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Fig. 1. (color online) Silicene bulk energy gap as a function of (a) the electric field and (b) the magnetic field.
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Fig. 2. (color online) Electronic energy levels for spinless silicene: (a) K point; (b) K’ point.

087302-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 F W)

Acta Phys. Sin.

Vol. 64, No. 8 (2015) 087302

TR, B2t 4ok B TERIAS (15)
AN (16) ' wpirac RBCNF AR, BBAIEL T
MRS, KL 70 K RUIBEST R E A TAR T
B> T RIKBER B, £ K S W2 60T B 71
HLF R TR ARAE . W T IRATBCH %5 8 e, B
P rh g d A REZR AR 2 — EL IR, 1 — ] I AE
SINERPUER A EAEIEER. —BELT,
— AR n BN B S AE A TAR A B TR A AR
TP RAEL, Hn = OB B IR MRS
ARSI, RN KA AL, R AT A

HAERRIBREL, XA 5 K A, AR 4
WAL B A, K54 AT AT, A BT
A 22 R] PR3 Tt A K R 1 9 T B a0 40 iR - 2 1R [ A
XPRRME. M A FE T BB I I M A A S R
— AN RERR A, X G LR 5 NS R B e fE
S SN A S AR B

2.2 FEBEEFEAFIBEERR

Ak RAAAE B e, P ke = K, £ ik, ATEA
5l (2) KL KM K g0

3
~Vio+9—IE 3aVgoik_ §atk, 0
—3aVproiky Veo—g—IE —3iVRr1 gatk:_
H(K) = 3 (17)
§atk+ 31VR1 ‘/so + g + lE 73U/VR21]€,
3
0 iatk:+ 3aVroiky —Vieo—g+IE
3
‘/SO +9g— lE 3aVR2ik_ —iat/ﬂ_ —3iVR1
3
—3aVroiky —Veo—g—IE 0 ——atky
H(K') = 3 2 (18)
—Eatkz_ 0 —Vso +9+1 —3aVgroik_
3
3iVR1 fiatk, 3aVroiky Vieo—g+IE
WA ik, — 0, IHHhRidlp = /he/(Be), ATLAGEIUNF 26 R
eBy .. eBy 1,
2T e TRy =he =m0y =m0+ Oy,
eBy 1
ky — —= +ik, = ——(y — 0 19
ne Thv=op0 (y' = 9y), (19)
1 NESRON SN R She oAt
Ay = 7Y~ lBka, Oy = lp0y. MIATLAE SH K ELF a FAr=A 55 al N
B
d= =/~ ), at= (' +y) (20)
V2 v V2 v
TR DR (17) f1 (18) N5 NHEF IR
21
Vi + g —IE —iw. —22aT  —weal 0
. 2)R2. ) .
1w a Veo—g—IE —3iVR; —weal
H(K)= 2Vro (21)
—Wed 3iVei Vee+g+IE iwCTVRng
2
0 el —iwR2, g+I1E
2
Vio+g—1E —iwe VR wed —3iVis
21
. iwe R25 Voo —g—IE 0 wea
H(K') = Wiy : (22)
weal 0 —Vio+g+IE iwCTVRQaT
2V
3iVr1 weal —iwc%a Vio — g+ IE

087302-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 64, No. 8 (2015) 087302

Kb we = v2hop [1p IFHHL
AR T A 58 A5 T R SR A FL 58 K 1
REZR,

H(K)¥(K)
L )
a0 | P | = ma |
Uit Bl
s, v|k)
n)
| (23)
BT
vk)

B T DRSO R Ry
W55 (K) = [|n), aln — 1),
Bln—1),7n —2)]", (24)

e ) = %MM@%%nﬁﬁ%ﬁ@%Kﬁ
E.O M, X T > 20088, kB 0,
n— 1Rn — 2 SAEEGTT R A A5 0 2 1 B .
EHXfn = 0fn = 1, FATFE B B R H 26 N
T8

% (K) = [|0),0,0,0]",
¥ (K) = [|1),a|0), 8|0),0]". (25)
(24) H1(25) R AL T IR 5 KA BT A AE S

(a) . .
VISR G c

AL

TEK i, ARG TS, H AR len By
RN R AN E, BRE W A BT BLA i
M ERRARET A% JETH - BRER, A
BAe R BAG B g B N o s i R, 2 B
BB R HOR A B R BRI gy e
2 (21) AAFH B LEARAEZS b, 50RT PSR N Y
REZK.

XKBLTE K7 iR B A5, AT RS R
R R ECN

V5o (K') = [|n — 1),
B'ln—2),|n),v'In—1)]T,

w,_o(K') = [0,0,0),0]T,

@,—1(K') = [o/|0),0,[1),~'10)]". (26)

1E K5, ARG TSR, a3 lEm L
FIIERERET BA, UHT B —BRER, BR
4 EIN A B BRI S, T A A A
HHEBER FR sy IR AN B K
e s i e R AT 49 2% s FL T RE R

BT NEHRPERGEET B IE RN
Hh L DL BRATT 2 X — 1R R R
HFRE R, B 345t TE R A N E B iefuE
A MG OLT BT R bE A g ARk, AHG S 3L
NVio =0.2, Vg1 = Vro = 0. BT HIZAIEREZN B
T KK SRS AE MRS, 7RLEH, 17
KFive K s (B 3(a)), BBEm FH-FReg (W ElH
W 2R) B 36T, B BER R Regk (B

Wi

—E. 0

=

\

T\

—
s

>~

(b) R KA
€
0
B,

-
=

3 (MFIRG) WEEBRPUER S T REHIMI  (a) KB K 455 (b) KB K

Fig. 3. (color online) Landau levels in silicene as a function of the electric field in the absence of Rashba

spin-orbit-coupling: (a) K point; (b)K’ point.
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Fig. 4. (color online) Effect of the second Rashba spin-orbit-coupling on the Landau levels: (a) K point; (b)K’ point.
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Fig. 5. (color online) Effect of the first Rashba spin-orbit-coupling on the Landau levels: (a) K point; (b) K’ point.
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5 (a) KRS K s THLT-REZL, 5 (b) Nk
FivE K’ rIRES, MRS H R Ve = 0.1 A1
Vio = 0.2. ATLLEH, 55— Rashba H EHIER 5K
BN E = 0 &M I, feas X ekt s 2kt
AFHEIE 3 FIE 4 BTos (B BOE M ) T2 S— &
FIIEH TR E L, R BUEE 2 1. S
HL . BT XA T 1R 5 sS4, AN e R R
A E 1 B e TT 1), DY E R IR AR 3 T e A T
B, HICKE SRR Fv = 0, £1, £2, -+ &
FERFE.

3 & ®

ARG B DU I A S AR AR, A AN
A EITE LT, VEARTT 18 T R b 32 B 37 1
M RERR A BTE e k. REMG IR A, B T4%
Kb A R P L, R DA A R 7 R R AT X 23
KA THE. XA KL e i I BE R LA AN [
ISR PRI ERFT T 26 AF . FRATTAT BASR P — MK L 7
1 B B 1 [/ I DR 5 — A RO REBR AR 28 0T T AR
A&, KWL S8 T VAR ) K- K7 XK
P I [ I Bk b3 — o BRI B0 T RE R
I, RS — MR RS R UIE RS S AR
HAEMA KR, BrigiL <82 18] (1) Rashba B i€ 118 #
AU AR 2 T 1 4 L e HUE RS A S5 18 0 2R e
AR O LA IR K B PB4, Sh
g% G R G 4R A% 15 Z T8 () Rashba H e
EME. X F S A R v A7 3% £
B — LT R RO TR, AR AT RES A R K 52
XAy [ A8 SCIRAS. 32 ¥ 37 4 11 1 BT E 4 B
— BN RS XA, BEASRESHR BAT i E 1Y) E i
T, A Sk mh 2 A4 10 DU =R AR AR A R S i
B, NIRRT v =0, £1, £2, --- KET

AL, JRATAE T BT R0 T T 2 7 e
CASY ST LY B, VEARSK AR 1R (14 14 RE R AN BTIE g
. MRERAT BT 3ATT S dr B At o ) B T
R RN BT H R R RN OH BT IR A
S IR EEAON DU A S A FTOT AR BERR AT 52 21 4 41
TR IIL G ERR. B, H AV %5 Ezawa 2]

FRORIE FUR B, 22 50 ek I Jih o A 2 TR) AN 223 50 WL 37
A AR R I A T DX SR BB IR ) A5, (45
[Fi] ek Jis T 100 A ] X4 RT RAAE [ — B[] A8 4 4
Bk EREAFRRETH. XL RaEEH
Jig L2 B RIE TN T A A .
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Abstract

We investigate the electric field controlled energy gap and the Landau levels in silicene in detail. The energy gap

at different Dirac points has different closing and reopening conditions and the 2-fold degeneracy induced by the K-K’

symmetry is resolved. An externally applied electric field gives rise to two Rashba spin-orbit-couplings between the

nearest neighbour and the next nearest neighbour in silicene. Both these couplings can resolve the spin degeneracy

at some isolated values of the electric field, where the crossover of the successive Landau levels become anti-crossover.

Except some special values of the electric field, the 4-fold degeneracy of energy levels associated with the K-K’ symmetry

and spin symmetry is completely resolved in silicene, each level has a definite spin polarization, which correspond to the

quantum Hall plateaux with filling factor v =0, +1, £2, ---.

Keywords: silicene, Landau levels, degeneracy, spin-orbit-couplings
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