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PHOTOCURRENTS IN 2D SYSTEMS

Excitation by plane wave
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Photocurrents
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Mechanisms of dc current (photocurrent) induced by homogeneous radiation

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

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

First study of edge photogalvanic effect
in 2D systems (graphene)
J. Karch et al., Phys. Rev. Lett. 107, 276601 (2011)

Surface photogalvanic effects in bulk materials and films
L.I. Magarill, M.V. Entin, Phys. Solid State (1979), JETP (1981)
V.L. Alperovich, A. Minaev, A.S. Terekhov, JETP Lett. (1979)
V.L. Alperovich, V.I& Belinicher, V.N. Novikov, A.S. Terekhov, JETP (1981)

V.L. Gurevich, R. Laiho, Phys. Rev. B (1993)
C.B. Schmidt, S. Priyadarshi, S.A.T., M. Bieler, Phys. Rev. B (2015)
G.M. Mikheev, A.S. Saushin, V.M. Styapshin, Y.P. Svirko, Sci. Rep. (2018)

Edge plasmons
D.B. Mast, A.J. Dahm, and A.L. Fetter, Phys. Rev. Lett. (1985)

V.A. Volkov, S.A. Mikhailov, JETP Lett. (1985), JETP (1988)
.V. Kukushkin, M.Yu. Akimov, J.H. Smet, S.A. Mikhailov, K. von Klitzing, I.L. Aleiner, V.I. Falko, PRL (2004)

V.M. Muravey, P.A. Gusikhin, A.M. Zarezin, |.V. Andreev, S.l. Gubarev, and I.V. Kukushkin, PRB (2019)
A.A. Zabolotnykh, V.A. Volkov, Phys. Rev. B (2019)

Review on edge photogalvanic effects in topological insulators
M.V. Durnev and S.A.T., Ann. Phys. 531, 1800418 (2019)



EDGE CURRENTS EXCITED BY
LINEARLY AND CIRCULARLY POLARIZED RADIATION

Linearly polarized radiation
Jy < (ExE; + E,Ey)
X sin2¢

Circularly polarized radiation

Jy < i(ExEy — EyEx)
X Pcirc




QUASI-CLASSICAL APPROACH

Kinetic equation for distribution function

i E()
| / f(p x,t)
af af af
i . & -t Vot eE(,t) e I{f}
E Electric field (external field + screening)
: ’/@ E 2 [ p,(x")dx'
i ygsp Ew,x(X) = Egx + Ej a)x — Coy = Euy
: x °
mean free path + Boundary condition at x = 0
Polarization dependence K@ K@

Jy X ExE,, < sin2¢ %

diffusive scattering specular reflection




SOLUTION OF THE KINETIC EQUATION

Expansion in the Fourier series

fo,xt) = fo+[ilp e @ +cc]+ fo(px) + ..
fi X E fo X EE*

The density of dc electric current and the total dc current

W@ =evy v foep) gy = [ G
t% ;

the spin and valley degeneracy
The edge current
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Jy = —evt ) vy [f;(0,9) = fo@,0] +i—— > v [E,fi (b, 0) — c.c.]
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S. Candussio, M.V. Durney, J. Yin, J. Keil, Y. Yang, S.-K. Son, A. Mishchenko, H. Plank,
V.V. Bel'kov, S. Slizovskiy, S.A.T., V. Fal’ko, and S.D. Ganichev, PRB 102, 045406 (2020)

M.V. Durnev and S.A.T., Phys. Status Solidi B 258, 2000291 (2021)



CONTRIBUTIONS TO EDGE CURRENT

2

Jy = _GVTZ U Vylf2(D, ) — f,(p, 0)] + LZ;;Z vx[Eyfl*(p, ®) —c.c. ]
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CONTRIBUTIONS TO EDGE CURRENT

2
Jy = _eVTz U Vy[f2(D, ) — f2(p, 0)] + Lz):;z vx[Eyfl*(p, o) — C. c_]
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LINEAR VS PARABOLIC ENERGY SPECTRA

Edge currents in 2D systems with linear (graphene) and parabolic (bilayer) spectra
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M.V. Durnev and S.A.T., Appl. Sci. 13, 4080 (2023)



SAMPLES: GRAPHENE MONOLAYERS AND BILAYERS

Sketch of samples Transport data. Dependence
on gate voltage in graphene bilayer
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Samples: Regensburg, Goteborg, Manchester



EXPERIMENTAL TECHNIQUE

Experimental geometry

- pulsed molecular THz laser
- f=10.6,08,1.1,2.0,and 3.3 THz

Experiment: Regensburg

Photoresponse vs laser spot position

large-scale epitaxial graphene



Photovoltage (U, - U,ge) / P, (UV / W)

Photovoltage (U, - Uygee) / P, (LV /' W)

PHOTOVOLTAGE IN SQUARE-SHAPE BILAYER SAMPLE
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S. Candussio, M.V. Durney, J. Yin, J. Keil, Y. Yang, S.-K. Son, A. Mishchenko, H. Plank,
V.V. Bel'kov, S. Slizovskiy, S.A.T., V. Fal’ko, and S.D. Ganichev, PRB 102, 045406 (2020)



EFFECT OF MAGNETIC FIELD

Dependence of the edge current

E, on magnetic field
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EDGE PHOTOCURRENT AT INTER-BAND TRANSITIONS

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

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

Optical alignment in graphene:
R.R. Hartmann and M.E. Portnoi, (LAP Lambert Academic, Chisinau, 2011)

L.E. Golub, S.A.T., M.V. Entin, L.l. Magarill, Phys. Rev. B 84, 195408 (2011)



EDGE PHOTOCURRENT AT INTER-BAND TRANSITIONS

Edge photocurrents of electrons and holes Excitation spectrum of edge photocurrent
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electron-hole asymmetry is required
for the electric current to emerge

Structure with many narrow strips
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M.V. Durnev and S.A.T., Phys Rev. B 103, 165411 (2021)
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SECOND HARMONIC GENERATION

AC electric field
E, exp(—iwt) + c.c.

]Zw,y X ExEy ]2w,x X E}%

p-polarized emission S-polarized emission



MICROSCOPIC THEORY OF EDGE SHG
Boltzmann equation for distribution function

of  of of
o T Vet eE( D) 75 = 1)

+ collision integral
+ boundary conditions

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

2 [ puax 2 f P )dx’

ga),x(x):Ea),x +Ef 7 o — o
0 0

Expansion in the Fourier series
f,xt)=fo+|[ilp,x)e ™ +cc|+|f(px)e @ +cc|+ ..

Currents at double frequency along and normal to edge

_ —evrl o eEwy
J2w = — 2iwT, z”xvy 0x Zfl

2
, —evT, ,0f, e€ux ne“ty
= E v — E + &
J20.L =7 2iwT, [ * 0x m fx 1—2iwt, 9%
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2w CURRENT ALONG THE EDGE

Frequency dependence of the current at 2w
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T1, T are the relaxation times of first
and second angular harmonics

- The total current weakly depends on screening (while the current profile does depend)

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



2w CURRENT PERPENDICULAR TO THE EDGE

Frequency dependence of the current and current profile
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Numerical calculations for 2D system with parabolic spectrum:
—— strong screening (local response approximation)
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M.V. Durnev and S.A.T., Phys Rev. B 106, 125426 (2022)
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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

E E
s-pol
q=(—qx q;) s-pol 7%_ !
- X1z
F

s-pol K
= (+49x 92)

intensity grating

polarization grating



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
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TWISTED LIGHT

Twisted light (optical vortices)

Electric field in the beam
E(p, z) x exp(imy)

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

photons with OAM

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

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

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



PHOTORESPONSE TO STRUCTURED RADIATION

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

Current

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

Open questions: Microscopic mechanisms, Theory

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



PHOTOCURRENTS BY STRUCTURED THZ 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

<

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

a *
ja(r) X @E]/Eé



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 > (2na/c)



SOLUTION OF THE KINETIC EQUATION

Expansion in the field amplitude

f(p; r, t) = fO(p) + [fl(prr)e_iwt + C. C'] + fZ(pi 1")

fi < E f, < EE*,EB*
Set of differential equations
—iwf; +v- a—fl+ eE,(r,t) - —f; =1{f1}
V- a—f2+e{[E||(r t)+1 vXB,(r, t)] T }—I{fz}

The density of dc electric current

j@) =ev ) vfo,7)

p
v is the spin and/or valley degeneracy



CONTRIBUTIONS TO PHOTOCURRENT

Photocurrent density j o= jM 4 el 4 jeh)

(i) Photothermoelectric current

(@ 2ef 7. Reo v “Stokes” parameters
J - * 0 2
m So = |E||| intensity
(i) Currents by polarization gradients ,
— 2 _
ooy eT’Reo (as1 LS 353) S = |Exl® = |Ey|
’ m*  \dx  dy  wtr dy S, = (ExE; + EyE3)
2
,(pol):_et Reo 852_351+L% s. — i(E.E* — E.E*
% m* 0x Jy ot 0x s = U(Ex OZP Y )
circ
(i) Currents by phase gradient
(ph) et Reo . . _
JPV = -2 Im(E,VE; + E,VE}) generalized photon drag
m*w

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
thy _ _€TTe Reo

J

2
o Vo So= |E||| intensity

High-frequency conductivity

ne’t/m*
1+ (wT)?

Reo =

Momentum and energy
relaxation times

T and 7,



(I1) 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 ty

S1 = |Ex|? = |Ey|” o Py y

S; = (ExEj + EyEx)  Piag .

S3 = i(ExEy — EyEx) < Peirc




PHOTOCURRENTS BY POLARIZATION GRADIENTS -1

(a) E(’I", t)

Current density

-3 -2 ot | 0 | 2 3
Coordinate x/L

A.A. Gunyaga, M.V. Durnev, and S.A.T., Phys. Rev. B 108, 115402 (2023)
Edge currents: M.V. Durnev and S.A.T., Appl. Sci. 13, 4080 (2023)



Current density

PHOTOCURRENTS BY POLARIZATION GRADIENTS - I

(d) E(r,t)

Total current along the boundary between
the domains excited by o* and ¢~ radiation

ne’t?[S3(4+00) — S3(—00)]
m*2w(l + w?t?)

Jy = ij(x)dx = —

Estimation J, ~ 20 uA

3 2 -l 0 ! 2 3 forn=5-10"'cm™2 m* = 0.3m,
Coordinate x/L

7=1ps,wt = 1,and I = 1 kW/cm?

A.A. Gunyaga, M.V. Durnev, and S.A.T., Phys. Rev. B 108, 115402 (2023)
Edge currents: M.V. Durnev and S.A.T., Appl. Sci. 13, 4080 (2023)



(I1) CURRENTS DRIVEN BY PHASE GRADIENT

Currents by the gradient of the phase

et Reo . .
Im(E\VE; + E,VE])

x Vo (r) forthe field E(r) = Egexplip()]

j(ph) — 9
m*w

Example: oblique incidence of plane wave

Phase in the 2DEG plane
photon wavevector

E q—= (qlli CIZ) P=dir
. Photocurrent
J 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)

eneralized photon drag effect J. Karch et al., Phys. Rev. Lett. (2010)
9 P 9 M.V. Entin, L.I. Magarill, D.L. Shepelyansky,

Phys. Rev. B (2010)



TWISTED RADIATION BEAMS

Bessel beams o
Electric field decomposed over plane waves

E(r, 7) = Eye'?%* Z a(q,) exp (iq” : r)(;q

\fq q
o« exp(ime) polarization

_ vector
q (q”, qz) m (integer) is the projection

of total angular momentum

Electric field in the beam

EO im
v E.(r,¢) = 5 ¢ logdmr1(qyr) — 0—Jm—1(q)1)]

_— 0
PO E,(r,p) = 2—1.6"”‘0 [0+ Tmt1(q) 1) + 0—Jpm-1(q)1)]

Bessel functions

i see B. A. Knyazev and V. G. Serbo, Phys. Usp. 61, 449 (2018)
G. Molina-Terriza, J. P. Torres, and L. Torner, Nat. Phys. 3, 305 (2007)



RADIAL AND AZIMUTHAL BESSEL BEAMS

Distribution of E-field in the cross-sections of the Bessel beams

Radial (composed of p-polarized waves) Radial beams with m = +2
and azimuthal (of s-polarized waves) beams
withm =0 (a)
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PHOTOCURRENTS BY BESSEL BEAMS

E-fields and Photocurrents for radial Bessel beams with m = +2

Radial and azimuthal components

) Diiumncl
i ey of the photocurrent are controlled
Yyt o=al L
B agqi i A by the beam polarization and
- . \ .
W TRt - Twy . orbital angular momentum
X141 L ERENY : \
r-~\\177";\\l‘ (thy _ . Te
- '::::\ A = JO?{Jm—I—l(Jm - Jm+2) - Jm—l(]m - Jm—2)
v gl
(:;; 4‘ : ::: ; - [Jm+1(-]m - Jm+2) aty Jm—l(Jm - Jm—2)] P3}
4443320 i
&R
= \ ;(pol) 4 (ph) _
7+ 50 = jodm(Ins1 — Iu—1) P1,
. . . p3
JED -+ JE = jodmmtr = In1) (P2 + 22
L O £ ;
RSLIEER: i 354 — L s + dc),
- v wT
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®OTOrANNbBAHUYECKUE 3PPEKTDI - 2.
FEOMETPUMECKUE SOPEKTbI

E,

v' Kpaeon dotoranbBaHnyeckmun acpekt

1 KpaeBom adpdekT reHepaLmm BTopor rapmorukn  Jdc
> adl ]2w

v' ®OTOTOKN, UHOYLUMPOBAHHbIE CTPYKTYPUPOBAHHbLIM
n3nyyeHmem. Bknagbl, CBA3aHHbIE C rpagueHTamm
WHTEHCMBHOCTU, nonspusauuu, dasbl 3/M BOMHbI




