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—EZHERY Se [RF5EH
HJ Rashba M F1E 1% i

AT

(IR IR =3 5 o FRbE B, KD 410081)
(2022 4F 4 F 7 BYEI; 2022 4E 5 H 5 BYEIBSR)

AR R 7 25 A P4 AL TT LI SR — AU v 72 A0 R e B8 BE Al AN SOR 2R — 1R i
BT T —AEIRETY Se I 15 A A5 KV BRI AL PR . 25 SRR B, XS T AR TS M e BN 2,
HEA S 122 M) A F0E v A 75 W], 10 R RUIE 20— 2k J5L 1 BE 25 40 2 A B 200 2.0 eV 1Y R0, B
15 X i BT & BT Rashba U [ €5 2¢. 10 FfRr 9 9 D501 BE 254 18 7 A3 ok 17 ) i 2 J e . H5R
SERFW, 5% R A 8 50 T U AT B/ 20%, 10 5% 4 15 4 1 72 K Rashba RE ft (i £ 4 < 21 F- i {4 1
W 2 5 2. Ak, A R — 5, SIS B A m] LI S 7 AR e, I 1 R 7 g2 s . itk — 20
W= AR A R R AL R g R . RIRE X ARB 2R AN A H BAE — AR IR e Y Te S THEH .

X8I —4EJRF5E, Rashba U0, HLF454, W J1IEEE, SEHF

PACS: 71.20.Nr, 71.20.-b, 71.70.Ej, 71.90.+q
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AR T 245 Rashba S8 FIHF5E 35
SEREEICRE S B R AR L b1 Flan, A
T 38 I A A3 P IS SR FE Au R0 B
W BN A B R R A REA P 25, Ast 55 T HE
Ag(111) A FFE4% 1/3 J21Y Bi J51 5 WL 21 =
ik 200 meV ¥ Rashba BE &l £% 7 (1E 3CH @ X
h Eg), WAE Au R DI Rashba fE i i %
(27 2.1 meV) K 2 MRS, b Bi £ Rashba
B¥%L (29 14 meV) K 1 D4R 2 H Rashba 24§
ar I5%] 3.0 eV-A (1 A = 10 m), [ Au(111) i
) 0.33 eV-AK 1 EE . A, Ishizaka 55 [19)
TEEA TC O SO R B M AR BiTel Hhtn i
W7 H KR Rashba %0, H Rashba 24K,
KF] 3.8 eV-A. i A HIC R, i Xt Bi #)2
HEATAR 6 @ TR IR IS, 7T LA 1G5 R
BJE H Y Rashba 85 2¢; Ho SbBi/Al,05(0001)
Fl PbBi/Al,05(0001) 1) Rashba &% 2¢ 73 5] /& ik
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640, 740 meV, ar W 43503k55) 3.55, 4.38 eV-All0l,
FERREL AR I8 T L SE B Rashba R8N 1) 2% HL I
s, BIV3E A A e 37 R 4 SR ) R PE E e Ak B
% [17—19].

DL ERFR R 2 eIk R, 3T —4E IR R 1
ol EEFERR TIRANKRE | 9Kk %D
BOfE— e 25 #2022 SEBRER 2 BLE B —4E A R
KRR, IF HS5 NHELL A I IE ) —ZEpF L. T
— 2k Rashba & R 78 [E & Hp M Majorana %K+
SC R R EEEAER, L, B —4E g5 R
Rashba R0 ELAT H 58 L. fiellt A JE 5230 A A
ARATF T Te ST 1) B A B ok 6 78 1) — 4 Ji 1
i (2325 FBH BT S, Se B Te (HUAMITE 2k
REIFHE A 24 Weyl 1955 20 55 — PR B T3 &
B Te 5755 B A B KW Rashba BF 2L 271 X F—
4t Se JRFHESS T, FWIA S — MR AT AL
BB AT GW ik 7 281, X T H AR E Pk L SOC 2L
o7 Ko X R By e B2 A R AT R AT

AR — M E ARG T — R e
¥4 Se JETFHE MRS M | HL 250 B A R
GER IR, X Fh— 4RGeS HA B Sy 2 E R
. AR AR R, BRI 2.0 eV
AR, B Bl 1 & A2 T 258l Rashba 00
f) A EEF 2. LA, 16 5% RN IVEFTR, Hoar b
1 Rashba H IEEF24RE ™ LT 20% 281k, it

Mrafi B — 2Pl i S 7B A i) IS B BRREE |

A A R TR

2 WHIT®

AT B 50— P B 25 A AR R
MM LT HRAIE A4 (Vienna ab initio simu-
lation package, VASP) 15|, Hrf 157+
1% 2Z 18] 1 M 3402 SR AR 28 N ~F- T 1 (projector
augmented wave, PAW) J k=4 BO31 i F 5
+ Z 18] ) 28 8 DGR oA R FH S T ) SO E 3 )
(generalized gradient approximation, GGA)H)
Perdew-Burke-Ernzerhof (PBE) {Z p& 2. - [ {1
I AE N 300 eV. X T H—4EA FLIHIX, SR x
1 x 120 WG Ry k A SEATRAE. 7RSS M st B
i BEEN 1 x 109 eV, BN ET B i S
M1 x 10° eV/A. P FREMTRCR 3 F/MUE
J7 1) Phonopy 5E A% 23

3 ZRE5iTib
3.1 —HIEE Se BT MMM SETE M

1E Se JFEFIE LAY AR, Se JiF- DAL 8 Y
WG A, W B PSR ST AL, B4 Se
JRFA PSR, PR B ol — 4k B e etk
ghpe. e BE S R LB AR L ETE Y
A EAEHISES G 2oL PR, T AT LA FH A LR 25 1
J7 M = 4 iR A5 8 — 48 )5 755 Q& 1(a)
Fiis, XA —4Eg5  my JE A 3 > Se JEF, MIE
A, 3 e LISRIET 208 iR 251, & 1(b)
H—YEIRTE Se JRFHELEAE S B L AILE R 1Y S RE Rl
E S AL o BIARARIEL. A T T AR R, BT
iR 3 A (RN A 34 Se JiT).
ATDAE Y, —4ES80E Se JRL1-5E 4516 1 dnAs H EK
2% 4.96 A, 5 Andharia %5 28 18—, H g
RIZER ) B R fIC T B AL 4. R, 4EE 7Y
sE PR E RS, B 1(c) AW T IR e R 2,
MR 5. AR A MRS T i R — D
BV A B R i B R B A ek R
rh VR AR SR 5 ) B 6 AR, DAORIE T sk
PE. I 1(c) ATUAE Y, 75 F i A7 e, i B
1% L RRER. B 1(d) 451 T 300 K B
ab initiosr 3 J12E AN EE R, TR PR R
FH 6 A5 AL, LA Y, BBl R rh 25 A f F
13 oA, WEM] T HBO SRR e . I, Se Y —
AR LS R TE ) 1 2 T ) 2 LR AR 1.

3.2 BEWEMENIEE

K 2(a) 45 Hh 2 A % 18 SOC TR 1 REHY
ATLAE Y, X5 Se I FHE SR RERCN 2.0 eV
HE AR, S5O0k (28] RS R —3G HFAH K
(conduction band minimum, CBM) 7£ X &%, M
i Ti (valence band maximum, VBM) 7E I 5.
I, —4ES2HE Se JH B M HA BB K. H IR
SOC PUJF, fiet &8 7B M agi X B ey
RET A A W BF AL, BT DA TIOR B T I A,
M2 E [-X Z B ALE . 3R Ay
FE X BT & A T 258l Rashba (1 [ iEEF 2 (I
&l 2(c) i &), Hr 271 Rashba BEfE i Er K
25°M 4 meV, 1 Rashba M ky 200 0.2 A L.
1t AT DAAG 5 Rashba 2 i ar = 2ER/kr K2 N
0.4 eV-A, tt Au(111) FKIE K 0.33 eV-AREK B
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Fig. 1. Geometric structures and stability of one-dimensional helical Se atomic chain: (a) Top (up) and side (bottom) views of the
structure (The black box represents the primitive cell); (b) total energies as a function of the lattice constant for both the helical
and linear chains; (¢) the simulated phonon spectrum of the helical structure; (d) results from ab initio molecular dynamics simula-

tions and the initial and final geometric structures during the simulation at 7'= 300 K.
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Fig. 2. Band structures of the one-dimensional helical Se atomic chain: (a) Without SOC; (b) with SOC; (c) the conduction bands

near X from SOC calculations.

B ST BE AL AR U D) T A A
TR B AR SR AR AR I, AR ZSHIE
WREOAFFAHARLF, I REA AR L 7454 . 18] 3(a)
25 T RERRRE N AR R AR, AT LA A R
AE ST 0, i 7 1 17 72 8 F3E B 3o /N it
5% LR AZ A] U FCRE BN E R 2 1.5 eV,
AR R 20%. X FPBERT IS AL H n] U R

B T Se FETHENAERUEITAN Se I FRIAVH
HZRALT I, TR, Z 1 AE BRI . $irfi i s
T IBEE K, WS T IIHLH S b, TS
iR BN, LT, 4R 5 It 2 1
Hanw, Nk, gEBRAE K. Kl 3(b) 45 5 T Rashba
RERt RS B RIS RS by BERIAE) & 02E1L. © =
0 ot ag KPP B PRBUR I SR R (4.96 A),

0

147102-3


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

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 14 (2022)

a A it STV B 406 I 1 A R T DAE Y
et 1 A (5 R 2 SN )N T 4 I 2 Al T Sk 44
hn. YR ASIKF] 5% I, Ep F kg 0 5048 0 20 S
PRFLTAY 2.3 750 2.9 1%, S A Ea S I TR 45 0 AR fd
ar W/, THEHR AR o 3K

3.0
(a) _ sA®)
Q)
251 g 6
§
> 4t
% 20F = . . . n
&y 76
<
o
1.5 IS 3tk
—
<
P
1.0 L L L L L B3 L L L L L
—4 -2 0 2 4 —4 -2 0 2 4
e/% e/%

K3 —4EBREAS Y Se LT BERINL IR (a) A BREE N
B4 (b) Rashba BE & (1) & MmE (T)

Fig. 3. Strain tuning of the one-dimensional helical Se
atomic chain: (a) Band gap vs. strain; (b) Rashba energy

(up) and momentum (bottom) offsets.
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Fig. 4. Influences of the hole doping concentration N, on
the structure of one-dimensional helical Se atomic chain:
(a) The average magnetic momentum per Se atomic vs. N,
(FM denotes the ferromagnetic ordering); band structures
with (b) N, = 1.0 and (c) N, = 2.0 (The dotted line represents

the Fermi level).
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Rashba effect and flat band property in one-dimensional
helical Se atomic chain
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Abstract

Tuning the electronic properties of low-dimensional materials is helpful in building nano electronic devices.
Here, we investigate the structural and electronic structures of one-dimensional helical Se atomic chain by using
first-principles calculations. Our results show that this structure has a much lower energy than the one with a
straight-line structure. Our phonon calculations and ab initio molecular dynamics simulations suggest that this
structure is both dynamically and thermally stable. The band structure shows that it is a semiconductor with a
gap of about 2.0 eV and Rashba-type splitting near the X point. The helical structure is good for tuning the
electronic properties by using strains. As a result, a 5% strain leads to a 20% change in the band gap while the
Rashba energy offset is doubled. Moreover, we find that the valence band is a flat band, over which hole doping
can induce ferromagnetism and the system becomes half-metallic. Further increasing the doping level can
transform the system into a ferromagnetic metal. Such a strategy is then applied to one-dimensional helical Te

atomic chain and similar results are obtained.

Keywords: one-dimensional atomic chain, Rashba effect, electronic structure, strain tuning, flat band
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