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OTKINUK HA BbICOKOYACTOTHOE SNEKTPUYECKOE NONE

- E none anekTpoMarHMTHOW BOJSIHbI

/—/ E(t) E(r,t) = Eexp(iq - r — iwt) + E* exp(—iq - r + iwt)

E — komnnekcHas amMmnnunTyna

v ¢ — BOJTHOBOW BEKTOP
— J (v —vacrtoTa

Z

OIEeKTPNYECKUMN TOK

NMUHEWHbIN OTKINK 3dodpeKTbl BTOPOro nopsgka
ja - Zo-aﬁEﬂ v ZPaﬂyEﬂE7 v ZDOWEﬂE}/ LER
B By By

MPOBOAMMOCTb  MOCTOSIHHBI TOK TOK Ha 2w
MONAPU3yeMOoCTb



®OTOrANNbBAHUYECKUE IPPEKTbI

[TOCTOAHHBLIW TOK, KBAaApaTUYHbLIN MO aMNNINTyae nepeMeHHOro nongd

- E(f) Ja = z Papy EgEy
il By

ﬂpOCTpaHCTBeHHaﬂ MHBEPCUA:
v j j——-j E-—E
— ®Ird B cpenax 6e3 LEHTpa UHBEPCUM

HennHenHbin TpaHcnopT, addekT «xpanosukay (ratchet), nonlinear Hall effect

Ratchet is a device that allows continuous linear or rotary motion
in only one direction while preventing motion in the opposite direction.
http://en.wikipedia.org/wiki/Ratchet_(device)

doToranbBaHn4eckmne adppeKkTbl B ONTUKE

B.l. Sturman and V.M. Fridkin, The photovoltaic and photorefractive effects in
noncentrosymmetric materials (Gordon and Breach Science Publishers, 1992)
E.L. Ivchenko, Optical spectroscopy of semiconductor nanostuctures (Springer, 2007)

OCHOBOIMOMNOXHWKN TEOPUN:
B.N. bennnunyep, b.U. CtypmaH, M.B. SHTUH, J1.. Marapunn, I".E. MNukyc, E.J1. iB4eHKo



MNAH NEKUUAN

JINHEWHBbIN OTKITMK Ha 3NeKTPOMarHMTHoe roJsie
doToranbBaHuyeckmne adpdektol. CUMMETPUNHBIN aHaNU3

JInHenHbIn N umpkynapHein I3 B 2D cTpykTypax

- MUKpPOCKOMMyecKkas Mogesb, SKCNepuMeHT

- MarHUTOMHAOYLUMPOBaHHbIE 3 EKThI

- oOLlee onucaHue

- TOKN, OBYCNOBNEHHbLIE QHEPIrETUYECKOM N CMTIMHOBOW periakcaunemn

CnnHoBbIEe N OONUHHbIE (OTOTOKM
OCHOBHbIe pesynbraThl



LINEAR RESPONSE OF 2D SYSTEM

5 Incident field
E, rE, Eo(r,t) = Egexp(iq - r — iwt) + c.c.

Linear response

/ ﬂ J/ j = o()E

Amplitude reflection and transmission coefficient

tE,
2no(w)/c 1

_1+27w(a))/c L= 1+ 2n0(w)/c




2D ELECTRON GAS. DRUDE CONDUCTIVITY

E({) In-plane electric field
/ ’P/ EH(Z‘) _ EHe—ia)t T

Newton equation for the drift velocity
dvd e Vg4
= —E{®)-—— &> vg=
m T

dt
b\ momentum relaxation time

et/m*

—Eje " +c.c.
1—iwt

Momentum relaxation time

/7 = 2% <‘Vk.k‘2>(1 —cosf,, )o(e, - gk,)
: matrix elements of scattering

Drude conductivity > %
nee“t/m

@) = 1-—-iwt



DRUDE MODEL. APPLICABILITY

Good conductivity

nee’t vm*Epe?t v e’Ept > e? h )
On = = = _ -~
" m* ~ 2mh? m* 2mh h h e2
V spin/valley degeneracy von Kilitzing constant

Classical range of frequencies
hw K EF

Otherwise, quantum description, e.g., Kubo formula
- Indirect optical transitions (scattering assisted)
- Direct optical transitions



MNAH NEKUUA

JINHEeNHbIN OTKMNK Ha 3NEeKTPOMarHMTHOE norse
doToranbBaHuyeckme adpdektol. CUMMETPUNHBIN aHaNU3

JInHenHbIn N umpkynapHein I3 B 2D cTpykTypax

- MUKpOCKOMnyecKkas Mogesb, SKCNepuMeHT

- MarHUTOMHAOYUMPOBaHHbIEe 3 dEKThI

- 0OLMEe COOTHOLLEHMUS

- TOKN, OBYCNOBNEHHbLIE QHEPIrETUYECKOM N CMTIMHOBOW periakcaunemn

CnnHoBbIEe N OONUHHbIE (OTOTOKM
OCHOBHbIe pesynbraThl



SYMMETRY CONSIDERATION
Photogalvanic effects (PGEs) .
Ja= ), PasrEgF;
By

Further analysis ) )
E,E +EE,

Jp = > + Y C,i[ExE],
By p ‘ ,

T

axial vector & Pjp-c

linear ratchet or linear PGE

(piezoelectric systems) circular ratchet or circular PGE
LiINbO5:Fe A.M. Glass et al. (1974) (gyrotropic systems)
Theory V.I. Belinicher et al. (1976) ,
E.M. Baskin et al. (1977) Pred. E.L. IVChenkO, G.E. Pikus (1978)

V.1. Belinicher (1978)
Exper in bulk Te V.M. Asnin at el (1978)




SPACE INVERSION ASYMMETRY IN 2D SYSTEMS

Bulk (or 2D “bulk”) inversion asymmetry (BIA)

JJJJJJJJJJ

Zinc-blende QWs
(BIA and IIA)

TMDC monolayers (D5, group)
MoS,, MoSe,, WSe,, ...

Structure inversion asymmetry (SIA)

QWs with
asymmetric profile

7 2D crystal on substrate, special stacks



RATCHET TRANSPORT
DUE TO STRUCTURE INVERSION ASYMMETRY

E=(E\E,) E, is invariant
Jjand E transform in a similar way

Density of dc electric current

*

j=L(EE.+EE)+Ci(EE,—E.E))
linear ratchet circular ratchet

oblique incidence of radiation is required



(1) AC CURRENT BY IN-PLANE COMPONENT E;,

In-plane E-field component

E()=Ee" +c.c.

E = (E\,E,)

Z

V2

Equation for the drift velocity of electrons

et/m*

Eje " +c.c.

dvd e Vg _
dt _m*E”(t)_ T Ya = et

N

momentum relaxation time



(I1) OSCILLATIONS OF ELECTRON MOBILITY BY E,
Gz 7777/

()
E
) Z‘ 1 ek, scatterers
<~

Admixture of excited subbands
Function of size quantization

P(2) = p(2)+eE (1) )

n#l gnl

an

®,(z)

Momentum relaxation time

L1 [l+4eEZ(t)ZZ”1§"]> ot =<V11V1n>/<Vﬁ>




MECHANISMS OF LINEAR AND CIRCULAR RATCHET

(a) Linearly polarized field

G777/ 7777777777

(b) Circularly polarized field

G077

P circ




MICROSCOPIC THEORY. QUASI-CLASSICAL APPROACH

Newton equation for the drift velocity

dv,(1) _ eE“(t) VYV (1) Frequency dependence of dc current

df m* T(t) 1.0
Momentum relaxation time ) Jiin
1 1 5 :
=—+ceE (1) S 05F T
T(t) Ty o ~1/®
Electric current [/~ ~l/o
72 35
J(&) =ev, (DN, Field frequency art
DC current
3,2 * * * *
i =N ce’r, E”EZ +EZE|| . E”EZ —EZE||
“m 1+(wt,)’ 0 1+(wt,)’
Linear ratchet Circular ratchet

S.A.T, Phys. Rev. B 83, 035313 (2011)



SANAYA

[eHepaunsa BTOPOMN rapMOHUKN

YpaBHeHMe HbloToOHa ans apengpoBon CKOPOCTH

dv,(t) _eE,®) v,
d  m @)

Bpems penakcaumm no uMnyrbcy

L +g ek (1)

T(t) 7,

[1TNOTHOCTb 3NEKTPUYECKOro ToKa

J(@) =ev, ()N, j©) = (j1e7 +c.c.) +jgc + (e 29 +c.c)

rnekTpuyeckoe none

E(t) = E exp(—iwt) + c.c.

OnpenennTbe aMnNnnTyady TOKa Ha YABOEHHOW YacToTe



EXPERIMENT

Experimental geometry 0

THz NH; laser _
Optical plate sample

Electron channel on Si Photo of sample
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ot A e St A S A A T A

Ti SiO, p -Si Samp!es: Z:D. Kvon (Novosibirsk)
10nm 140nm Experiment: S.D. Ganichev et al. (Regensburg)



EXPERIMENT: A/4 OPTICAL PLATE

«—( Polarization of THz radiation

P

circ

=sin2¢

P, =cos’2¢

THz laser M4-plate  sample P'. =(1/2)sin4¢

Polarization dependence of photocurrent

. 0.04 Si-MOSFET, 9.5° T
B T=296 K, Vg=5.2V ':.2
2 0.02 F 2=90.5 um A sin2g0
= : \
a, O . 5 \\-\
e . i y Electron channel
_0.02 } o ' sin4dg on Si surface (Si-MOSFET)
: A :
+! ° e :
-0.04 ° | % |
0° 45° 0()° 135° 180° P. Olbrich et al.,

Phys. Rev. B (R) (2009)



EXPERIMENT: DEPENDENCE ON GATE VOLTAGE

JCPGE /p (nA/W

JLPGE /p (nA/W)

Si-MOSFET, 10.7°, T=5K
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Gate voltage Vg (V)

2D electron gas on Si surface

Intersubband resonance
ho =g,

P. Olbrich et al.,
Phys. Rev. B (R) (2009)



MAGNETIC QUANTUM RATCHET EFFECT

E(t) WWW//////M
¢ (2)
TAZ v<0 | v=0) | p>0
...... T R ST
7 7

Up and down shift of electron density by Lorentz force
Probability of electron scattering k — k’

Wk'k:m)+w [Bx(ky+k'y)_By(kx+k'x)]

asym

Asymmetry in scattering by static defects and phonons




MICROSCOPIC THEORY

Kinetic equation for distribution function f(p, t)

of of
E"‘eEn(t)'%—I{f}

/ Collision integral
B
: @) = ) (W f @) = Wy f@)]

pl
Expansion in the series of the electric field
f.t) =fo@) +[filp)e @ +c.c.|+ fo(p)
~FE ~ EE"

DC electric current

_ jo=M(E.['-|E, [)B,+M,|El B

j=ev) v U e

= 7y :Ml(ExEy+EyEx)By+M3 [EXE ]ZBy

V.I. Fal’ko, Phys. Solid State (1989)
S.A.T, Phys. Rev. B (2011)
G.V. Budkin, S.A.T., Phys. Rev. B (2016)



MAGNETIC QUANTUM RATCHET EFFECT IN GRAPHENE

graphene on substrate

Lorentz force + scattering by adatoms

Samples
—
(A,B,C) MBE-grown n-type monolayers = 180 o-A X3 o4
on Si-.terminated 4H-SiC(0001) L 90 k2 _B o0 o N
electron density 1.5+7x1012 cm=2, < o ©0 Z Ala
mobility 103 cm?/V's at T=300K = 0453 o2 a4 T
(D) CVD-grown monolayer — >-o9 : i I; X B-
THz excitation % -90 ' ) C L
« cw laser CH;0H (A = 118 um, P=0.5 mW) "\R-l R0) 1 I 1 El
+ pulse laser NH; (1 = 90.5, 148, 280 um, 0 2 4 [B)[(T])

P=10 kW)
Magnetic field dependence



POLARIZATION DEPENDENCE

(i) Linear ratchet effect

~ B
5 Jx
Ir —>
L
=
% Sample A
LR f=334THz
'\
lBy\ =7T

jx — jO COSZIB_i_jl

j, (1B, (wA cm)

(ii) Circular ratchet effect

04
0 00°5° DY
o 9L eoo0
O O
Anticlockwise
\_rotation
Clockwise
rotation
@9)
0O
@] e) O
Sample C 00 Aoy QO%O
7 f=2.02THz
T=300K
T T I |
0.0 0.2 0.4 0.6 0.8 1.0
IByI (M

Polarization dependence
J, € P

C. Drexler, S.A.T., P. Olbrich et al., Nature Nanotech. (2013)



MNAH NEKUUAN

JINHEeNHbIN OTKMNK Ha 3NEeKTPOMarHMTHOE norse
doToranbBaHuyeckmne adpdektol. CUMMETPUNHBIN aHaNU3

JInHenHbIn N umpkynapHein I3 B 2D cTpykTypax

- MUKpPOCKOMMyecKkas Mogesb, SKCNepuMeHT

- MarHUTOMHAOYLUMPOBaHHbIE 3 EKThI

- 0OLLee onucaHne

- TOKN, 0BYCNOBMNEHHbIE AHEPrETUYECKON N CMIMHOBOW penakcaumen

CnnHoBbIEe N OONUHHbIE (OTOTOKM
OCHOBHbIe pesynbraThl



EXCITATION AND RELAXATION MECHANISMS

conduction band

momentum / energy / spin
1 relaxation

photoexcitation recombination

Different
- polarization dependence
- current timescales

valence band



BALLISTIC AND SHIFT CONTRIBUTIONS

Most general description by density matrix Bloch states
,0 nk, nik’ l//nk: eXp(lk ) r) unk (r)

Electric current j = e Tr(vp) = e Tr (Z_: p)

(i) Dominant contribution (typically)

Jp=e€ Z Unk fnk fnk = Pnknk distribution function

nk
(ii) Shift (side-jump) contribution
_ Rn’k’,nk
Js =€ R i W't shift in real space
n=n' kk’ Wt
n' k' ,nk

transition probability

J.M. Luttinger, Phys. Rev. (1958)

V.l. Belinicher, E.L. Ilvchenko, B.l. Sturman, Sov. Phys. JETP (1982)
N.A. Sinitsyn, J. Phys.: Condens. Matter (2007)

L.E. Golub, E.L. Ivchenko, JETP (2011)



BALLISTIC AND SHIFT CONTRIBUTIONS

Ballistic current Shift current

/5 )

Asymmetry of distribution Shift of electron wavepacket
function in p space in r space at quantum transition



SHIFT OF WAVEPACKET
v\/\/\,\,v k W\/\[W k'
> % e

g g Ly f g g
ka — elk-rz qulq-r ka, — elk -rz quld>(q)elq-r
k k

The phase acquired at transition
®(q) = ©(0) + VD - q

P, = oik T +iR0) z £ e T+ ®)
k

Shift of the Bloch electron
Ry nk = —(Vig + Vi )@prpr ge + Qg — Qg

Bloch states l/)nk = eik'runk(r) 'Q'Sk = i<u5k|Vk|u5k>

Berry connection



CURRENT BY ENERGY RELAXATION

-

AVAYAVAY,

= = Electric current
y oo oo _
. oo Jx < W
Z Il [100]
©-0 J e-e ©-© X
4 ;\m,, : Estimations
Jx ~ 3uA/cm

(011)-grown zinc-blende-type quantum wells @ W =1W/cm?

HgTe-based QWs

G.V. Budkin and S.A.T., New J. Phys. 22, 013005 (2020)



OPTICAL ORIENTATION AND SPIN-GALVANIC EFFECT

conduction band Mechanisms based on k-linear terms

‘? *? s

Current

ko O ko ki

valence band

Hamiltonian of k-linear spin-orbit splitting
Hgo = .Bxyo-xky + ,Byxo-ykx
(001) QWSs, Rashba + Dresselhaus terms, x || [110],y |l [110]

E.L. lvchenko, Yu.B. Lyanda-Geller, G.E. Pikus, JETP (1990)
S.D. Ganichey, E.I. Ivchenko, V.V. Belkov, S.A.T. et al., Nature (2002)



CURRENT BY SPIN PRECESSION IN MAGNETIC FIELD

Time dependence of
(c) electric signal
(d) spin Faraday rotation angle

Experimental geometry

c \ , . ' "
0.1
<§_ L
== 0.0
T -0.1
X Bx InGaAs d _
® 20
Ing 07Gag 93AS epilayers f 0
thickness 500 nm, n ~ 3x10'6 cm2 ok
Experiment by 5 ' 1 ) >
|. Stepanov, M. Ersfeld, B. Beschoten t [ns]
A A I optical excitation by Ti:sapphire laser, 3 ps pulse

U (P, OISl S SR temperature 50 K, magnetic field B, =1 T



MICROSCOPIC CONSIDERATION

Hamiltonian
h2k?

H =
2m

h
+ Byx0y ks + EQLO'x

k-linear SOl Zeeman

Velocity operator

L L nky  Pyx
vx=E[H,x]= — + P
YnpaxHeHue

|H, 9x] — .BnyLUZ

velocity is not conserved



ZITTERBEWEGUNG OF DIRAC PARTICLES

Relativistic wave equation
for spin-1/2 particle, 1928

oV
ih— = HY, H =

mc? co-p
Jt

co-p -—mc?

Velocity operator
dr [ 0 o
v—a—£[H,r] _C(O' 0)

[H,v] # 0 velocity is not conserved

E. Schrodinger



COHERENT ELECTRON ZITTERBEWEGUNG

AC electric current as coherent Zitterbewegung

,Byx dSy(t)
P hn dt

Jx(t) = 2nt

S.A.T., AV. Poshakinskiy, E.L. lvchenko, I. Stepanov, M. Ersfeld, M. Lepsa, and B.Beschoten, JETP Letters (2018)



MNAH NEKUUAN

JINHEeNHbIN OTKMNK Ha 3NEeKTPOMarHMTHOE norse
doToranbBaHuyeckmne adpdektol. CUMMETPUNHBIN aHaNU3

JInHenHbIn N umpkynapHein I3 B 2D cTpykTypax
- MUKPOCKOMNYEeCKne MeXaHN3Mbl, 9KCNEePUMEHT

- MarHUTOMHAOYLUMPOBaHHbIE 3 EKThI
- TOKN, OBYCNOBNEHHbLIE QHEPTrETUYECKOM N CMTIMHOBOW periakcaunemn

CnnHoBbIE N OONUHHbIE (OOTOTOKM
OCHOBHbIe pesynbraThl



SPIN AND VALLEY DEGREES OF FREEDOM
A kz

A
<‘> ’5 o

Ky

Selective population of spin subbands
by circularly polarized light _ _
(optical orientation of electron spins) Selective population of valleys
G. Lampel, Phys. Rev. Lett. (1968) by linearly polarized light

A.A. Kaplyanskii et al., Solid State Comm. (1976)

Optical injection of spin currents
R.D.R. Bhat et al., Phys. Rev. Lett. (2005) Optical injection of valley currents
S.A.T. and E.L. Ivchenko, JETP Lett. (2005) S.A.T. and E.L. Ivchenko, JETP Lett. (2005)

H. Zhao et aI., PhyS Rev. B (2005) J. Karch et aI., PhyS Rev. B (2011)
S.D. Ganichev et al., Nature Phys. (2006)



PURE SPIN CURRENTS

Pure spin current Second-rank tensor

i+1/2 : . _
¢ ¢ ¢ ¢ J“ - Spin orientation
-1/2 flow direction



SPIN CURRENT: INTERBAND EXCITATION

H. Zhao, X. Pan, A.L. Smirl et al., Phys. Rev. B 2005

Pump-probe technique with
high spatial resolution

a

o
Signal (AT-- A T,)/T, (107)

A
Y
AT./T. (102)

&o’
|

4 2 0 -2 -4
Coordinate x' (um)

x"|[110] GaAs/AlGaAs (110)-grown quantum wells,
temperature T=300K

See also
Y. Han, S. Xiao, H. Zhao et al., Appl. Phys. Lett. 2007 (detection by 2" harmonic generation)
X.-D. Cui, Sh.-Q. Shen, J. Li et al., Appl. Phys. Lett. 2007 (electric measurements)



SPIN CURRENTS: FREE-CARRIER ABSORPTION

VE
:VI\ 2 _ .
|[ B L12\\ - ___ 1 *1/2
l+1/2
magnetic
field —
) AYT
Ky
Pure spin current J/}” Electric current
J=eli,,+i,,)=0 jﬁ:4eZJasa

Spin-dependent electron scattering

Ve, =V, + ZVaﬂ&a(kﬁ +k'y)
af

S.D. Ganicheyv, V.V. Bel’kov, S.A.T. et al., Nature Phys. 2006



EXPERIMENT: MAGNETIC-FIELD-INDUCED CURRENT

Geometry of experiment

SSS A

ﬁ

J B

Electric current
at low temperatures

jOCSMn

Jy /P (nA/ W)

25 "
i X
oo
\ ¢
[ . Cooe®e0®0%00,,°
0L8sd PIC POUR AL T AL
fli:441t*1xxxttttxtxxfx:xrrrrrrrrrrl
i ]
: . e - 2K
25 F '_ v
I . " T
I -
[ L J m - 42K
-50 ~ .... " m
I LI —_—
- Cdy xMn,Te, x_ =0.013, LT ML
[ =118 um, P~ 0.5 mW
75 , | |
Nbgwﬁcﬁddﬁ&(T)

CdMnTe/CdMgTe (001) quantum wells

S.D. Ganichev, S.A.T., V.V. Bel’kov et al., PRL 102, 156602 (2009)
P. Olbrich, C. Zoth, P. Lutz et al., PRB 86, 085310 (2012)



BAND STRUCTURE OF GRAPHENE

Brillouin zone of graphene Crystal lattice of graphene

K / \K' close to K-point
(D3n group) Point group Dg,

Effective Hamiltonian at the K point of the Brillouin zone

(0 o | o
H: Q* O ’ Qp :VO(px_lpy)_ﬂ(px+lpy)
P trigonal warping

Review: A.H. Castro Neto, F. Guinea, N.M.R. Peres,
K.S. Novoselov, and A.K. Geim, Rev. Mod. Phys. 81, 109 (2009)



PURE VALLEY PHOTOCURRENTS

Experimental geometry

D3, group Dsh point-group symmetry
(no center of inversion) (center of inversion)

Photocurrents in the K K’ valleys: j*’ =—j"

& =x(E, [ -|E,[)x|E[ cos2a
j =-x(E.E,+E E,)x|E[ sin2a

L.E. Golub, S.A.T., M.V. Entin, and L.l. Magarill, Phys. Rev. B (2011)
R.R. Hartmann and M.E. Portnoi, LAP LAMBERT Academic Publishing (2011)



BAND STRUCTURE OF SILICON

Brillouin zone of silicon

6 7 g
Lg 2L o / %
4 F X
, _L> s l Iis
, I2s T2s
bops
-2 X4
w -6
X
-8 TL1 >—1<
Ly / \
-10
r r
~12 P\ 1 1 2D structure on the (111) surface
L A r A X UK p) r [11é]
Z_
Electron dispersion in valleys Y+ X Csy overall
521 5202 point group
Ek — Il + 1L _
2m 2m, [110]
strong mass anisotropy m;/m, = 5 e o gcsag\r,(;“gy

Z+



CLASSIFICATION OF VALLEY CURRENTS

Representation A;

[112]
Z-
Y+ X

Z+

Representation A,

Z-
Y X*

J

Z+

Representation E

Z o
y+ y+ X+
X+

X- X" Y-

Z* Z*

Representation E (electric current)
Z o
Y* Xt

Z-

Y+ X+

Z* Z*



VALLEY CURRENTS IN (111) SILICON STRUCTURES

Excitation with unpolarized radiation Circularly polarized radiation
Z =
Y+ X+ Z-
A + Xt
J Y .
J
X" . Y- X - Y
Js = 2.0, 2
1%

net electric current



EXCITATION WITH LINEARLY POLARIZED RADIATION

Photocurrent distribution Polarization dependence of current
115 40 | Si-MOSFET | s-voskeT
y ” [ ] (111)—0riented g zz (111)=oriented
M : 10
20 | ¥,

100 200 300 400 500 ‘A 3

X+

J/P (nA/W)

X || [110]

Ve

90° 135° 180°
Angle a

. (111) Si-MOS structure, room temperature
Total electric current

J AI=Yj [I=-3(B+D)ee, +e,e,)xsin2a

J =Y j /I==3B+D)e, [ —|e, [)oxcos2a

J. Karch et al., Phys. Rev. B 83, 121312R (2011)



TRANSITION METAL DICHALCOGENIDES
MX; (M =Mo, W; X=S, Se)

Crystal structure
Band structure of bulk material and monolayers

MoS, bulk MoS, monolayer
e N4 <
0.2 1
=S
=a
/g 0.0 I
T ] TR
<
L &
—~
02- ¢
r M K r T M K r

Q. H. Wang et al., Nature Nanotech. 7, 699 (2012)
X. Xu et al., Nature Phys. 10, 343 (2014)

Excitons: G. Wang, A. Chernikov, M.M. Glazov et al.,
Rev. Mod. Phys. 90, 021001 (2018)




VALLEY PHOTOCURRENTS IN WSe, LAYERS

Normal incidence of circularly polarized light

d 80 7
60 - &
1 & v
2 40 7] 00%0' 3)0(. 90 © oo
S 204 * ° © g 0®
= 1 ® ‘e L) o ° £ d °
s O W
g -20 ] . o @ e o o ; P
I - P P A
& -60 - % 3
80 7 #=0°
-100 — T T T T " T T T T T
0 50 100 150 200 250 300 350
o (©)
g 80
60 (> DUl
2 40 —_ 8x)o ‘ﬁo O&.b C.ws
S 204° g l
g 0 8
3 -20 o .
2 -40 4 © o oW v O*g.
& -60 - ® © °
J o@
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Valley photocurrents in TMDC, Weyl semimetals, etc.



®OTOrANNbBAHUHECKUE SPPDEKTbI

*  @oToranbBaHn4veckne adpdekTbl U PG EKTLI XpanoBuKa
B ABYMEPHLIX cuctemax 6e3 ueHTpa MHBEPCUM.
NHCTPYMEHT N3y4yeHnss CUMMETPUN CUCTEMbI, ANEKTPOH-
JpOTOHHOro B3aMMOL4eNCTBUA, NPOLLECCOB penakcaLunm

* CnuHoBbIE U AONUHHLIE POTOTOKM (B rpadpeHe, TMDC
cnosix, Si, nonymetannax Bennsg n gp.). 9nekrpruyeckum
TOK onpegenaeTca CymMMou napumarnbHbIX BKNagoB U
OTCYTCTBYET AJ19 YNCTO CMUHOBbLIX/OONMUHHBIX TOKOB



