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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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Particle/energy/spin diffusion, Long-lived spin textures, Four-wave mixing



OPTICAL BEAMS

Superposition of plane waves
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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.
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, (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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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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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
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TWISTED LIGHT

Twisted light (optical vortices)

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

Operator of OAM projection

𝑬 𝝆, 𝑧 ∝ exp(𝑖𝑙𝜑)
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)

>𝑙$ = −𝑖
𝜕
𝜕𝜑

Variety of applications in microscopy, imaging, metrology, quantum information, etc. 



RESPONSE OF 2D SYSTEMS TO STRUCTURED RADIATION

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

𝑬 𝒓, 𝑡 = 𝑬 𝒓 exp −𝑖𝜔𝑡 + c. c.

charge/spin/valley currents 𝒋 𝒓

(complex) amplitude
varying in 2D plane



RESPONSE TO ELECTROMAGNETIC FIELD

j

E(t) Electric field of incident plane wave

𝑬 𝒓, 𝑡 = 𝑬 𝒓 exp −𝑖𝜔𝑡 + c. c.

(complex) amplitude

Electric current
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current at 2𝜔dc current

Second-order effects

Mechanisms of second-order effects induced by homogeneous radiation
- Macroscopic inhomogeneity (p-n junction, asymmetry of contacts, ratchets)
- Lack of space inversion symmetry at microscopic level (Photogalvanic effects:

G.E. Pikus, E.L. Ivchenko, V.I. Belinicher, B.I. Sturman, M.V. Entin, L.I. Magarill et al.)    
- Photon drag (light pressure), in-plane dc current



SECOND-ORDER RESPONSE

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

𝑬 𝒓, 𝑡 = 𝑬 𝒓 exp −𝑖𝜔𝑡 + c. c.

dc currents

(complex) amplitude
varying in 2D plane

𝑗!
(#) 𝒓 ∝ 𝐸%

𝜕
𝜕𝑟&

𝐸'
∗

currents at 2𝜔 𝑗!
()*) 𝒓 ∝ 𝐸%

𝜕
𝜕𝑟&

𝐸'



PHOTORESPONSE TO STRUCTURED RADIATION: 
SELECTED EXPERIMENTS

S. Sederberg et al., Nat. Photon. 14, 680 (2020)
Z. Ji, W. Liu, S. Krylyuk et al., Science 368, 763 (2020) K. Wang et al., Nat. Comm. 15, 9036 (2024)

Inverse spin Hall effect of polarized electrons:
N.S. Averkiev, M.I. Dyakonov, 

Semicond. 17, 393 (1983)
A.A. Bakun et al., JETP Lett. 40, 1293 (1984)

Edge photocurrents:
J. Karch et al., PRL 107, 276601 (2011)
S. Candussio et al., PRB 102, 045406 (2020)



RELATED PHENOMENA
Ponderomotive forces, e.g., in plasma
V. B. Krapchev, Kinetic theory of the ponderomotive effects in a plasma, Phys. Rev. Lett. (1979)

Surface currents and second harmonic generation in metals 

A. Ashkin, Acceleration and trapping of particles 
by radiation pressure, Phys. Rev. Lett. (1970)

Optical trapping of atoms, molecules, nanoparticles, etc.

S.S. Jha, Theory of optical harmonic generation at a metal surface, Phys. Rev. (1965)
J. Rudnick and E.A. Stern, Second-harmonic radiation from metal surfaces, Phys. Rev. B (1971)
V.I. Perel’ and Ya. M. Pinskii, Constant current in conducting media …, Phys. Solid State (1973)
V.L. Gurevich, R. Laiho, Photomagnetism of metals: Photoinduced surface current, Phys. Rev. B (1993)

Edge photogalvanic effects and second harmonic generation in 2D systems

J. Karch et al., Terahertz radiation driven chiral edge currents 
in graphene, Phys. Rev. Lett. (2011)
S. Candussio et al., Edge photocurrent driven by terahertz electric 
field in bilayer graphene, Phys. Rev. B (2020) 
M.V. Durnev and S.A.T., Phys. Rev. B (2021, 2022), Appl. Sci. (2023)
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INTER-BAND AND INTRA-BAND OPTICAL TRANSITIONS
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Direct inter-band 
optical transitions

Indirect intra-band 
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OUTLINE

• Introduction. Structured light
• Intra-band response to structured electromagnetic field

- Kinetic theory
- Three contributions to photocurrent

- Second harmonic generation due to radiation structure 

• Inter-band optical excitation by structured light
- Optical transitions

- Electric and spin-valley photocurrents in 2D Dirac materials
• Summary 
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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×𝑩# 𝒓, 𝑡 ⋅

𝜕𝑓
𝜕𝒑

= I {𝑓}

I 𝑓 =
𝑓 − 𝑓
𝜏

+ I("({𝑓} + I){𝑓}

Collision integral (relaxation time approximation)

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

𝐵# = −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)λ



CONTRIBUTIONS TO PHOTOCURRENT  
Photocurrent density

A.A. Gunyaga, M.V. Durnev, and S.A.T., Phys. Rev. B 108, 115402 (2023)

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

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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∑

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
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− ∂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.

115402-3

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

equation over p, and neglecting the gradient term ∝ ∇ f1 one
obtains
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, (11)

and n = ν
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p f0 is the 2D electron density.
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1 in the second term in Eq. (9) can be
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∑
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p(m∗v2/2) f2 is the density of the excess ki-
netic energy of electrons. If the energy relaxation of electrons
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yields
∑

p

vxvy f2 = 2τRe σ

m∗ν
(ExE∗

y + E∗
x Ey),
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Finally, combining all the contributions to the photocur-
rent, we obtain

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

where
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|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
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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
the zero and second angular harmonics which both contribute
to the sums
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∑
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The contribution of the zero angular harmonic is calculated as
follows,

∑
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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
∑
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vxvy f2 = 2τRe σ
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(ExE∗
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x Ey),

∑
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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)
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j (ph) = −2
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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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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
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y and sum up the result over p, which

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

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

where

j (th) = −2
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|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

∑

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

∑
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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
∑

p vαvβ f2 can be also calculated in
the local response approximation. The function f2 contains
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The contribution of the zero angular harmonic is calculated as
follows,

∑
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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
∑
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x Ey),

∑
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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)
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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

∑

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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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.

115402-3

𝑆( = 𝐸% ' − 𝐸$
'
∝ 𝑃/01

Currents by polarization gradients 

𝑆' = 𝐸%𝐸$∗ + 𝐸$𝐸%∗ ∝ 𝑃2034

𝑆* = 𝑖 𝐸%𝐸$∗ − 𝐸$𝐸%∗ ∝ 𝑃5065

Polarization Stokes parameters

𝑥

𝑦

𝑥′

𝑦′



PHOTOCURRENTS BY POLARIZATION GRADIENTS    

𝑗#

𝑗'

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

−1

−0.5

0

0.5

1

St
ok

es
 p

ar
am

et
er

s S1 / S0
S2 / S0
S3 / S0

−3 −2 −1 0 1 2 3
−2

−1

0

1

2

Coordinate x  L

Cu
rre

nt
 d

en
sit

y jx   j0

jy   j0

−1

−0.5

0

0.5

1

St
ok

es
 p

ar
am

et
er

s S1 / S0
S2 / S0
S3 / S0

−3 −2 −1 0 1 2 3
−2

−1

0

1

2

Coordinate x  L

Cu
rre

nt
 d

en
sit

y jx   j0

jy   j0

x

y

E(r, t)

j(r) x

y

E(r, t)

j(r)

(a)

(b)

(c)

(d)

(e)

(f)

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-

115402-4

𝑗#

𝑗'



(II) CURRENTS DRIVEN BY PHASE GRADIENT  
PHOTOCURRENTS INDUCED BY STRUCTURED LIGHT PHYSICAL REVIEW B 108, 115402 (2023)

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(
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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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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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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
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)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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second optical harmonic generation in graphene and show that this effect can be used to measure the degree
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the incident photons is close to the Fermi energy.
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The valley degree of freedom of charge carriers in mul-
tivalley semiconductor systems such as silicon, diamond,
graphene, carbon nanotubes, transition metal dichalcogenides,
etc., attracts growing attention due to the great and yet
unexplored potential of semiconductor valley properties to
practical applications [1,2]. A promising candidate for the
study of valley physics in two dimensions is graphene, a
one-atom-thick layer of carbon [3]. Graphene technology is
now well developed, which enables the synthesis of large-scale
defect-free monolayers as well as the production of graphene
nanostructures with controllable shapes and edges [4–6]. A
number of proposals on how to generate the valley polarization
of carriers and valley currents in graphene has been put
forward. It was shown that the electric current gets valley
polarized in a graphene point contact with zigzag edges [7], a
graphene layer with broken inversion symmetry [8], strained
graphene with mass Dirac fermions [9], at the boundary
between monolayer and bilayer graphene [10,11], at a line
defect [12], or if monolayer or bilayer graphene is additionally
illuminated by circularly polarized radiation [13,14]. Valley
currents can be induced in graphene rings by asymmetric
monocycle electromagnetic pulses [15]. It was also proposed
that bulk valley currents in graphene and carbon nanotubes
can be excited by polarized light [16–18] or ac mechanical
vibrations [19]. While the above methods can be used to create
an imbalance in valley populations, the experimental study of
valley phenomena and verification of the theoretical proposals
is still a challenge because of the lack of efficient and reliable
methods to probe the valley polarization.

The valleys in graphene are situated at the K and K ′ points
of the two-dimensional Brillouin zone which are connected to
each other by the space inversion Ci [20]. Each of the valleys
is described by the D3h small group and lacks the center of
space inversion while the overall symmetry of free-standing
graphene D6h = D3h × Ci is centrosymmetric. It follows that
the valley polarization of carriers reduces the spatial symmetry
of the structure to the symmetry of an individual valley. Such a
symmetry reduction gives rise to optical effects such as second
harmonic generation (SHG), which require spatial symmetry
breaking [16]. Here, we develop a microscopic theory of SHG
in graphene and show that the effect can be used to measure

the degree and the sign of valley polarization. We demonstrate
that valley polarization induced SHG is caused by the trigonal
warping of the electron dispersion in valleys and calculate
the second-order susceptibility tensor for interband optical
transitions. The efficiency of SHG is resonantly enhanced
if the energy of the incident photons is close to the Fermi
energy. The second optical harmonic due to the valley
polarization is generated at the normal incidence of radiation
and, therefore, can be discriminated from the SHG signals
stemming from the structure inversion asymmetry of graphene
flakes on a substrate [21] or in-plane photon momentum
[22,23], both of which require the oblique incidence of
radiation. The effect is also different by symmetry from SHG
caused by the flow of a direct electric current in the sample
[24–26]. Since nonlinear optical spectroscopy is a sensitive and
powerful tool to study the carrier kinetics and structure symme-
try with high spatial resolution, SHG applied to graphene will
enable the local probe of valley polarization as well as the study
of valley polarization thermal fluctuations (valley noise) [27].

The valley polarization induced SHG is illustrated in Fig. 1.
We assume that graphene is excited by a plane electromagnetic
wave with the frequency ω at the normal incidence. Both K
and K ′ valleys have trigonal symmetry and contribute to SHG.
However, since the valleys are related to each other by the
space inversion, SHG signals stemming from the valleys are
counterphased [Fig. 1(a)]. Therefore, the total SHG signal
vanishes at an equal distribution of carriers in the valleys and
arises in the case of an imbalance in the valley populations
[see Fig. 1(b)]. SHG has a resonant behavior and is drastically
enhanced if the energy of incident photon !ω is close to the
Fermi energy of carriers [Fig. 1(b)].

Phenomenologically, SHG is described by the second-
order susceptibility tensor χ which couples the polarization
amplitude at the double frequency P(2ω) with the incident
radiation electric field amplitude E(ω),

Pα(2ω) = χαβγ Eβ(ω)Eγ (ω), (1)

where α, β, and γ are the Cartesian coordinates. Here,
we assume that the incident radiation is linearly polarized
and its electric field has the form E(t) = E(ω) exp (−iωt) +
E(ω) exp (iωt) = 2E(ω) cos ωt . Symmetry analysis shows
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and sign of the valley polarization. We show that, at the normal incidence of radiation, the second harmonic
generation stems from an imbalance of carrier populations in the valleys. The effect has a specific polarization
dependence reflecting the trigonal symmetry of the electron valley and is resonantly enhanced if the energy of
the incident photons is close to the Fermi energy.
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The valley degree of freedom of charge carriers in mul-
tivalley semiconductor systems such as silicon, diamond,
graphene, carbon nanotubes, transition metal dichalcogenides,
etc., attracts growing attention due to the great and yet
unexplored potential of semiconductor valley properties to
practical applications [1,2]. A promising candidate for the
study of valley physics in two dimensions is graphene, a
one-atom-thick layer of carbon [3]. Graphene technology is
now well developed, which enables the synthesis of large-scale
defect-free monolayers as well as the production of graphene
nanostructures with controllable shapes and edges [4–6]. A
number of proposals on how to generate the valley polarization
of carriers and valley currents in graphene has been put
forward. It was shown that the electric current gets valley
polarized in a graphene point contact with zigzag edges [7], a
graphene layer with broken inversion symmetry [8], strained
graphene with mass Dirac fermions [9], at the boundary
between monolayer and bilayer graphene [10,11], at a line
defect [12], or if monolayer or bilayer graphene is additionally
illuminated by circularly polarized radiation [13,14]. Valley
currents can be induced in graphene rings by asymmetric
monocycle electromagnetic pulses [15]. It was also proposed
that bulk valley currents in graphene and carbon nanotubes
can be excited by polarized light [16–18] or ac mechanical
vibrations [19]. While the above methods can be used to create
an imbalance in valley populations, the experimental study of
valley phenomena and verification of the theoretical proposals
is still a challenge because of the lack of efficient and reliable
methods to probe the valley polarization.

The valleys in graphene are situated at the K and K ′ points
of the two-dimensional Brillouin zone which are connected to
each other by the space inversion Ci [20]. Each of the valleys
is described by the D3h small group and lacks the center of
space inversion while the overall symmetry of free-standing
graphene D6h = D3h × Ci is centrosymmetric. It follows that
the valley polarization of carriers reduces the spatial symmetry
of the structure to the symmetry of an individual valley. Such a
symmetry reduction gives rise to optical effects such as second
harmonic generation (SHG), which require spatial symmetry
breaking [16]. Here, we develop a microscopic theory of SHG
in graphene and show that the effect can be used to measure

the degree and the sign of valley polarization. We demonstrate
that valley polarization induced SHG is caused by the trigonal
warping of the electron dispersion in valleys and calculate
the second-order susceptibility tensor for interband optical
transitions. The efficiency of SHG is resonantly enhanced
if the energy of the incident photons is close to the Fermi
energy. The second optical harmonic due to the valley
polarization is generated at the normal incidence of radiation
and, therefore, can be discriminated from the SHG signals
stemming from the structure inversion asymmetry of graphene
flakes on a substrate [21] or in-plane photon momentum
[22,23], both of which require the oblique incidence of
radiation. The effect is also different by symmetry from SHG
caused by the flow of a direct electric current in the sample
[24–26]. Since nonlinear optical spectroscopy is a sensitive and
powerful tool to study the carrier kinetics and structure symme-
try with high spatial resolution, SHG applied to graphene will
enable the local probe of valley polarization as well as the study
of valley polarization thermal fluctuations (valley noise) [27].

The valley polarization induced SHG is illustrated in Fig. 1.
We assume that graphene is excited by a plane electromagnetic
wave with the frequency ω at the normal incidence. Both K
and K ′ valleys have trigonal symmetry and contribute to SHG.
However, since the valleys are related to each other by the
space inversion, SHG signals stemming from the valleys are
counterphased [Fig. 1(a)]. Therefore, the total SHG signal
vanishes at an equal distribution of carriers in the valleys and
arises in the case of an imbalance in the valley populations
[see Fig. 1(b)]. SHG has a resonant behavior and is drastically
enhanced if the energy of incident photon !ω is close to the
Fermi energy of carriers [Fig. 1(b)].

Phenomenologically, SHG is described by the second-
order susceptibility tensor χ which couples the polarization
amplitude at the double frequency P(2ω) with the incident
radiation electric field amplitude E(ω),

Pα(2ω) = χαβγ Eβ(ω)Eγ (ω), (1)

where α, β, and γ are the Cartesian coordinates. Here,
we assume that the incident radiation is linearly polarized
and its electric field has the form E(t) = E(ω) exp (−iωt) +
E(ω) exp (iωt) = 2E(ω) cos ωt . Symmetry analysis shows
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INTER-BAND OPTICAL TRANSITIONS

Standard approach 

𝑔(𝒌) =
2𝜋
ℏ

𝒑+7 ⋅ 𝑨 '𝛿(𝐸+ − 𝐸7 − ℏ𝜔)

information about the field phase is lost

Incident field

𝑨 𝒓, 𝑡 = 𝑨(𝒓) exp −𝑖𝜔𝑡 + c. c.
𝐸

ℏ𝜔

𝑐

𝑣



QUANTUM MECHANICAL DESCRIPTION

Description in terms of the density matrix 

Quasi-classical distribution function by Wigner transformation

𝑓(𝒌, 𝒓) =R
𝒑

𝜌𝒌:𝒑/', 𝒌=𝒑/' exp(𝑖𝒑 ⋅ 𝒓)

!"!#$%" !!" "" !! "# ⋅=ψ

Bloch states in Brillouin zoneCrystal lattice

𝜌0𝒌,0!𝒌!

Density matrix of conduction-band electrons 𝜌𝒌𝒌! = 𝜌𝒄𝒌,4𝒌!



INTER-BAND TRANSITIONS BY STRUCTURED LIGHT

Incident field in the 2D plane

𝑨 𝒓, 𝑡 =F
𝒒

𝑨𝒒 exp 𝑖𝒒 ⋅ 𝒓 − 𝑖𝜔𝑡 + c. c.

in-plane wave vector

𝑔𝒌𝒌6 =
𝜋
ℏ
F
𝒌66

𝑀4𝒌,7𝒌66𝑀4𝒌!,7𝒌66
∗ [𝛿 𝜀𝒌4 − 𝜀𝒌667 − ℏ𝜔 + 𝛿(𝜀𝒌64 − 𝜀𝒌667 − ℏ𝜔)]

Density matrix generation

Quasi-classical generation term by Wigner transformation

𝑔(𝒌, 𝒓) =F
𝒑

𝑔𝒌9𝒑/), 𝒌;𝒑/) exp(𝑖𝒑 ⋅ 𝒓)

similar to spin density matrix 
S.D. Ganichev, E.L. Ivchenko, S.A.T. et al., PRB 2003
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QUASI-CLASSICAL GENERATION TERM

Optical generation rate

Zeroth order: Local field approximation

First-order correction: Non-local corrections

2

the quasi-classical distribution function in the momen-
tum and real spaces given by the Wigner transformation

f(k, r) =
∑

p

ωck+p/2,k→p/2 exp(ip · r) , (6)

and → = εr is the spatial gradient.

The conduction-band density matrix ωck,k→ and, hence,
the quasi-classical distribution function f(k, r) can be
calculated by solving the quantum kinetic equation

εωck,k→

εt
+

i

⊋ (ϑ
c
k ↑ ϑck→)ωck,k→ = gk,k→ + Ik,k→{ωc} , (7)

where gk,k→ is the optical generation term and the term
Ik,k→{ωc} describes the processes of momentum, spin, val-
ley, and energy relaxation and electron-hole recombina-
tion. The Wigner transformation of Eq. (7) gives the
kinetic equation for the distribution function f(k, r)

εf(k, r)

εt
+ vc

k ·→f(k, r) = g(k, r) + I{f} , (8)

where g(k, r) =
∑

p gk+p/2,k→p/2 exp(ip · r) is the quasi-
classical generation term.

B. Optical transitions induced by structured
radiation

To proceed further, we calculate the generation term
for the interband optical transitions induced by spatially
inhomogeneous radiation. We take the vector potential
of the incident monochromatic field in the (xy) plane of
2D material in the form

A(r, t) =
∑

q

Aq exp(iq · r ↑ iϖt) + c.c. , (9)

where Aq is the Fourier amplitude of the vector potential,
ϖ is the frequency, and q is the in-plane wave vector.
The generation term in the basis of plane waves has the

form [1, 2]:

gk,k→ =
ϱ

⊋
∑

k→→

Mck,vk→→M↑
ck→,vk→→

↓ [ς(ϑck ↑ ϑvk→→ ↑ ⊋ϖ) + ς(ϑck→ ↑ ϑvk→→ ↑ ⊋ϖ)] , (10)

where Mck,vk→→ is the matrix element of the optical tran-
sitions

Mck,vk→→ = ↑
e

c

∑

q

vcv(k,k
↓↓) ·Aqςk,k→→+q , (11)

vcv(k,k↓↓) is the interband matrix element of the veloc-
ity operator, ϑvk is the valence band energy, ς(. . .) and
ςk,k→→+q are the Dirac delta-function and the Kronecker
delta, respectively. At k = k↓, Eq. (10) yields the well-
known Fermi golden rule for generation of the diagonal
components of the density matrix ωk,k→ .

The Wigner transformation of Eq. (10) yields

g(k, r) =
ϱe2

⊋c2
∑

q1,q2

exp(ip·r)[vcv(k+p/2,k↑q)·Aq1 ]

↓ [vcv(k ↑ p/2,k ↑ q) ·Aq2 ]
↑

↓
[
ς(ϑck+p/2 ↑ ϑvk→q ↑ ⊋ϖ) + ς(ϑck→p/2 ↑ ϑvk→q ↑ ⊋ϖ)

]
,

(12)

where q = (q1 + q2)/2 and p = q1 ↑ q2. Naturally, for
the incident radiation in the form of a single plane wave
with the in-plane wave vector q, Eq. (12) reproduces the
known result g(k) ↔ |vcv(k,k↑q)·Aq|

2ς(ϑck↑ϑvk→q↑⊋ϖ),
see, e.g., Ref. [3].

Using the smallness of the photon wave vectors q1 and
q2 compared to the electron wave vector k, we can ex-
pand g(k, r) in the series of q/k as follows

g(k, r) = g(0)(k, r) + g(1)(k, r) + . . . (13)

The term g(0)(k, r) is obtained by neglecting the wave
vectors q1 and q2 in the matrix elements of the interband
velocity operator and in the band energies in Eq. (12).
This gives

g(0)(k, r) =
2ϱe2

⊋c2 |vcv(k) ·A(r)|2ς(ϑck ↑ ϑvk ↑ ⊋ϖ) , (14)

where A(r) =
∑

q Aq exp(iq · r) and vcv(k) = vcv(k,k).
Equation (14) presents the generation term in the local
approximation, where the generation rate at the point r
is determined by the field at the same point.

The first-order correction g(1)(k, r) is given by
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g(1)(k, r) =
2ωe2

⊋c2 ε(ϑgk → ⊋ϖ) Im {[vcv(k) ·A(r)]→[(ϱk → ϱk→) ·↑][vcv(k,k
↑) ·A(r)]}

→
2ωe2

⊋c2 ε(ϑgk → ⊋ϖ) Im {ϱk [vcv(k) ·A(r)]→ ·↑ [vcv(k) ·A(r)]}

+
2ωe2

c2
ε↑(ϑgk → ⊋ϖ) Im {[vcv(k) ·A(r)]→(vv

k ·↑) [vcv(k) ·A(r)]} , (15)

or, in an equivalent form more convenient for the calculations below, by

g(1)(k, r) =
2ωe2

⊋c2 ε(ϑgk → ⊋ϖ)
∑

ω=x,y

↑ω Im
{
[vcv(k) ·A(r)]→ϱkω [vcv(k,k

↑) ·A(r)]
}

→
2ωe2

⊋c2 ε(ϑgk → ⊋ϖ)
∑

ω=x,y

ϱk→
ω
Im

{
[vcv(k,k

↑) ·A(r)]→ ↑ω [vcv(k,k
↑) ·A(r)]

}

+
2ωe2

c2
ε↑(ϑgk → ⊋ϖ) Im {[vcv(k) ·A(r)]→(vv

k ·↑) [vcv(k) ·A(r)]} , (16)

where Im{..} denotes the imaginary part of expression,
ε↑(ϑ) = dε(ϑ)/dϑ, vv

k = (1/⊋)dϑvk/dk, ϑgk = ϑck → ϑvk, and
one should set k↑ = k after the di!erentiation.

The term g(1)(k, r) describes the non-locality of op-
tical generation. It shows that spatially inhomogeneous
radiation generates asymmetric in the k space distribu-
tion of electrons. The asymmetry comes from the wave
vector dependence of the matrix elements of the inter-
band velocity [first two lines in Eq. (16)] and the band
dispersions [third line in Eq. (16)]. For the exemplary
case of A(r) = A exp[iς(r)], Eq. (16) yields

g(1)(k, r) = →
2ωe2

⊋c2 ε(ϑgk → ⊋ϖ)↑ς · ϱk→ |vcv(k,k
↑) ·A|

2

+
2ωe2

c2
ε↑(ϑgk → ⊋ϖ)(↑ς · vv

k) |vcv(k) ·A|
2 . (17)

C. Summary

Summarizing the calculations above, we conclude that
the current density of particles in the conduction band
induced by spatially inhomogeneous radiation to first or-
der in q/k has the form

j(r) = j(loc)(r) + j(nl)(r) , (18)

where

j(loc)(r) =
∑

k

vc
k f(k, r) , (19)

f(k, r) is the electron distribution function, which is
found from the kinetic equation with the local genera-

tion term g(0)(k, r) given by Eq. (14),

j(nl)(r) =
∑

k

φ1g
(1)(k, r)vc

k

+
i

2

∑

k

∑

ω=x,y

φ1↑ωg
(0)(k, r) [(ϱkω → ϱk→

ω
)vc

k,k→ ]k→=k ,

(20)

and g(1)(k, r) is the non-local correction to the genera-
tion term given by Eqs. (15) or (16). The current (20) is
given in the relaxation time approximation with the mo-
mentum relaxation time φ1. We note that the sum of two
terms in Eq. (20) is invariant with respect to the choice
of the wave function phases while the individual terms
are not. The current j(loc) is determined by the spatial
distribution of the intensity and polarization of radiation
whereas the current j(nl) is also sensitive to the spatial
structure of electromagnetic field phase.

Below we apply the developed theory to calculate the
charge and spin-valley currents induced by structures
light in 2D Dirac materials.

III. 2D DIRAC MATERIAL

We consider the class of direct gap 2D materials de-
scribed by the e!ective Hamiltonian [4–6]

H = ⊋a(↼↽xkx + ↽yky) + ε↽z , (21)

where ↽ω (⇀ = x, y, z) are the Pauli matrices, a and ε
are the band-structure parameters, and ↼ = ±1 is the
spin (or valley) index. H with ↼ = ±1 correspond to the
blocks of the extended Hamiltonian which describe the
states with opposite spin projections or in di!erent val-
leys related by time reversal symmetry. The parameter a

expansion in the series of 𝑞/𝑘
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i
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k
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ω=x,y

φ1↑ωg
(0)(k, r) [(ςkω → ςk→

ω
)vc
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(20)

and g(1)(k, r) is the non-local correction to the genera-
tion term given by Eqs. (15) or (16). The current (20) is
given in the relaxation time approximation with the mo-
mentum relaxation time φ1. We note that the sum of two
terms in Eq. (20) is invariant with respect to the choice
of the wave function phases while the individual terms
are not. The current j(loc) is determined by the spatial
distribution of the intensity and polarization of radiation
whereas the current j(nl) is also sensitive to the spatial
structure of electromagnetic field phase.

Below we apply the developed theory to calculate the
charge and spin-valley currents induced by structured
light in 2D Dirac materials.

III. 2D DIRAC MATERIAL

We consider the class of direct gap 2D materials de-
scribed by the e!ective Hamiltonian [34–36]

H = ⊋a(↼↽xkx + ↽yky) + ϑ↽z , (21)

where ↽ω (⇀ = x, y, z) are the Pauli matrices, a and ϑ
are the band-structure parameters, and ↼ = ±1 is the
spin (or valley) index. H with ↼ = ±1 correspond to the
blocks of the extended Hamiltonian which describe the
states with opposite spin projections or in di!erent val-
leys related by time reversal symmetry. The parameter a
determines the linear-in-k coupling between the valence
and conduction band states and 2ϑ is the band gap.

The e!ective Hamiltonian (21) is relevant with varying
accuracy to a wide class of 2D systems, including atom-
ically thin crystals and quantum wells. In graphene, the
states with ↼ = ±1 belong to the opposite K+ and K↑
valleys (which are additionally spin degenerate) [34]. In
TMDC monolayers, the spin degeneracy in the valleys is
lifted, so that the states with ↼ = ±1 are also charac-
terized by the opposite spin projections [35]. In narrow
gap heterostructures, such as HgTe/CdHgTe quantum
wells with close-to-critical thickness, the Dirac states are
formed at the ! point of the 2D Brillouin zone and the in-
dex ↼ = ±1 corresponds to the ”spin-up” and ”spin-down”
blocks of the extended Hamiltonian [36–38].

The energy spectrum, velocity, and wave functions of
the conduction and valence bands have the form
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radiation generates asymmetric in the k space distribu-
tion of electrons. The asymmetry comes from the wave
vector dependence of the matrix elements of the inter-
band velocity [first two lines in Eq. (16)] and the band
dispersions [third line in Eq. (16)]. For the exemplary
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and g(1)(k, r) is the non-local correction to the genera-
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of the wave function phases while the individual terms
are not. The current j(loc) is determined by the spatial
distribution of the intensity and polarization of radiation
whereas the current j(nl) is also sensitive to the spatial
structure of electromagnetic field phase.

Below we apply the developed theory to calculate the
charge and spin-valley currents induced by structured
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Two contributions to photocurrent density

j (i) From generation term in local approximation

(ii) From non-local correction to generation term

𝑓(𝒌, 𝒓) is found from Boltzmann equation

(0)

2

valley photon drag currents sensitive to the phase profile
of the optical field. Additionally, the emerging electric
and spin-valley currents are converted into each other
due to the direct and inverse spin/valley Hall e!ects. In
Sec. V the calculated currents are classified based on the
symmetry analysis. The obtained results are discussed in
Sec. VI on the example of polarization gratings formed
by linearly or circularly polarized coherent optical fields
in TMDC layers and graphene.

II. GENERAL FORMALISM

A. Spatially varying photocurrents

We start our paper by deriving general equations for
the density of current j(r) induced by spatially inhomo-
geneous radiation. We assume that the electron system
is described by the matrix Hamiltonian H which is linear
in the wave vector k. Such a Hamiltonian naturally fol-
lows from a multi-band k·p theory and has the general
form H = ω + ω · k, where ω and ω = dH/dk are the
Hermitian matrices, whose dimension coincides with the
number of bands.

In terms of the quantum field operators, the current
density operator is given by

j(r) = ε̂†(r)vε̂(r) , (1)

where ε̂(r) =
∑

nk ânkεnk(r), ânk are the annihilation
operators, εnk(r) = ϑnk exp(ik · r), ϑnk are the eigen
columns of H, n is the band index, and v = ω/⊋. Av-
eraging Eq. (1) over the ensemble of electrons and in-
troducing the density matrix ϖnk,n→k→ = →ânkâ

†
n→k→↑, one

obtains the current density

j(r) =
∑

nk,n→k→

ϖnk,n→k→vn→k→,nk exp[i(k ↓ k→) · r] , (2)

where vn→k→,nk = ϑ†
n→k→vϑnk.

We focus on the current in the conduction band

j(r) =
∑

k,k→

ϖck,k→vc
k→,k exp[i(k ↓ k→) · r] , (3)

which is determined by the conduction-band density ma-
trix ϖck,k→ = ϖck,ck→ and the intraband matrix elements
of the velocity operator vc

k→,k = ϑ†
ck→vϑck. Similar equa-

tions can be readily written for the current carried by
holes in the valence band. Note that, for spatially inho-
mogeneous radiation, one can also expect an interband
contribution to the current (2) determined by the inter-
band components of the density matrix with n→

↔= n. This
contribution is somewhat similar to the shift contribu-
tion to the photogalvanic current in noncentrosymmetric
crystals and to the photon drag current in centrosymmet-
ric crystals [30–32]. It is small compared to the current
studied below and will be considered elsewhere.

The spatial scale of the current inhomogeneity is de-
fined by the spatial structure of the light beam and is typ-
ically much larger than the electron wavelength. Then,
Eq. (3) can be fruitfully rewritten in the form

j(r) =
∑

k,p

ϖck+p/2,k↑p/2v
c
k↑p/2,k+p/2 exp(ip · r) (4)

with |p| ↗ |k|. Expanding the velocity matrix elements
vc
k↑p/2,k+p/2 in the series of p, we obtain

j(r) =
∑

k

vc
kf(k, r)

+
i

2

∑

k

∑

ω=x,y

↘ωf(k, r) [(ϱkω ↓ ϱk→
ω
)vc

k,k→ ]k→=k , (5)

where vc
k = vc

k,k = (1/⊋)dςck/dk, ςck is the conduction-
band dispersion given by the Hamiltonian H, f(k, r) is
the quasi-classical distribution function in the momen-
tum and real spaces given by the Wigner transformation

f(k, r) =
∑

p

ϖck+p/2,k↑p/2 exp(ip · r) , (6)

and ↘ = ϱr is the spatial gradient.
The conduction-band density matrix ϖck,k→ and, hence,

the quasi-classical distribution function f(k, r) can be
calculated by solving the quantum kinetic equation

ϱϖck,k→

ϱt
+

i

⊋ (ς
c
k ↓ ςck→)ϖck,k→ = gk,k→ + Ik,k→{ϖc} , (7)

where gk,k→ is the optical generation term and the term
Ik,k→{ϖc} describes the processes of momentum, spin, val-
ley, and energy relaxation and electron-hole recombina-
tion. The Wigner transformation of Eq. (7) gives the
kinetic equation for the distribution function f(k, r)

ϱf(k, r)

ϱt
+ vc

k ·↘f(k, r) = g(k, r) + I{f} , (8)

where g(k, r) =
∑

p gk+p/2,k↑p/2 exp(ip · r) is the quasi-
classical generation term.

B. Optical transitions induced by structured
radiation

To proceed further, we calculate the generation term
for the interband optical transitions induced by spatially
inhomogeneous radiation. We take the vector potential
of the incident monochromatic field in the (xy) plane of
2D material in the form

A(r, t) =
∑

q

Aq exp(iq · r ↓ iφt) + c.c. , (9)

where Aq is the Fourier amplitude of the vector potential,
φ is the frequency, and q is the in-plane wave vector.
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lows from a multi-band k·p theory and has the general
form H = ω + ω · k, where ω and ω = dH/dk are the
Hermitian matrices, whose dimension coincides with the
number of bands.

In terms of the quantum field operators, the current
density operator is given by

j(r) = ε̂†(r)vε̂(r) , (1)

where ε̂(r) =
∑

nk ânkεnk(r), ânk are the annihilation
operators, εnk(r) = ϑnk exp(ik · r), ϑnk are the eigen
columns of H, n is the band index, and v = ω/⊋. Av-
eraging Eq. (1) over the ensemble of electrons and in-
troducing the density matrix ϖnk,n→k→ = →ânkâ

†
n→k→↑, one

obtains the current density

j(r) =
∑

nk,n→k→

ϖnk,n→k→vn→k→,nk exp[i(k ↓ k→) · r] , (2)

where vn→k→,nk = ϑ†
n→k→vϑnk.

We focus on the current in the conduction band

j(r) =
∑

k,k→

ϖck,k→vc
k→,k exp[i(k ↓ k→) · r] , (3)

which is determined by the conduction-band density ma-
trix ϖck,k→ = ϖck,ck→ and the intraband matrix elements
of the velocity operator vc

k→,k = ϑ†
ck→vϑck. Similar equa-

tions can be readily written for the current carried by
holes in the valence band. Note that, for spatially inho-
mogeneous radiation, one can also expect an interband
contribution to the current (2) determined by the inter-
band components of the density matrix with n→

↔= n. This
contribution is somewhat similar to the shift contribu-
tion to the photogalvanic current in noncentrosymmetric
crystals and to the photon drag current in centrosymmet-
ric crystals [30–32]. It is small compared to the current
studied below and will be considered elsewhere.

The spatial scale of the current inhomogeneity is de-
fined by the spatial structure of the light beam and is typ-
ically much larger than the electron wavelength. Then,
Eq. (3) can be fruitfully rewritten in the form

j(r) =
∑

k,p

ϖck+p/2,k↑p/2v
c
k↑p/2,k+p/2 exp(ip · r) (4)

with |p| ↗ |k|. Expanding the velocity matrix elements
vc
k↑p/2,k+p/2 in the series of p, we obtain

j(r) =
∑

k

vc
kf(k, r)

+
i

2

∑

k

∑

ω=x,y

↘ωf(k, r) [(ϱkω ↓ ϱk→
ω
)vc

k,k→ ]k→=k , (5)

where vc
k = vc

k,k = (1/⊋)dςck/dk, ςck is the conduction-
band dispersion given by the Hamiltonian H, f(k, r) is
the quasi-classical distribution function in the momen-
tum and real spaces given by the Wigner transformation

f(k, r) =
∑

p

ϖck+p/2,k↑p/2 exp(ip · r) , (6)

and ↘ = ϱr is the spatial gradient.
The conduction-band density matrix ϖck,k→ and, hence,

the quasi-classical distribution function f(k, r) can be
calculated by solving the quantum kinetic equation

ϱϖck,k→

ϱt
+

i

⊋ (ς
c
k ↓ ςck→)ϖck,k→ = gk,k→ + Ik,k→{ϖc} , (7)

where gk,k→ is the optical generation term and the term
Ik,k→{ϖc} describes the processes of momentum, spin, val-
ley, and energy relaxation and electron-hole recombina-
tion. The Wigner transformation of Eq. (7) gives the
kinetic equation for the distribution function f(k, r)

ϱf(k, r)

ϱt
+ vc

k ·↘f(k, r) = g(k, r) + I{f} , (8)

where g(k, r) =
∑

p gk+p/2,k↑p/2 exp(ip · r) is the quasi-
classical generation term.

B. Optical transitions induced by structured
radiation

To proceed further, we calculate the generation term
for the interband optical transitions induced by spatially
inhomogeneous radiation. We take the vector potential
of the incident monochromatic field in the (xy) plane of
2D material in the form

A(r, t) =
∑

q

Aq exp(iq · r ↓ iφt) + c.c. , (9)

where Aq is the Fourier amplitude of the vector potential,
φ is the frequency, and q is the in-plane wave vector.
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2D DIRAC MATERIALS

𝐻 = 𝑎 ±𝜎<𝑘< + 𝜎=𝑘= + 𝛿𝜎- =
𝛿 ±𝑘< − 𝑖𝑘= 𝑎

±𝑘< + 𝑖𝑘= 𝑎 −𝛿

Hamiltonians in the valleys

graphene TMDC monolayers narrow-gap QWs
HgTe, InAs/GaSb𝜈 = ±1 valleys 𝜈 = ±1 spin/valleys
𝜈 = ±1 spin



2D DIRAC MATERIALS

𝐸𝐸

2𝛿

Optical orientation of spin/valley
by circularly polarized light

𝜈 = +1

𝒋> = 𝑒(𝒋:( + 𝒋=()

𝜈 = −1

Electric current

𝜎9 𝜎;

Valley/spin current 𝒋? = 𝒋:( − 𝒋=(

Optical alignment of momenta
by linearly polarized light

𝐸

𝜈 = +1

𝜋

𝐸

𝜈 = −1

𝜋



CONTRIBUTIONS TO ELECTRIC CURRENT
Electric current density

𝒋 = 𝒋(01A) + 𝒋(CD/) + 𝒋(CE)

(i) Current by intensity gradient

(ii) Currents by polarization gradients 

(ii) Currents by phase gradient

𝒋(01A) = 𝑄(Re 𝐸%∗𝛁𝐸% + 𝐸%∗𝛁𝐸%

𝒋(CD/) = 𝑄'Re 𝑬∗ 𝛁 ⋅ 𝑬 − 𝑬∗× 𝛁×𝑬

+ 𝑄*Im 𝑬∗ 𝛁 ⋅ 𝑬 − 𝑬 ⋅ 𝛁 𝑬

𝒋(CE) = 𝑄F Im 𝐸%∗𝛁𝐸% + 𝐸%∗𝛁𝐸%
+ 𝑄G Im 𝑬∗ 𝛁 ⋅ 𝑬 − 𝑬∗× 𝛁×𝑬

+ 𝑄H Re 𝑬∗ 𝛁 ⋅ 𝑬 − 𝑬 ⋅ 𝛁 𝑬

Similar equations for spin/valley current

∝ 𝛁S&

∝ 𝛁S(,'

∝ 𝛁S*



(I) CURRENTS BY INTENSITY GRADIENT

𝑆&= 𝑬∥
'

Electric current

Stokes parameter

intensity

e

𝒋(01A) = 2𝑄(Re 𝐸%∗𝛁𝐸% + 𝐸%∗𝛁𝐸% = 𝑄(𝛁S&

valence band

conduction band

Dember effect

je

jh

For spin/valley currents: Dember effect + spin/valley Hall effect

s



(II) CURRENTS DRIVEN BY POLARIZATION GRADIENTS  

𝑆( = 𝐸% ' − 𝐸$
'
∝ 𝑃/01

Currents by polarization gradients 

𝑆' = 𝐸%𝐸$∗ + 𝐸$𝐸%∗ ∝ 𝑃2034

𝑆* = 𝑖 𝐸%𝐸$∗ − 𝐸$𝐸%∗ ∝ 𝑃5065

Polarization Stokes parameters

𝑥

𝑦

𝑥′

𝑦′

𝒋(CD/) = 2𝑄'Re 𝑬∗ 𝛁 ⋅ 𝑬 − 𝑬∗× 𝛁×𝑬

+ 2𝑄*Im 𝑬∗ 𝛁 ⋅ 𝑬 − 𝑬 ⋅ 𝛁 𝑬

∝ 𝛁S(,'

∝ 𝛁S*



KEY PROCESSES CONTRIBUTING TO CURRENTS

s- s+

valence band

conduction band

Spin/valley selective    
optical transitions

valence band

p

lin

Optical alignment 
of electron momenta

+ Conversion of currents due to spin/valley Hall effect and inverse spin/valley Hall effect



(III) CURRENTS DRIVEN BY PHASE GRADIENTS  

Currents by the gradient of the phase

𝑬(𝒓) = 𝑬𝟎 exp[𝑖𝜑 𝒓 ]for the field

𝒋(CE) = 𝑄F Im 𝐸%∗𝛁𝐸% + 𝐸%∗𝛁𝐸%
+ 𝑄G Im 𝑬∗ 𝛁 ⋅ 𝑬 − 𝑬∗× 𝛁×𝑬

+ 𝑄H Re 𝑬∗ 𝛁 ⋅ 𝑬 − 𝑬 ⋅ 𝛁 𝑬

∝ 𝑆&𝛁𝜑

∝ 𝑆(,'𝛁𝜑

∝ 𝑆*𝛁𝜑

j

Here, generalized photon drag and spin/valley photon drag effects

𝒒 = (𝒒∥, 𝑞-)
photon wavevector

𝜑 = 𝒒∥ ⋅ 𝐫
For plan wave

Photocurrent
𝒋 ∝ 𝒒∥ 𝐸 ) photon drag



CHARGE AND SPIN-VALLEY CURRENTS. SUMMARY

Parameters:

𝜏! and 𝜏" the relaxation times, 𝐿# and 𝐿$% the electron and spin/valley diffusion lenghts

𝑤 =
ℏ𝜔
2𝛿

,

𝜃 the valley Hall angle

2𝛿 the band gap



CURRENTS BY OPTICAL GRATING - I    

Relevant to TMDC, ℏ𝜔 = 1.1𝐸" , 𝑞#/𝑞 = 0.1, 𝜏 = 1ps, valley Hall angle 𝜃 = 0.01, 𝐼 = 1W/cm$

𝑥

𝑦

𝜎#𝜎$

Charge current Valley/spin current
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CURRENTS BY POLARIZATION GRATING - II    

𝑥

𝑦

𝜋 𝜋′

Charge current Spin/valley current

Relevant to TMDC, ℏ𝜔 = 1.1𝐸" , 𝑞#/𝑞 = 0.1, 𝜏 = 1ps, L%& = 1𝜇𝑛, 𝜃 = 0.01, 𝐼 = 1W/cm$
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ФОТООТКЛИК ДВУМЕРНЫХ ПОЛУПРОВОДНИКОВ 
НА СТРУКТУРИРОВАННОЕ ИЗЛУЧЕНИЕ

ü Постоянные токи, индуцированные 
структурированным излучением. 

      Вклады, связанные с градиентами интенсивности,  
      поляризации, фазы э/м волны.
 
ü Генерация второй гармоники в 2D системах 
     за счет пространственной структуры излучения

      Токи других квазичастиц: 
      экситонов, вихрей, скирмионов,
      спиновые, долинные токи

ü Структурированное излучение раздвигает границы фотоэлектрических 
      явлений и нелинейной оптики за рамки ограничений, налагаемых симметрией  
      кристаллической решетки


