1) Bessel beams with the total angu-
lar momentum projection m = 0. In these particular cases,

)b()a(
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FIG. 4. Spatial distributions of the photocurrent density j(r) =
j (pol) + j (ph) for the Bessel beams with m = 0 composed of (a) left-
handed (p3 = −1) and (b) right-handed (p3 = 1) circularly polarized
plane waves. The current j forms vortices with the winding direction
determined by the radiation helicity.

the electric field in the beams has only radial or azimuthal
component, and the field distribution is rotationally invariant,
Figs. 3(a) and 3(c). For the both beams, the photocurrent has
only a radial component, Figs. 3(b) and 3(d). The current
density is nonmonotonic and oscillates with the distance from
the beam center; these oscillations originate from the radial
distribution of the electric field. While the local current mag-
nitude is the same for the radial and azimuthal Bessel beams,
the current directions are opposite and controlled by the po-
larization of plane waves constituting the beams. Note that the
photothermoelectric effect also produces a radial electric cur-
rent. This contribution, however, is independent of the linear
polarization and, therefore, can be experimentally separated.

Whereas the photocurrents induced by the radial and
azimuthal Bessel beams with m = 0 flow radially, the pho-
tocurrents induced by the beams composed of circularly
polarized plane waves (p3 = ±1) have polarization-sensitive
azimuthal components. This is shown in Fig. 4 for the Bessel
beams with m = 0. In these cases, the photocurrents form
vortices (here, the sets of concentric current loops with alter-
nating directions) with the winding direction determined by
the radiation helicity.

For the Bessel beams with m $= 0, the spatial distributions
of the ac field amplitude and the photocurrent density get
more complex with the radial and azimuthal components in-
termixed. Figures 5(a) and 5(c) show the snapshots of the
electric field distributions in the radial (p1 = 1) Bessel beams
with m = ±2 at a certain time t0. The field distributions at any
time t are obtained by the rotation of the given distributions
by the angle ϕ = ω(t − t0)/m, as indicated by bent red ar-
rows. Far from the beam center, the field is linearly polarized
along the radius, whereas at the beam core the polarization is
elliptical. Figures 5(b) and 5(d) show the distributions of the
photocurrent density in the beams. The photocurrents contain
both radial and azimuthal components. The direction of the
azimuthal component is controlled by the sign of m and,
hence, it is opposite in Figs. 5(b) and 5(d).

Figure 6 shows the spatial distributions of the photocur-
rent density for the Bessel beams with m = ±1 composed
of the left-handed (p3 = −1) and the right-handed (p3 = 1)
circularly polarized plane waves. Similarly to the case of
m = 0 (Fig. 4), the photocurrents have polarization-sensitive
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tocurrent components are given by the functions

jx(x) = π

2
sin[(π/2)tanh(x/L)]

cosh2(x/L)
j0,

jy(x) = −π

2
cos[(π/2)tanh(x/L)]

cosh2(x/L)
j0

ωτ
, (21)

which are plotted in Fig. 2(f).
Interestingly, the photocurrent between the domains with

left-handed and right-handed circular polarizations flows
along the boundary of the domains, as sketched in Fig. 2(d).
The total boundary current

Jy =
∫

jy(x)dx = −ne3τ 2[S3(+∞) − S3(−∞)]
m∗2ω(1 + ω2τ 2)

(22)

does not depend on the domain boundary structure or the
boundary width L and is determined by the difference of the
Stokes parameter S3 in the domains. Moreover, in the colli-
sionless limit, i.e., at ωτ $ 1, the current Jy is independent
of the relaxation time τ . These features allow us to attribute
the photocurrent Jy to the chiral edge current emerging be-
tween the photoinduced topological phases with the opposite
Floquet-Chern numbers [49,50].

The photocurrent (22) is estimated as Jy ≈ 20 µA for
the carrier density n = 5 × 1011 cm−2, the relaxation time
τ = 1 ps, the effective mass m∗ = 0.03m0, where m0 is the
free-electron mass, which correspond to bilayer graphene
[26], ωτ = 1, and the electric field amplitude E‖ = 0.25
kV/cm corresponding to the terahertz radiation intensity I =
1 kW/cm2.

IV. PHOTOCURRENTS INDUCED
BY TWISTED RADIATION

Now, we apply the developed theory to calculate the
photoresponse of 2DEG to the twisted radiation, i.e., the
electromagnetic waves carrying orbital angular momentum,
Fig. 1. Such calculations can be conveniently done in the
polar coordinate frame with the radial er = (cos ϕ, sin ϕ) and
azimuthal eϕ = (− sin ϕ, cos ϕ) unit vectors, where ϕ is the
polar angle counted from the x axis. In this frame, the pho-
tocurrents j (th), j (pol), and j (ph) are given by

j (th) = −2
eττε Re σ

m∗ ∇P0, (23)

j (pol)
r = −eτ 2 Re σ

m∗

(
∂P1

∂r
+ 2P1

r
+ 1

r
∂P2

∂ϕ
− 1

ωτ

1
r

∂P3

∂ϕ

)
,

j (pol)
ϕ = eτ 2 Re σ

m∗

(
1
r

∂P1

∂ϕ
− ∂P2

∂r
− 2P2

r
− 1

ωτ

∂P3

∂r

)
, (24)

j (ph) = −2
eτ Re σ

m∗ω

[
Im(Er∇E∗

r + Eϕ∇E∗
ϕ ) + P3

eϕ

r

]
, (25)

where ∇ = er∂r + (eϕ/r)∂ϕ , P0 = |Er |2 + |Eϕ|2 = S0,
P1 = |Er |2 − |Eϕ|2, P2 = ErE∗

ϕ + E∗
r Eϕ , and P3 =

i(ErE∗
ϕ − E∗

r Eϕ ) = S3. In the paraxial approximation, P0,
P1, P2, and P3 correspond to the Stokes parameters in the
local coordinate frame (er, eϕ ). The presence of the terms in
Eqs. (24) and (25) which do not contain derivatives is due to
the fact that the directions of the er and eϕ vectors depend
on ϕ.

As a commonly used example, we consider the class of the
Bessel beams which are characterized by the integer index m
of the projection of the total angular momentum onto the beam
axis [4,5,16,56]. The electric field in the beam decomposed
over the plane waves has the form

E(r, z) = E0eiqzz
∑

q‖

a(q‖) exp
(
iq‖ · r

)
eq, (26)

where E0 is the amplitude, q = (q‖, qz ) is the wave vector with
the in-plane component q‖, q = ωnω/c, nω is the refractive
index of the medium, eq ⊥ q is the unit polarization vector
of the plane wave, and a(q‖) is the Fourier coefficient. The
Bessel beams are formed from the plane waves with the wave
vectors q lying on the surface of the cone with a certain angle
θq and the axis parallel to z. Therefore, qz = q cos θq and q‖ =
q sin θq are fixed, and the integration in Eq. (26) is performed
over the directions of the wave vector q‖.

The vector eq determines the polarization (spin momen-
tum) of the plane waves constituting the Bessel beam. We take
eq in the form

eq = α eθq + β eϕq, (27)

where α and β are complex numbers, |α|2 + |β|2 = 1,
and eθq = (cos θq cos ϕq, cos θq sin ϕq,− sin θq) and eϕq =
(− sin ϕq, cos ϕq, 0) are the unit vectors orthogonal to each
other and to the wave vector q. The cases of α = 1/

√
2

and β = ±i/
√

2, for example, correspond to the beams com-
posed of the circularly polarized plane waves. The total
angular momentum projection m of the twisted field is de-
termined by the dependence of a(q‖) on the polar angle
ϕq of the in-plane wave vector q‖, which is taken in the
form

a(q‖) = i−m−1(2π/q‖)δ(q‖ − q sin θq) exp(imϕq). (28)

By calculating the sum in Eq. (26) with eq and a(q‖) given
by Eqs. (27) and (28), respectively, one obtains the in-plane
components of the electric field in the polar coordinate frame
and in the paraxial approximation (θq * 1) [4],

Er (r,ϕ) = E0

2
eimϕ[o+Jm+1(q‖r) − o−Jm−1(q‖r)],

Eϕ (r,ϕ) = E0

2i
eimϕ[o+Jm+1(q‖r) + o−Jm−1(q‖r)], (29)

where o± = α ± iβ and Jm is the Bessel function with the
index m. In particular, o± = 1 for the “radial” Bessel beam
constructed from p-polarized plane waves (α = 1, β = 0) and
o± = ±i for the “azimuthal” Bessel beam constructed from
s-polarized waves (α = 0, β = 1). For the Bessel beams con-
structed from circularly polarized plane waves, only one of
the coefficients, either o+ or o−, is nonzero.

The straightforward calculation of the photocurrent com-
ponents (23)–(25) with the electric field given by Eq. (29)
yields j (th)

ϕ = 0,

j (th)
r = j0

τε

τ
{Jm+1(Jm − Jm+2) − Jm−1(Jm − Jm−2)

− [Jm+1(Jm − Jm+2) + Jm−1(Jm − Jm−2)] p3}, (30)
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FIG. 3. Photocurrents induced by the radial and azimuthal Bessel
beams with m = 0. (a) and (b) Distributions of the electric field
vector E(r) and the photocurrent density j(r) = j (pol) + j (ph) for the
radial Bessel beam. (c) and (d) Distributions of the electric field
vector E(r) and the photocurrent j(r) for the azimuthal Bessel beam.
Red and blue backgrounds encode the radiation intensity and the
magnitude of the photocurrent density, respectively.

j (pol)
r + j (ph)

r = j0Jm(Jm+1 − Jm−1) p1,

j (pol)
ϕ + j (ph)

ϕ = j0Jm(Jm+1 − Jm−1)
(

p2 + p3

ωτ

)

− j0
ωτ

Jm(Jm+1 + Jm−1), (31)

where

j0 = − ne3τ 3E2
0 q‖

m∗2(1 + ω2τ 2)
, (32)

p1 = |α|2 − |β|2, p2 = αβ∗ + α∗β, and p3 = i(αβ∗ − α∗β )
are the polarization parameters of the plane waves constituting
the Bessel beam, and Jm = Jm(q‖r).

Now, we illustrate the photocurrents induced by Bessel
beams with different polarizations and angular momentum
projections. We focus on the polarization- and phase-sensitive
photocurrents j (pol) + j (ph). The photothermoelectric current
j (th) has only a radial component and is determined solely by
the gradient of the radiation intensity. Note that, for the beams
composed of circularly or elliptically polarized plane waves
(p3 $= 0), the spatial distribution of the radiation intensity and,
hence, the photothermoelectric current depend on the sign of
circular polarization; see Eq. (30).

Figure 3 shows the spatial distributions of the ac electric
field and the photocurrent density for the radial (p1 = 1)
and azimuthal (p1 = −1) Bessel beams with the total angu-
lar momentum projection m = 0. In these particular cases,

)b()a(
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FIG. 4. Spatial distributions of the photocurrent density j(r) =
j (pol) + j (ph) for the Bessel beams with m = 0 composed of (a) left-
handed (p3 = −1) and (b) right-handed (p3 = 1) circularly polarized
plane waves. The current j forms vortices with the winding direction
determined by the radiation helicity.

the electric field in the beams has only radial or azimuthal
component, and the field distribution is rotationally invariant,
Figs. 3(a) and 3(c). For the both beams, the photocurrent has
only a radial component, Figs. 3(b) and 3(d). The current
density is nonmonotonic and oscillates with the distance from
the beam center; these oscillations originate from the radial
distribution of the electric field. While the local current mag-
nitude is the same for the radial and azimuthal Bessel beams,
the current directions are opposite and controlled by the po-
larization of plane waves constituting the beams. Note that the
photothermoelectric effect also produces a radial electric cur-
rent. This contribution, however, is independent of the linear
polarization and, therefore, can be experimentally separated.

Whereas the photocurrents induced by the radial and
azimuthal Bessel beams with m = 0 flow radially, the pho-
tocurrents induced by the beams composed of circularly
polarized plane waves (p3 = ±1) have polarization-sensitive
azimuthal components. This is shown in Fig. 4 for the Bessel
beams with m = 0. In these cases, the photocurrents form
vortices (here, the sets of concentric current loops with alter-
nating directions) with the winding direction determined by
the radiation helicity.

For the Bessel beams with m $= 0, the spatial distributions
of the ac field amplitude and the photocurrent density get
more complex with the radial and azimuthal components in-
termixed. Figures 5(a) and 5(c) show the snapshots of the
electric field distributions in the radial (p1 = 1) Bessel beams
with m = ±2 at a certain time t0. The field distributions at any
time t are obtained by the rotation of the given distributions
by the angle ϕ = ω(t − t0)/m, as indicated by bent red ar-
rows. Far from the beam center, the field is linearly polarized
along the radius, whereas at the beam core the polarization is
elliptical. Figures 5(b) and 5(d) show the distributions of the
photocurrent density in the beams. The photocurrents contain
both radial and azimuthal components. The direction of the
azimuthal component is controlled by the sign of m and,
hence, it is opposite in Figs. 5(b) and 5(d).

Figure 6 shows the spatial distributions of the photocur-
rent density for the Bessel beams with m = ±1 composed
of the left-handed (p3 = −1) and the right-handed (p3 = 1)
circularly polarized plane waves. Similarly to the case of
m = 0 (Fig. 4), the photocurrents have polarization-sensitive
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Radial and azimuthal components
of the photocurrent are controlled 
by the beam polarization and 
orbital angular momentum 
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Inverse Faraday effect of twisted light
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