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Fig. 1. The schematic diagram for the nonlocal resistance induced by the SHE: (a) In a four-terminal

system, the charge current I; can be converted to charge mediated spin current Iso due to the SHE; (b) in

a six-terminal system, the charge current is converted to a nonlocal one in a remote region due to the SHE

and the ISHE in turn. The arrows colored by red indicate the spin directions.
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Fig. 2. The local resistance Rj, and the nonlocal re-
sistance Ry, in an H-shaped graphene system with
perpendicular electric field. In this figure, V4,; and Vig
stand for the bottom gate and the top gate voltage,
whose difference induces the electric field. In the ex-
periment, V;,g sweeps from —60 V to 60 V with a fixed
Vig. Since the fermi energy Er is approximately de-
termined by (Vig + Vig)/2, the change of Vig in this
figure is equivalent to that of Fr. Adapted from the
unpublished data from J. H. Chen in Peking Univer-
sity.

B3 H B DA 800 0 R 2 B (R B AR 1
TN, Bt 2 i, B LR ETRAL ALK ) (18]
Fig. 3. The schematic diagram of the proposed H-

shaped four-terminal graphene system 18] The cur-
rent is injected into lead 1 and flows out from lead 2.
The rectangle, denoted by the black dashed line, is the

center region.
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(a) Ar = 0; (b) Ag = 0.1; (c) Ag = 0.2; (d) Ag = 0.3; EHRLFH N w =1

Fig. 4. The local resistance R, and the nonlocal resistance Ryi, are drawn in the blue and red lines,
respectively 18] (a) Ag = 0; (b) Ag = 0.1; (c) Agr = 0.2; (d) Ag = 0.3. The Anderson disorder strength is

chosen as w = 1. In order to make the comparison clear enough, the value of Ryy, is amplified by 7.5 times.
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Fig. 5. The schematic diagram for three kinds of transport mechanisms [18]. The electron current is injected into

lead 1 and then flows out from lead 2. The red line stands for the quasiballistic transport mechanism Rpaistic,

which makes a negative contribution to Rni,. The yellow line represents the classic diffusion Rjassic. The green

line denotes the spin Hall transport Ry, . Arrows indicate the direction of the electron current which is injected

into lead 1.
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Fig. 6. The schematic diagram of the proposed six-
terminal system 18], Newly added lead 3’ and 4’ lo-
cate at a mirror symmetry to lead 3 and 4. If the
spin-up (down) current injected into lead 1 transports
along the red line, then the spin-down (up) current

must follow the yellow line.
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Fig. 7. The nonlocal resistance Ry, which is totally induced by the SHE (18], (a) The local resistance Ry, for two

spin direction. (b) The nonlocal resistance Ry, for two spin directions, and the inset is the spin Hall conductance

0zy- (c) The black line is calculated based on Ryt — Rn1.) . Since the numerical error results in dramatic oscillation

of Rnp+ — Rnpy near Er = 0, we add a red dashed line to describe the accurate behavior of Ryt — Rnpy near
the Dirac point. At last, the blue line represents !RNLT — RnL ¢|, which equals the absolute value of the black line.
And the fix near the Dirac pint shown by the red line is also considered. (d) Rpay calculated based on Eq. (5).
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Fig. 8. (a) The schematic diagram of a six-terminal graphene employed to compute the nonlocal resistance Ry, =
RnL/Ii and the spin Hall angel Oy = Igz /I1. The enlargement shows the possible adatoms. (b) The nonlocal

resistance Rny, calculated in a perfectly clean graphene system, and how Ryr, varies with the sample size L with a
fixed width W = 50 nm [19],

0.3 T T T T T T T T
() T=0K - Scattered & SOC =0 12k (b) 10-2 Clustered |
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9 (a) BMBRWKE nag = 15% WBEBAREIE I, e %E W = 50 nm, dEFEHFL Ry, BEA FFE G KB AR
b (L = 10 nm (FA), L = 100 nm (Z3FAE), L = 300 nm (F73dR)), LR (10) KA 1 H e IERE & 5% N 0;
(b) FEMFIHB IR IE T, AR 4R R AS RIS ) 8 e R f (1)

Fig. 9. (a) The nonlocal resistance Ryi, calculated based on Fig. 8 (a) with n,q = 15% of scattered Au atoms,
fixed channel width W = 50 nm, and several channel lengths: L = 10 nm (main frame), L = 100 nm (left inset),
L = 300 nm (right inset). Dotted lines plot Rxp, when all SOC terms in Eq. (10) are swithed off. (b) The spin Hall
angel for the same concentration of Au adatoms which are scattered or clustered (191,
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Fig. 10. The schematic diagram for the nonlocal experiment of ZSHE (51, (a) Zeeman splitting at the CNP produces two

pockets filled with electrons and holes having opposite spin. (b) In the presence of the Lorentz force, which has opposite

signs for electrons and holes, I gives rise to transverse spin current I+ and I|. Since the nonzero spin current I = I+ — I

can reach remote regions, a nonlocal voltage V1, can be detected. (c) The nonlocal conductivity Ry, in experiment. There

exists no nonlocal signal in zero magnetic field.
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Fig. 11. The charge Hall resistance Ry and the nonlocal resistance Ryp, calculated based on the six-terminal

graphene system with the ZSHE[20: (a) Ry with a smaller momentum-relaxing dephasing; (b) Ryp with a

smaller momentum-relaxing dephasing; (c) Ry with a larger momentum-relaxing dephasing; (d) Rny, with a larger

momentum-relaxing dephasing.
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Fig. 13. (a) The schematic diagram of the experimental device (inset) and the measured nonlocal resistance (main
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for aligned and non-aligned h-BN substrates (71,
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Abstract

Since the nonlocal measurement is helpful in discovering nontrivial physics that is too difficult to detect directly,
the nonlocal measurement has now become one of the research focuses in condensed matter physics. Recent experiments
find the signal of the giant nonlocal resistance in an H-shaped multi-terminal graphene system. After excluding other
possible transport mechanisms, such as the classic Ohmic diffusion and the edge states, researchers tend to believe that
the nonlocal resistance signal originates from the spin/valley Hall effect existing in graphene sample. Based on the
Landauer-Buttiker formula, the numerical results make a relatively perfect match with the experimental data in the
same multi-terminal graphene system. However, though the theoretic research has made certain progress in explaining
the existence of the nonlocal resistance, it is still difficult to understand some exotic behaviors of the nonlocal resistance,
which exhibits properties even contradictory to the known classical theories. For instance, the nonlocal resistance
decreases to zero much more rapidly than the local one, and the giant peak of the nonlocal resistance appears inside
the energy gap of the graphene. In this review, the experiments focusing on the nonlocal resistance in multi-terminal
graphene system are carefully reviewed. Besides, this review also shows the associated theoretic studies, and an overlook

of the future study is also provided.
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