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Fig. 1. (a) Schematic structure of of germanene spin filter.
The blue regions on the left and right side are left and right
lead. The area surrounded by red solid line is the central
device. The regions shown in gray and yellow are exerted to
the Zdirection exchange field and electric field. (b) Side
view of germanene spin filter. Red and yellow spheres rep-
resent atoms in the top and bottom buckled-layer of ger-

manene.
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Fig. 2. Relationship between the conductance G and elec-
tron Fermi energy Er when applying different values of
local exchange field M: (a) Spin-dependent conductance
with M = 0.01¢, 0.03¢, 0.05¢, 0.07¢; (b) spin-dependent
conductance with M = 0.09¢. The red solid line represents
spin-up electrons and the blue dash line represents spin-

down electrons.
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Fig. 3. (a) Energy-band diagram of germanene without external field; (b) energy-band diagram of germanene with local exchange
field M = 0.09¢; the solid (hollow) triangle represents the upper (lower) edge state, the dot represents the energy band, the red
(blue) colour corresponds to the spin-up (spin-down) electron; (¢) the spin-dependent conductance as a function of electronic energy
when M = 0.09¢t .
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Fig. 4. (a) The spin-dependent conductance as a function of electron Fermi energy Fr when M = Ag =0.01¢ and
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gram of germanene with local exchange field and electric field M = Ag = 0.03¢. The solid (hollow) triangle represents the upper
(lower) edge state, the dot represents the energy band, the red (blue) colour corresponds to the spin-up (spin-down) electron.

& Sy i E B (18] 4(b)), FREARSE T TR 100% 19k MRS B 1751 (A Z dil
o B 8 L R Z R, RIVEEAE M = Ap < 2X 56 1F 5 1 A RE S — 7 Bk 1) R AR — s R DX [R) 52 B
&, WHREEHORAE S B 1 NS A ke re) b 5l A e a] XiF L BE 1) T HL R o . SRR 0, RORTE

187302-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 18 (2019) 187302

Z 5 1 s e M g 3L R R, A g g —
Al E €T 18] B4 FR -, LR BGIR A a DE AL 7 A
BRI AW .55 TR Ry B A A iy
L.

4 % #

FHISHRGE T Z 75 1) Jey dak 5 8 37 1 R 3 %o 4
IARARAT TR A E A s Pk R AR, B T R
SEPRE E UERUN AY . IS PR, A A
KA TR EE I SR X I Z il 1a) 28 43, 2
g KT 2 5AME ATEPER SR (M > 2))
BF, F e ] A R T B BB 2 BIAE B = M2
B = — M /28F3 7= A4 A BEAH SR HT R, PRtk m]
PLAE A [A] i B X 8] S BN [|) A BE 5 1) L 10 5 g
BN . PEAMITIE SR, B3] LI RORRAIG A eI
RN JIT T SR AC M 7 S AR SR, XA el X3t
I s, AT AYERS S sC e A0 T SC B A e 1
B R R 100% 38 38K Rk se e i
JE, PN L5 DR A e I DAk n; R 2 i 2 1.

S 30k

[1] Geim A K, Novoselov K S 2006 Nat. Mater. 6 183

[2] Neto A H C, Guinea F, Peres N M R, Novoselov K S, Geim
A K 2009 Rev. Mod. Phys. 81 109

[3] Takeda K, Shiraishi K 1994 Phys. Rev. B 50 14916

[4] Cahangirov S, Topsakal M, Akturk E, Sahin H, Ciraci S 2009
Phys. Rev. Lett. 102 236804

[5] LiuCC, WX Feng W X, Yao Y G 2011 Phys. Rev. Lett. 107
076802

[6] Seixas L, Padilha J E, Fazzio A 2014 Phys. Rev. B 89 195403

[7] Qin Z H 2017 Acta Phys. Sin. 66 216802 (in Chinese) [Zik
2017 P34 66 216802]

[8] Vogt P, Padova P D, Quaresima C, Avila J, Frantzeskakis E,
Asensio M C, Resta A, Ealet A, Lay G L 2012 Phys. Rev.

187302-5

Lett. 108 155501

Fleurence A, Friedlein R, Ozaki T, Kawai H, Wang Y,
Takamura Y Y 2012 Phys. Rev. Lett. 108 245501

Meng L, Wang Y L, Zhang L Z, Du S X, Wu R T, Li L F,
Zhang Y, Li G, Zhou H T, Hofer W A, Gao H J 2013 Nano
Lett. 13 685

Chiappe D, Scalise E, Cinquanta E, Grazianetti C, van den
Broek B, Fanciulli M, Houssa M, Molle A 2014 Adv. Mater.
26 2096

LiLF, LuSZ PanJB, QinZH, Wang Y Q, Wang Y L,
Cao G Y, Du S X, Gao H 2014 J. Adv. Mater. 26 4820

Davila M E, Xian L, Cahangirov S, Rubio A, Le Lay G 2014
New J. Phys. 16 095002

Derivaz M, Dentel D, Stephan R, Hanf M C, Mehdaoui A,
Sonnet P, Pirri C 2015 Nano Lett. 15 2510

Zhu F F, Chen W J, Xu Y, Gao C L, Guan D D, Liu C H,
Qian D, Zhang S C, Jia J 2015 Nat. Mater. 14 1020

Zhang L, Bampoulis P, Rudenko A N, Yao Q, Houselt A V,
Poelsema B, Katsnelson M I, Zandvliet H J W 2016 Phys.
Rev. Lett. 116 256804

Tabert C J, Nicol E J 2013 Phys. Rev. B 87 235426

Rachel S, Ezawa M 2014 Phys. Rev. B 89 195303

Saxena R, Saha A, Rao S 2015 Phys. Rev. B 92 245412

LiuD P, YuZ M, Liu Y L 2016 Phys. Rev. B 94 155112

Tao L L, Cheung K T, Zhang L, Wang J 2017 Phys. Rev. B
95 121407

Tian H Y, Wang S K, Hu J G, Wang J 2015 J. Phys.:
Condens. Matter 27 125005

Ren C, Zhou B, Sun M, Wang S, Li Y 2018 Appl. Phys.
Express 11 063006

Szafran B, Mrenca-Kolasinska A, Rzeszotarski B 2018 Phys.
Rev. B 97 165303

Zheng J, Chi F, Guo Y 2018 Phys. Rev. Appl. 9 024012

Zheng J, Chi F, Guo Y 2018 Appl. Phys. Lett. 113 112404
Luo M 2019 Phys. Rev. B 99 165407

Verma S, Kundu A 2019 Phys. Rev. B 99 121409

Ziese M, Thornton M J 2001 Spin Electronics (New York:
Springer-Verlag) pp396—415

Fert A 2008 Rev. Mod. Phys. 80 1517

Guo Y, Gu B L, Yoshiyuki K 2000 Acta Phys. Sin. 49 1814
(in Chinese) [5F7K, BERA, JIER R 2000 YBE-IR 49 1814]
Kane C L, Mele E J 2005 Phys. Rev. Lett. 95 146802

Ezawa M 2012 Phys. Rev. Lett. 109 055502

Meir Y, Wingreen N S 1992 Phys. Rev. Lett. 68 2512

Lee D H, Joannopoulos J D 1981 Phys. Rev. B 23 4988

Lee D H, Joannopoulos J D 1981 Phys. Rev. B 23 4997


http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1002/adma.201304783
http://dx.doi.org/10.1002/adma.201304783
http://dx.doi.org/10.1002/adma.201304783
http://dx.doi.org/10.1002/adma.201304783
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1088/1367-2630/16/9/095002
http://dx.doi.org/10.1088/1367-2630/16/9/095002
http://dx.doi.org/10.1088/1367-2630/16/9/095002
http://dx.doi.org/10.1088/1367-2630/16/9/095002
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.95.121407
http://dx.doi.org/10.1103/PhysRevB.95.121407
http://dx.doi.org/10.1103/PhysRevB.95.121407
http://dx.doi.org/10.1103/PhysRevB.95.121407
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1002/adma.201304783
http://dx.doi.org/10.1002/adma.201304783
http://dx.doi.org/10.1002/adma.201304783
http://dx.doi.org/10.1002/adma.201304783
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1088/1367-2630/16/9/095002
http://dx.doi.org/10.1088/1367-2630/16/9/095002
http://dx.doi.org/10.1088/1367-2630/16/9/095002
http://dx.doi.org/10.1088/1367-2630/16/9/095002
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.95.121407
http://dx.doi.org/10.1103/PhysRevB.95.121407
http://dx.doi.org/10.1103/PhysRevB.95.121407
http://dx.doi.org/10.1103/PhysRevB.95.121407
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevB.50.14916
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.1103/PhysRevB.89.195403
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.7498/aps.66.216802
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.155501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1002/adma.201304783
http://dx.doi.org/10.1002/adma.201304783
http://dx.doi.org/10.1002/adma.201304783
http://dx.doi.org/10.1002/adma.201304783
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1002/adma.201400909
http://dx.doi.org/10.1088/1367-2630/16/9/095002
http://dx.doi.org/10.1088/1367-2630/16/9/095002
http://dx.doi.org/10.1088/1367-2630/16/9/095002
http://dx.doi.org/10.1088/1367-2630/16/9/095002
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1021/acs.nanolett.5b00085
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1038/nmat4384
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevLett.116.256804
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.87.235426
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.89.195303
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.92.245412
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.94.155112
http://dx.doi.org/10.1103/PhysRevB.95.121407
http://dx.doi.org/10.1103/PhysRevB.95.121407
http://dx.doi.org/10.1103/PhysRevB.95.121407
http://dx.doi.org/10.1103/PhysRevB.95.121407
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.1088/0953-8984/27/12/125005
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.7567/APEX.11.063006
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevB.97.165303
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1103/PhysRevApplied.9.024012
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1063/1.5041899
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.165407
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/PhysRevB.99.121409
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.1103/RevModPhys.80.1517
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.7498/aps.49.1814
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4988
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://dx.doi.org/10.1103/PhysRevB.23.4997
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 18 (2019) 187302

Spin filter effect of germanene nanoribbon controlled by local
exchange field and electric field”

Xiang Yang!  Zheng Jun"? Li Chun-Lei? Guo Yong??%

1) (College of Mathematics and Physics, Bohat University, Jinzhou 121013, China)
2) (College of Elementary Education, Capital Normal University, Beijing 100048, China)
3) (Department of Physics, Tsinghua University, Beijing 100084, China)

4) (Collaborative Innovation Center of Quantum Matter, Beijing 100084, China)
( Received 27 May 2019; revised manuscript received 17 June 2019 )

Abstract

Germanene, which has been synthesized recently, is a single-layered material composed of germanium
atoms. Almost all the striking properties of graphene can be transferred to germanene, because both of them
have the same honeycomb lattice structure. In contrast with graphene, germanene has a sizable band gap and
spin dependent helical edge states, which make it attractive candidate for spintronic applications. By using the
nonequilibrium Green’s function method, the effects of Z-axis local exchange field and electric field on spin-
polarized transport properties in germanene nanoribbon are studied theoretically. The results reveal that by
exerting an exchange field with a strength greater than twice the effective spin-orbit coupling to the edge region
of germanene, the spin resolved band gaps can be generated in different energy ranges, and thus 100% filtering
of spin-up or spin-down electrons can be achieved. We theoretically propose a method to reduce the threshold
exchange field strength for the spin filter effect by using the electric field. The results show that the spin-filter
effect can be achieved in a larger energy range under a weaker exchange field when the electric field are applied
to the entire central device region. With the increase of the local exchange field intensity, the energy range

corresponding to the spin filter effect will increase significantly.
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