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Graphene is a two-dimensional material having the charge, spin and valley degree of freedom used for information transfer. For
spintronics, graphene has emerged as a leading candidate for device applications due to high mobility and ultra-low spin orbit
coupling. Also, graphene is an attractive 2D material for valleytronics because valley polarization can be induced by electrical or
mechanical tuning. In this review, we focus on the spin and valley transport in graphene. The spin transport properties of graphene are
usually studied with nonlocal spin valve devices because pure spin current can be injected into graphene and be detected as electrical
voltage. The electrical generation of a spin current in graphene was tried using the spin Hall effect. The valley transport in graphene is
also possible when the inversion symmetry of graphene is broken by applying gate voltage or using bi-layer graphene. From these
transport properties in graphene, we briefly introduce the research trends of a spin relaxation mechanism, the spin Hall effect and the
valley Hall effect in graphene for spintronics and valleytronics with their applications.
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83171 ffal Basith oy s =FelAe 1ede] B

{
(b) S’pi/n,, |? Valley | |X>

- |1/J> Charge

Fig. 1. (Color online) The simple band structure and degree of freedom in graphene. (a) Energy band of graphene at around K and K'. Fermi
energy goes through the band touching point called Dirac point because the 7 band is half-filled in graphene. Here, two inequivalent K, K' are also
labelled as K, K’ valleys. These valleys degree of freedom can be utilized for information transfer. (b) The various degree of freedom in graphene.
Charge, spin and valley of graphene can be controlled by electric and magnetic field.
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Fig. 2. (Color online) The nonlocal spin valve device with CVD (chemical vapour deposition) graphene for the study of spin transport [22]. (a)
Optical microscopy image of the device on SiO, substrate with ferromagnet, Co tunnel contacts. The nonlocal technique is introduced for the
measurement of spin transport in 16-pum long channel. (b) Hanle spin signal of the L = 16 um channel at 300 K. This spin precession is obtained
with perpendicular magnetic field in parallel configuration (upper illustration). The rad line is the fitting with Eq. (1) [22].
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Fig. 3. (Color online) The nonlocal measurement of the spin Hall resistance in a disordered graphene. (a) Illustration of the nonlocal spin resistance
by the spin Hall and the inverse spin Hall effect. The nonlocal measurement of the spin Hall effect originates from the Mott double scattering. (b)
Gate dependent (carrier density) nonlocal resistance of a Cu-adatoms graphene (CVD) and a pristine graphene. The brown line indicates the
nonlocal resistance of the samples. And, the dotted gray lines indicate the Ohmic contribution to the nonlocal signal [25]. (¢) The spin precession in
a Cu-adatoms graphene with the in-plane magnetic field at CNP (charge neutral point). the dotted lines are the fitting data by eq (1) [25]. (d) Gate
dependent nonlocal resistance of a Au-adatoms graphene with various Au coverage. The peak of resistance means the CNP of the samples [26]. (e)
The nonlocal resistance as a function of in-plane magnetic field. There is no spin precession signature at the CNP [26].
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Fig. 4. (Color online) Gate-dependent spin Hall induced nonlocal resistance in a Au-clustered graphene. (a) The nonlocal resistance with in-plane
magnetic field at 2 K measured at V, — ¥, =33 V. Here, n indicates carrier density. The red line is a fit with Eq. (2). (a) Black and blue symbols
represent data measured during negative-to-positive and positive-to-negative field scans, respectively. (b)-(e) The nonlocal resistance as a function
of in-plane magnetic field at 2 K measured at various V, — V), =-23V, =13V, =7V, and 0 V (meaning CNP). All inserts indicate nonlocal I-V

curves measured at various applied gate voltages [30].

2. We|E2YANAMS| 21 E &&(Graphene Valleytronics)
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Fig. 5. (Color online) Valley degree of freedom in graphene. (a) Energy dispersion and magnetic orbital moment of graphene with inversion
asymmetry. The magnetic orbital moments are concentrated in the valleys and have opposite signs in the two inequivalent valleys (K, K;). (b)
Electrical control of the valley polarization and current. An in-plane electric field generates a transverse valley current and leads to a net valley

polarization [10].
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Fig. 6. (Color online) The valley Hall effect in bilayer graphene. (a) Illustration of the bilayer graphene with top and back gate. The spatial
inversion symmetry is broken due to the presence of a displacement field (D). (b) Gate voltage dependence of a nonlocal resistance. The
displacement field are defined from top and back gate. Insert shows a schematic representation of the measurement configuration [46].
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I} 27 A9 FARH Bl=4v3 A& (nonlocal resistance)
=3 s ARSSITE 4 B3 v tiAS e
93l Fig. 6(a)et 2ol F & o] A A= s
=02 e A7 (displacement fieldyS ¥ 217)8)aL,
Fig. (b9 W] & a3l o Wy & 835 o]8slo,
W] & aae] o3k Wlg] ARE st AF=E v H71H

>

d

oX!

AsE A WY A7 Arle F%F v Bl
AEE oulsiEg W] W71 A7) wef Hl=AA] 23}
o] ARt A& 3t B vt o] AdGE g & &
Wt ARTE AS vt @A), W] B 9 W] A
ol et e 2eaEn $3F v tigo] FEHos
MNA U= TMD =204 FsH& Q] ®HH (Kerr rotation and
Photoluminescence)®-2 T o] A=l JATH47-49].

[o5

2.2 @] £=2] A|o|(The control of valley polarization)

UM R o] Wegtzola Wele] 2go] 1
A AFEAAT, Wele] ESolle 33t vhd BiiAe] e
s17] wizol] 2t e SADHTES 7AAEA B3E
A HgAE o]Fal = TMD EdoA W]} ehis]
83 JATH40]. Fig. 7(ay= TMD 2] x| BUF
9l ol T wele] Py e FHS HeEUII). F
Welo] QMY 47| BRIEE P57} wijelct. Web A
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Fig. 7. (Color online) Valley polarization of TMD 2D materials. (a) Optical selection rule of valleys for interband transitions. Right circularly
polarized light couples to the +K valley (red), and left circularly polarized light couples to the —K valley (blue) [11]. (b) Polarization resolved
luminescence spectra under the right (black) and left (red) circularly polarized excitation at 10 K [50]. (c) Degree of photoluminescence
polarization via gate voltage at wavelength 648 nm [51]. (d) Magnetic field dependence of the valley-exciton Zeeman splitting. The solid line is a
linear fit to the black squares [52]. (e) Degree of the photoluminescence polarization for negative trion peaks. Lines are fitting curves using the

models described in ref. 52.

H(circularly polarized light) > 2 5 Wz]e] EA)E I 4=
Atk F 2L AP AR 7] He i=e) A%
LFgel] ofgl] A7} o37] s Wi=r) SRl 50]. 28]
a1 e o37] YRS ZHE=ThFig. 7(b)). 3, Wele] B
2 AllE A, 2E#Q (strain), A7 508 Aold 5= Q)
tH51]. Fig. 7(ey= F 59 MoS,d] AlPlE Zigtol] e
B8 It & Z9] MoSE TR0 E 7 ukA
Bt A |uk F F20] MoS, = &7+ W thAS ol&t}. o]
T 59 MoSoll #7181 Higko g AlolE kS HolFH o
HIgE 27| BelEe] w3l ofs) wlg] 50| Yot}

Fig. 7(d)= W] Zeeman &= HAFTHS52) Wie &
HIgE 2p7] ERIEES 7FA)aL 9lom 2} fAlet 540 9l
o} Aol 2o 7 AIE VIBPH Zeeman &3}
ERdt}. o] W) Zeeman oUR|9] W3}= Av =a,zuB0ITE
A7 g W9l g S1RK(g-factor)o|™, r==91 We] <l
Y2~5 YERATE Fig. 7(e)e <% A1l wE wg].Eg
2(valley-trion)®] =5 WeRdth W= dAlE] EA)
= AAEGE 7MY ASE 7HA= EL(charged
exciton)°] Atk A} spel HIVNE 7HAH el Ee

(positive trion), FA} 27l2} AF Ve 2] EZl (negative
trion)°|2}al S}, Fig. 7(e)= w2 Egl2e] gt Ayjolr
[52]. 3 25 52 E(interaction) 02 WAYSh= A ELS
HiEAU AAAelA F238 FUAH(quasiparticle)Z FFAA}
(optoelectronics) ool A & TS St} webA] 22Hd =
Aol EAshs Wele 23k E2S A 2 A3a)
Wk o} Pekiaele &8s 4 A St

2.3 8] $F(valley transport)

ol A= A}, FAF, AAE(neutral exciton, and charged
exciton) .2 W] JRE WG 4 IrH{12,40,53]. TMD 2
2k E-oA BEHo g SAE g E59 ASARE
(lifetime)y> A}, AF, AAE, Eef o wz} o2 2%}
o} ZFollA BF ~10ns o)del INEH Evj2e] 3¢
NEe ~10 ps HEo|t}. A7IM Al B3 A 2L
AL AXEG Ej2e H#2 AL ARES 7L 7] Wi
o] W] Foll ZHA o= UAl AFE (valley qubit)e} 2
ol &3p71ell ofelFo] WrHs4]. T TMD =42 ofF
TVt Fol M71F o7 WE] ARE FE3 ol ol &
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AL ol 12]. AT ATES TMD ofF HIT=oA F
{H(interlayer)© 2 WS FAste] Welo] AE ARMS =
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2000t Z¥7HA] 23kl B4 EAle B E Ak
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23 B 45 (spin ballistic transport) 573 THS X
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