®OTOOTKINUK ABYMEPHbLIX NONYNPOBOAHUKOB
HA CTPYKTYPUPOBAHHOE U3JTYHEHUE

A.A. TyHsira, M.B. [lypHes, C.A. TapaceHko
g OTU um. A.®. Nogbpe, CaHkm-llemepbypa
IA

3nUMHSASA Wwkona no drsnke NonynpoBOAHUKOB, 3eneHoropck, 25 gespanga — 1 mapta 2026



STRUCTURED RADIATION

From intensity or polarization gratings to beams carrying orbital angular momentum
(twisted radiation) and fields with fully controlled spatiotemporal structure

s-pol K
= (+49x 92)

E E
s-pol
q = (=G qz) s-pol 7%_ !
- X"z
ot o~

intensity grating

polarization grating

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



OPTICAL BEAMS

Bessel beams

\FCI

q=(qy,9z2)

Superposition of plane waves

E(rt) = EE" exp(iq - r — iwt) + c.c.
1 9l = w/c ©  gremmn

Paraxial approximation e
|9x], |ay| < q;

Examples are Gaussian, Hermite-Gaussian, or
Laguerre-Gaussian beams



Bessel beams

~ 1

q = (qy,92)

Electric field

VECTOR BEAMS

(a) Radial beam
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(c) Azimuthal beam
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Distribution of electric field E in the beam cross-section

E(p,z) = Z Eq, exp(iq,z +iq - p)

q)



TWISTED LIGHT

Twisted light (optical vortices)

Electric field in the beam
E(p,z) < exp(ilp)

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

Operator of OAM projection
R 9,

Z_

= —]—

dp

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)

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(—iwt) + c.c.
T

(complex) amplitude
varying in 2D plane

<

charge/spin/valley currents j(r)




RESPONSE TO ELECTROMAGNETIC FIELD

_, E(1) Electric field of incident plane wave
o] E(r,t) = E(r) exp(—iwt) + c.c.
T

O AL PAAAAAA A DA

S5
SRS
AN ENS eviNENesY/

(complex) amplitude

S aaEEassatesss
Electric current Second-order effects
j, = Z%Eﬁ + ZPaﬂyEﬂEy + ZDaﬁyEﬁEy ¥ ..
B By By
dc current current at 2w

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. lvchenko, V.I. Belinicher, B.l. Sturman, M.V. Entin, L.l. Magairill 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(—iwt) + c.c.
T

(complex) amplitude
varying in 2D plane

<

0
dc currents  Jj, )(r) x Ep —

073,

0
currents at 2w jgw)(r) X Eg—— 5 Es
Ty



PHOTORESPONSE TO STRUCTURED RADIATION:
SELECTED EXPERIMENTS

, 258 Normal
o 99 a5 t;J . -
i o incidence
° o9 40
:’}é

Current

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

K. Wang et al., Nat. Comm. 15, 9036 (2024)

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

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. Krapcheyv, Kinetic theory of the ponderomotive effects in a plasma, Phys. Rev. Lett. (1979)

Optical trapping of atoms, molecules, nanoparticles, etc.

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

Surface currents and second harmonic generation in metals

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.1. 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) J i/ \g"




INTER-BAND AND INTRA-BAND OPTICAL TRANSITIONS

\E \E

AN e\
AP\ AP\

Direct inter-band Indirect intra-band
optical transitions optical transitions
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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
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- 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)

i, af 1
a—];+v —+e[E”(r t)+ UXB,(r, t)] a—p_l{f}

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

JE,, aEx
B, = —l—
v ox  dy
B
¢ Collision integral (relaxation time approximation)

f=
T

[} = tleelf} + IAf}

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

Assumptions: length of field variation L(~ A) > | mean free path,
spatial dispersion of screening is negligible at L > (2ra/c)A



CONTRIBUTIONS TO PHOTOCURRENT

Photocurrent density j = j 4 j®ob 4 ;@h)

(i) Photothermoelectric current

(@ 2” 7. Reo v “Stokes” parameters
J - = . 0 2
m So = |E||| intensity
(i) Currents by polarization gradients )
— 2 _
ooy eT’Reo (as1 LS 8S3) S = |Exl* = B |
' m*  \dx = dy wt dy S, = (ExEy + EyE})
2
,(pol):_et Re o 852_351+L% s. = i(E.E* — E.E*
% m* 0x Jy ot 0x 2 = xoi]p. Y )
Clrc
(ii) Currents by phase gradient
R
jo = 2 T (B, VE" + E,VEY)
m*w * y

o the high-frequency conductivity

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



(1) PHOTOTHERMOELECTRIC CURRENT

Photothermoelectric current Stokes parameter

J

thy _ _€TTe Reo

2
o Vo So= |E||| intensity

High-frequency conductivity

ne’t/m*
1+ (wT)?

Reo =

Momentum and energy
relaxation times

T and 7,



() CURRENTS DRIVEN BY POLARIZATION GRADIENTS
Currents by polarization gradients

2
oy _ €T Reo (asl L85 1 353)

X

m* ox dy  wt Jy

(pol) _ __
])’ o m*

et?Reo (9S, 95, . 1 8S;
ox Jdy  wt ox

Polarization Stokes parameters

S1 = |Ex|? = |Ey|” o Py y

S; = (ExEj + EyEx)  Piag .

S3 = i(ExEy — EyEx) < Peirc




Current density

PHOTOCURRENTS BY POLARIZATION GRADIENTS
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(I1) CURRENTS DRIVEN BY PHASE GRADIENT

Currents by the gradient of the phase

et Reo

-(ph
jP = _2 Im(E,VE} + E,VE;)

m*w

x So V(1) forthe field E(r) = Egexp[ip(r)]

Example: oblique incidence of plane wave

Phase in the 2DEG plane
photon wavevector

= . r
E q = (qlli CIZ) ¢ i
7 Photocurrent
_‘L> J & CI|||E|2 photon drag

Photon drag:
A.M. Danishevskii et al., JETP (1970)
A.F. Gibson et al., Appl. Phys. Lett. (1970)
v Here V.I. Perel’, Ya.M. Pinskii, Phys. Solid State (1973)
T J. Karch et al., Phys. Rev. Lett. (2010)
generalized photon drag effect M.V. Entin, L.I. Magarill et al., Phys. Rev. B (2010)
P. A. Obraztsov et al., Phys. Rev. B (2014)



PHOTOCURRENTS BY BESSEL BEAMS

AC E-fields and DC currents for radial Bessel beams with m = +2

—— m Radial and azimuthal components
w2 ¥5 -t p
\“E S8 f;;, of the photocurrent are controlled
e A .
S ol “TRE by the beam polarization and
R e P 4 . .
O 4’4‘;\\“- orbital angular momentum
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S AEN T TTi e i
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44 o "
- Trp— @

FOOO GO = o g Tt — Jnt) D1

Ew(r) m= —2 ‘ I h D3
e g FEY + 78 = jodnUmr1 — I 1)<p2+—t)
3} P oAy 144 g .
\\} - b ’l( ~ b L I
a“ r “ 3 2 E _— A b 4 JO
SV 22330 1 e e — et + Juc),
Ahaa . ‘:‘:‘ -y 4 >. . -
| ‘\‘q‘,'\\\»v -
~'fll::‘l‘\\f""7"""\~- - .
14 - " 1 ne’t3E,
AL LI LEASS L A LSS - jo=— 04l
A:::“\‘:::‘:‘ I‘:»:-‘ - m*Z(l +C()2 2)
;»f'::::' T o
;ht:’;f LA
PPN
oy Y

$° A.A. Gunyaga, M.V. Durnev, and S.A.T., Phys. Rev. B 108, 115402 (2023)
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SECOND HARMONIC DUE TO RADIATION STRUCTURE
E,

EZa) EZa)

|sotropic centrosymmetric 2D medium,
but structured (inhomogeneous) radiation

Electric current at double frequency

. —ieoyT (1 — iwD)V(E, - Ey)
J20 = m*w(l — iwt)(1 — 2iwT)? T ==l

— (E” . V)E” —+ (1 + 4‘l(1)T) E" (V . E")]

$° A.A. Gunyaga, M.V. Durnev, and S.A.T., Phys. Rev. Lett. 134, 156901 (2025)

See also
Surface SHG: N. Bloembergen et al., Phys. Rev. (1968); J.E. Sipe et al., Phys. Rev. B (1980)

Edge SHG: M.V. Durnev and S.A.T., Phys. Rev. B (2022)



ENHANCEMENT OF SECOND HARMONIC GENERATION
BY STRUCTURING THE NEAR FIELD

Intensity of second-harmonic diffraction beams
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E.S. Vyatkin and S.A.T., ArXiv:2511.04325

N. Bernhardt, K. Koshelev, S.J. White et al., Nano Letters (2020)
T. Ning, L. Zhao, Y. Huo et al., Nanophotonics (2023)
H. Ling, Y. Tang, X. Tian et al., Nano Letters (2025)
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INTER-BAND OPTICAL TRANSITIONS

\E Incident field

\/c A(r,t) = A(r) exp(—iwt) + c.c.

Standard approach

AVAVAVAL =
2T .
/\U\ g(k) :?lpcv'fll O(E; — E, — hw)
1

information about the field phase is lost

hw




QUANTUM MECHANICAL DESCRIPTION

Crystal lattice Bloch states in Brillouin zone

l//nk: eXp(lk ) r) z/tnk (r)

Description in terms of the density matrix Pngn’x’

Density matrix of conduction-band electrons Pkk’ = Pck,ck’

Quasi-classical distribution function by Wigner transformation

FUCT) =) Prevpyz, k2 ©XP(iP - T)
p



INTER-BAND TRANSITIONS BY STRUCTURED LIGHT

Incident field in the 2D plane

A(r,t) = ZAq exp(iq - r — iwt) + c.c.
q

T
/ “ / in-plane wave vector

|74

Density matrix generation

e & C 1% c 1%
Ikkr = %z Mck,vk"Mck’,vk/r[a(gk — &k T hw) + 5(8k1 — &k — hw)]
krr
similar to spin density matrix

S.D. Ganichey, E.L. Ivchenko, S.A.T. et al., PRB 2003
V.A. Gorelov, S.A.T., and N. S. Averkiev, JETP 2011

Quasi-classical generation term by Wigner transformation

gk, r) = z Ik+p/2, k—p/2 EXP(pP - T)
p



QUASI-CLASSICAL GENERATION TERM

Optical generation rate
g(k,r) =gk, 7) + g (k) + ...
expansion in the series of q/k

Zeroth order: Local field approximation

Ire?

O (ke r) =
g (k,T) = 53

[veu (k) - A(r)[*6 (e, — ep — hw)

First-order correction: Non-local corrections

e’

W (e r) =
g (k1) ==

0(eg, — hw) Im {[vey (K) - A(r)]*[(Ok — Or) - V[veo (K, K') - A(7)]}

Ime?

 he2
it 5/(&‘% — hw) Im {[ve, (k) - A(r)]" (vg - V) [veo (K) - A(7)]}

c2

0(ep, — w) Im {0 [vew (k) - A(7)]" - V [vey (k) - A(r)]}

_|_




PHOTOCURRENT BY STRUCTURED LIGHT

Two contributions to photocurrent density
j(r) =31 (r) + 5"V (r)

/ w/ ) From generation term in local approximation
(1°C) vak f(k,r)

f (k,r) is found from Boltzmann equation
of(k,r)
ot

+ vl - Vik,7) =g (k,7) + I{f}

(i) From non-local correction to generation term

(nl) Zﬁg k r 'Uk: + = Z Z Tlvag r) [(Ok, _8k’ )Ukz Kl =k

k a=z,y

A.A. Gunyaga, M.V. Durnev, and S.A.T., Phys. Rev. B 113, 075423 (2026)



2D DIRAC MATERIALS

Hamiltonians in the valleys
8 (tky — iky)a

H = a(toyky + oyk,) + 60, = (<k, + ik,)a s
TRy y
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TMDC monolayers narrow-gap QWs
HgTe, InAs/GaSb

graphene
v = +1 spin/valleys

v = +1 valleys
v = +1 spin



Optical orientation of spin/valley
by circularly polarized light

20

L/

7

=\

v=+1

2D DIRAC MATERIALS

E

<
A

Optical alignment of momenta
by linearly polarized light

AE AE
o "n T
/ N

A\
v=+1 v=-1

Electric current j® =e(i1 +Jj-1)

Valley/spin current j°* =j,4 —j_1



CONTRIBUTIONS TO ELECTRIC CURRENT

Electric current densit .
V' j = jino 4 jieo 4 joh)

(i) Current by intensity gradient
jinY = Q,Re(E;VE, + E;VE,) o« VS,
(ii) Currents by polarization gradients
j®oD = 0, Re[E*(V - E) — E*X(VXE)] % VSi.
+ Q3;Im[E*(V-E) — (E - V)E] o« VS3
(ii) Currents by phase gradient
j®Y = Q, Im(E;VE, + E;VE,)
+ Qs Im[E*(V - E) — E*X(VXE)]
+ Qg Re|[E*(V - E) — (E - V)E]

Similar equations for spin/valley current



(1) CURRENTS BY INTENSITY GRADIENT

Electric current Dember effect
j(int) = 2Q,Re(E;VE, + EXVE,) = Q,VS, conduction band

2 —_— ]
intensity So= |E}| " rdi Je

Stokes parameter

=

valence band

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



(I1) CURRENTS DRIVEN BY POLARIZATION GRADIENTS

Currents by polarization gradients
j®oD = 2Q,Re[E*(V - E) — E*X(VXE)] o« VS;,
+ 2Q;Im[E*(V - E) — (E - V)E] oc VS,

Polarization Stokes parameters

51 = |Ex|2 - |Ey|2 X Pijn y

S; = (ExEy + EyEx) & Piag .

S3 = i(ExEy — EyE3) < Peirc




KEY PROCESSES CONTRIBUTING TO CURRENTS

conduction band

A 8" TIEY

lin

valence band valence band
Optical alignment Spin/valley selective
of electron momenta optical transitions

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



(Ill) CURRENTS DRIVEN BY PHASE GRADIENTS

Currents by the gradient of the phase
j®V = Q4 Im(EXVE, + E;VE,) o< SoVep
+ Qs Im[E*(V - E) — E*X(VXE)] « S,V
+ Q¢ Re[E*(V - E) — (E - V)E] o SV
for the field E(r) = Eqexplip(1)]
Here, generalized photon drag and spin/valley photon drag effects

For plan wave
photon wavevector P

q=(q),9z) »=4q) T

Photocurrent
/j/ j « q|E|*> photon drag




CHARGE AND SPIN-VALLEY CURRENTS. SUMMARY

0
Electric currents pad Spin-valley currents Realization
keLr kelnia®
Q] _8ﬁ8w3(w~+1) W] —m(3W'+l) x VS,
kenyna® , ke’nia®>
O W(w' — 1) W 32 82w> (w=—1) o VS
kena* ke’l?
—(w*+3 W — Sy x VS
Os . Bt T ’ 415 w? ?
ke’t\a*
Q4 el 12+ @' = Diinn)] W 0 o SyVep
3 2
ke’t\a-
0s e — D —(nny] Ws 0 o §1 2V
kelnia®> , )
Os 0 Ws 1521 + D+ @ = Dz o SV
Parameters:
hw
wW=os 26 the band gap

7, and 7, the relaxation times, L, and Ly, the electron and spin/valley diffusion lenghts

0 the valley Hall angle



Charge current

Electric current density J¢, nA/cm
|
[\

CURRENTS BY OPTICAL GRATING - |

AN g R N |

y
p-alignment

| (b) = g
= = p-alignment = =
inverse SHE — — -

inverse SHE

, NA/cm

v

Spin-valley current density eJ*

e
[

0.05

—0.05

°

—0.15

X Valley/spin current

— T TR — T T —

—-— valley/spin CPDE — —.
- ——- SHE

nonlocal lin
1 1 | ! | X | ! |

SHE

nonlocal lin

—0.2 0 0.2
Coordinate x/d

0.4

Relevant to TMDC, hw = 1.1E,,q,/q = 0.1,7 = 1ps, valley Hall angle 6 = 0.01,1 = 1W/cm?

A.A. Gunyaga, M.V. Durnev, and S.A.T., Phys. Rev. B 113, 075423 (2026)



CURRENTS BY POLARIZATION GRATING - ll

y
Charge current . Spin/valley current
— - - -— - — —
f / \ * / \ T (f) = e —_—
(e) J —_ ‘ = = valley/spin diff — - sm? N 41000
= = p-alignment = = inverse SHE 10 — — - SHE nonlocal lin |
— — - inverse SHE — — - nonlocal circ 500

----- linear PDE

—500

—0.4 —0.2 0 0.2 0.4

Electric current density J¢ nA/cm
Valley/spin current density e/, nA/cm

Coordinate x/d

Relevant to TMDC, hw = 1.1E,,q,/q = 0.1,7 = 1ps, Lg, = 1un,6 = 0.01,1 = 1W/cm?

A.A. Gunyaga, M.V. Durnev, and S.A.T., Phys. Rev. B 113, 075423 (2026)



®OTOOTKIIUK ABYMEPHbIX NONYNPOBOAHUKOB
HA CTPYKTYPUPOBAHHOE U3NY4YEHUE

v T1OCTOSIHHbIE TOKW, UHOYLIMPOBAHHbIE
CTPYKTYPUPOBAHHbLIM N3NYYEHNEM.
Bknagbl, cBsi3aHHbIe C rpaguMeHTaMyn MHTEHCUBHOCTMN,
nonspusaunn, dasbl 3/M BOMHBbI.

v' [eHepauus BTopon rapmoHuku B 2D cnctemax
3a CYET NPOCTPAHCTBEHHOW CTPYKTYPbI N3Ny4YeHUd

Tokun opyrnx KBasn4acTuLl;:
9KCUTOHOB, BUXPEWN, CKUPMUOHOB,
CMUHOBbIE, AONNHHbIE TOKU

v CprKTypI/IpOBaHHOG n3nyyeHme pasasuract rpaHnubl CbOTOSJ'IeKTpI/I‘—IeCKI/IX

SABNEHUN N HENTMHEWHON ONTUKU 3a PaMKU OrpaHUYEeHNI, HanaraeMbiX CAMMETPUEN
KpUCTanIn4yeckom peLleTKu



