Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

ETRERP IS FINWESRAERSHFENSESBHETE

R BWA FHIE EEF

A fully quantum description of the free-energy in high pressure hydrogen

Chen Ji Feng Ye-Xin LiXin-Zheng Wang En-Ge

5| Fi{5 K Citation: Acta Physica Sinica, 64, 183101 (2015) DOI: 10.7498/aps.64.183101

7E 2% 1% 3L View online: http://dx.doi.org/10.7498/aps.64.183101
2N %¥ View table of contents: http://wulixb.iphy.ac.cn/CN/Y2015/V64/118

AT RERCH B B S &
Articles you may be interested in

B3 SigNy (7382 1 ISR A 5 — 1t 3 5T
First-principles study on the minimization of over-erase phenomenon in SisN, trapping layer
PP 27 4%.2015, 64(13): 133102 http://dx.doi.org/10.7498/aps.64.133102

ZnSe 7EAN LI T RS TR BURTBUR R AT 5
Ground state properties and excitation properties of ZnSe under different external electric fields
PP 2E4%.2015, 64(4): 043101  http://dx.doi.org/10.7498/aps.64.043101

B P 7 R ER I 7T SR SN HEO, il &5 40 AT i 2 R 52

Effect of oxygen vacancy on lattice and electronic properties of HfO, by means of density function theory
study

YH % 4.2015, 64(3): 033101 http://dx.doi.org/10.7498/aps.64.033101

SR B AR AL RIS B 35 e e B
Spin polarization and potential energy function of FeH,
PP 224%.2014, 63(21): 213101 http://dx.doi.org/10.7498/aps.63.213101

R 7 SRAT i A O I IR
Research on charge trapping memory's over erase
PP 2242014, 63(20): 203101 http://dx.doi.org/10.7498/aps.63.203101


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.64.183101
http://dx.doi.org/10.7498/aps.64.183101
http://wulixb.iphy.ac.cn/CN/Y2015/V64/I18
http://wulixb.iphy.ac.cn/CN/abstract/abstract64597.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64597.shtml
http://dx.doi.org/10.7498/aps.64.133102
http://wulixb.iphy.ac.cn/CN/abstract/abstract63316.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract63316.shtml
http://dx.doi.org/10.7498/aps.64.043101
http://wulixb.iphy.ac.cn/CN/abstract/abstract62731.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract62731.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract62731.shtml
http://dx.doi.org/10.7498/aps.64.033101
http://wulixb.iphy.ac.cn/CN/abstract/abstract61469.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract61469.shtml
http://dx.doi.org/10.7498/aps.63.213101
http://wulixb.iphy.ac.cn/CN/abstract/abstract61482.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract61482.shtml
http://dx.doi.org/10.7498/aps.63.203101

) I8 ¥ 48  Acta Phys. Sin.

Vol. 64, No. 18 (2015) 183101

TRl i EYIERITE AL RN H

ETHBERT T FHINFESRNFRDTHER
SESEBREITE

RED BT HY

ZFHAED

T EFY

1) (A RFEFHL, Jbat 100871)

2) (bR SR, bt 100871)

(201545 3 15 HU&EHl; 2015 4 6 H 29 HIZ R & eH )

FERIEIBTFT A, RS TR — A LSE R GUAERE il L oo T 1) B e R R T SR R % U R T 5 A R A
. H Mermin $i& H A BRI 3 B2 B BB 5, 76 T2 2 10, 59 RBk RS0 AT EAEXT B 1 58 STk i i
AR E R, AR T RZIs s iR b, Hoash 5B @ st iR A B 8. ASCR AR T
NN EIRIIEIR E G, X300 GPa TS A Cmea S5 T 12 kT 5 87k 0 B dRERI S BEAT
TorHr. RIAE 100 K AZ B -7k AR TR 5TRRZI 9 15 meV B8 1, 18 K T AR 450 )i S R 1 2200 %
TF FEH2 B AT FR] WL DA A% i RN A 3 v T BEAFAE AN HER P (RIEAEMRIR ). RIS, FRATRE A 75724
NNATHEAT Bt RERIAERR T SRR AL 7 — My s R T BL

KR B, T Eh s, Ry, mRE

PACS: 31.15.A—, 62.50.—p, 71.15.Pd

1 5 7

FEAH BRI 58 b, A IR A A 5 IR RS L i R
FEOT RS 58 PR IR P4 4 2 3 B H R TR () 55 5
I A RSN, 7 R B R R, T B R 2 1
FERGHL TSR — AN S R G — MR E IR R
SR 1Y) H RE RO I AR ST R R TR R R
I — A0, H 20 120 60 448 Mermin $2 H 15 R
W2 iz KB DUJS, fEH T 452, 558
C AR G ATk FEXT B e DTk 1 R AR 58
st 0=31 MORRAH 2 (8] (¥ 55 G A 41k 3l 7 4544 )2
[l non-trivial ()AL, AAT&3E— D45 &8 FhEE
=t JiF B AR AR i R i B L A A U SR TR, XA
[ A (1) H 7 45 A8 FAH AR 47 R 45 R B ERA IV &= 1
iR ol AR s sh A &, B Ao

DOI: 10.7498 /aps.64.183101

P UE A:0p eIy 28 Ny 7N 1 i VW) S 7% N 4 D P
Bk LA KR Tk VE X R S8 B HRE R I ANS AN
BRI, NAT 2R R L AL A 7 iR X o e
BEAT A 71 0. SR ok 75 V75 R — A BB 10
Ja R R AR A BRIEL L T Ak vk 5 & kg
Al BT 1 OGS ) H RE I TR 2 B e e AL AR
R B TR A SR T AR i AR R o, R
PRSI, XA 2L — FBOR LI AN 2 I W R e oK
KM 2. (HZIX A2 A (TR AR B A
el B FEBUIR) ANipg 2 i, AATIHE TSI A Jsi ik
A E HRER, A7 BRI ST Ak v AR Tk
AR 8 T i BE 1 Ttk w] B E AN R A 2 18] 5
REMIFE S A — . FE B AR A R, —
AN 5 LBl el e T R — AR R LR
JE PR T 5 LA R AS [ Ji] 28 1 AR X AR 1R IR L, L
QnLC AR Bk, AR TR LR EER IR

* E K HRBIEEE S (IHES: 11422431, 11275008, 11274012, 91021007) Fld [E 1+ 5 B3 4 (JHHES: 2014M550005) ¥ B

PR
T EEVE#E. E-mail: xzli@pku.edu.cn

© 2015 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

183101-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.183101
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 18 (2015) 183101

RS 745 A IR E o Tl 1 8 R
BRAE 71 %5000 K B _E T EE X 45k Py 2k ) 4% A
U TR AS AR & Pk VR AR TR T B R B AT A,
XFE, BRI 45 A Sz R R XA
b J5R 1 G5 44 5 P 4 R RO HE R (R A 1011,
A, /ER—FE Ak, X by e & fe
IR AR RN LT 45 WA R 2E non-trivial BUE 1)
TEOLN, 764 BRI E . s 2 A A H
5 AH 2 TR B e PR (Rl v Ok 4 VR
BBV, ST 1% 0 5Tk 3R A T X
Se A 2R AR I DT ERAE 48O i E R R R 4
RIS T

VE Nt LR B — B, B R SRR —
BRI TG R IR R, TE AR B0 50 % 18 5
T E Tk R G H H ATk T B AR AL
BA. Wb b, R NFEE RN 2 AR — A
TR, HEM BB R SRR U S Z KM H
BIRF 78 H 1935 4F Wigner &5 Huntington ['2] $2 Hi 4
AWMU 5, — B2 & R EE 5 — A R
p TS =10) A e A R B A R R, AT BASR
U 38 205 B T 360 GPa PO {H 2 AATxHX
B8R T R G E AR IR IR A 5E . SEIR
by XM AR, R BIXRE N R SR S LA A
PRI [ B 0 i e B~ A0 XS 2 ) Bk T AR
N, IR AR IRAIAE S8 R AR G T BUS 2 f i
ZERY LT KATBE. TS b, BARKE R G E Sk
eSS, B T X IEA RG AT R e T 45
P48 T2 A0 1021 R B ST R E A BRIRE F A7
TE ), XX KRG E B R8I TE 5k B A 2 40
TS br b, i AR BRI FE N 1 B A5
YR Ay B T AE AR A5 B 7E b T ok 21 1) a7 15
ALLF) S T

A SR FE Tk R R T 4 M B B
BRI T I 5 D150 ik g &, Xt
200300 GPa FE AN Cmca G589 51 f81E
2l kTR UL R BT TE X H B B AE R AT
TRGMHE. ZJ7 ik R S E NS B R,
ARV Y B AR AR 4 T B S R F B R
5118 (bead) %, AT LAy ISR H ik V& DL K &1 5
TSR B R A, BRATABLAE 100 K /£ 44,
Bk V& A 6 UM R S8 E B EE I R LT AT BAZ
I, E Bk VR 1R AR T O R G e R 1R DTk A 4R
LARFELE 15 meV F R 72 47, I HxA B MI{HE

SR BRI N A K. HEERRE, X2 —
A2 328 K AN [ it A 2 4 i) e 28 A 1D 3 3 22 531 114
RERLMH, PUbth mRE i 2 B A 1 ik
Vi 10 A 5 1 TS AN [R] ] 25 200 04 T kI, A (7] 2] 25 75
2 8] B HHRE A 138 4 5% 22 1T AE 52 3 LUK 12
Wi SXIGIT T NATIAE AR Bk % p EAT HERR 1 E E
RETFELGEME 7 — DIk, R 4Ros JAI4E
SR TR ZR A SO T VT AL A R T RE AN v
B, ROV SR T A% S AR TR I T 5 8% 5
ZH B 3.

2 EPHE
2.1 BERDPHTFHNE

T T A% 22 1) AR EL A R I 5 — P B e
TER TR TE R R L, AR AT RS —
Pk SR B AR AR 3 23 T B 1 2 TR I A R R AR
BN & T s R, B 18
TR AT BRI T FR) PR S o i P D R
REPRBRE 0T B ik 1) — A KA ) polymer L1 :

p(wovavﬁ)
N P
m;P '\ 2
- J —
Pl [11;11 (2571712) ]/V/V /Vexp{ v
P N
1 . . 2
S PITICEE
i=1 Lj=1
1
+ﬁ(v<mzla awfv>+v(le 1 ’wi\il))}}
X dmlda:g s dmp_l. (1)

TEIX L, PACER I 2 5 B2 1R AT M I AR BRI, 7F3X
AN K PR IR T ly b 3E AT B8 AT AR 40 B B 8] 22 43 1 1)
BUE, T B BRI BR AR AR 4 ISR AE B 24 P IR
LINF, bl %5 e fe o] 21| e AR R 4 Piain 5
T, bR AR PR R TR R, SEPRTHE
TSR A AR 55 24, JRATTHR 20 &k
R PR P B Y G v ST 3B X S S E W Sk
HEAT I, DLE BEUE EUs. m; ARRBIR S 5
MNMEFRE. 8% T 1/(ksT), HH kg PR
S, TRIEE, wp % T VP/(Bh). x REMRZ
TEBAZR ISR i AME (MY image, tHY bead) L #EA R
iR TR, o) [RBAEIX MR T 5 ANRT
PISEbrpL B, Vel - 2N ) REZZXA

183101-2


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 18 (2015) 183101

T RGR T AR SEPR A AR, KT
ANIHERI A HES:, TS 3R [7] B
R, Uil xp = @o I, 2 B B A AL
R I, MR XA TR R L
X I B R HAE A Y A [ % T e p B0 20,
BE— B BIX AR T RGHIEC 7 2R L
79

‘ N2, 1

+ V(:L’%_l, N 7%‘-1))] }d:cldacg -o-dxp. (2)

HIGETH A AR B, AT RO I RGP St
TSR AT BLAE A 70 bR 2045 21).

2.2 MAOEFH

FATE BB 5 b e o R 5 K 38—
LA LA T 292 00 5 T 2 AT LA R
B e . SRR I R,
AN ELEIE BRSO 55 R GEAE XA R K ph A
SR, RO EEATF.

W (2) 2, W Vo Ko CE A RO 1R R
5 T2 IR ELAE R, PR V) 2R B sk 25K
£ B R T IR AR R, T4 I 2% 1
BT b 2R 5 085 I TP R O 9 B MOt 7T L2
DT

x (z] — 2] 1)2

S5 (il

[\D
S

+Vi Li1,° " 7wz 1

H,_/

d.’ICl dwg d.’]l‘p, (4)

FF AR 73 iR 305 B BEZ M IS R, S5 A
AR (FEAE N Vo) 5K R (HEAERI V)
(0 H B RE AN

1
FQ = —Ban(?, (5)
5
1
FR = —Elnzﬁ (6)

X, EHLERESHERRZ P IRIMA— R 5
(A1, 3R AN e )25 B R % 2 TR A L e

_VO(mzl""vsz)] (7)

k. AN =0, REwAL T 2B Heem
ZED, MK F\ = Fy. T4 =10, REa
TARAE HBEME L, NN Fy = Fr. Bk, W
R P EE—AD AR %L, W

1
FR_Fd = /0 FfdA (8)

FARMBIXADHLAR RS S H KRB HBEZER
0 < B il VA AE T X B XA B R X H U 5
B XA R ERIATIN VR, a3k R R
HhTA) 28 Gt (R E 0 R A, 2R E XA L 20 bR K
G\ T S I O A SR, mieT
LA 2

P

(= (X Wital )
Vil ,xiv>]>h, (9)

Horp, f )5 1R b A ACRAE [ S AR U R o AT
3L & AR AR 0 KA, RIS KA P R 7%
Z Ia) A B A A2 (7) 3K

XL ERE S H IR R LAR R P
—RI s, AR AR (9) A
BRI B AR 70 737 B AR, At R] DA RUE B
ORI S RS S KL RS2 ] B R %=
BT AENE BT, 2% RGUR RS A,

183101-3


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 18 (2015) 183101

TRE-NSH RS, HAhagH e TR

Fy=Ey+ kgT /OOO dwg(w)ln [281nh($>] ,
(10)
K, By X A& AT TG RA NI FRS S RE;
i A5 3P 3 — AR R (1 2 T W 4k 7 E A FRIRFE F
XFH HBER TR, g(w) R THIAEE. XM, 45
A (8)—(10) X, # AT LASK H3X AN 3T 52 S A4 1) 5 H
AE 1.
TEER A, (10) 2U45 H 2 )1 s &1
() HEE, T (8) 5 (9) =ik i 2 F 3 i i 51X
MNSHE P ENE A w22, ARIE P IIUE, R P
H1, 3E i 3 AN 2 A5 B 2 X A 22 rh ik vE
DTk, WR PEUE Y5 K, i iX A~ 2 A5 2
FE XA 22 T Gk T 5 BT K TR LRI DTk
1) Z AR M2 4l B 7K H BRI DTk, XA,
T G P BB ARG 2 5 5L, AT LATE i A5 2]
Ik VR 5 BTk VR AR XA S B AR kR 2 A L
B, T U RN TSR 2 T8 1% T
EERIRR S, RN TAETF R Z A it
JUEANIEEH Tl g2 E T ESHK
R LA F o [e) 45 i 1 122290, G it iR
FECEL 2 1 72 03 W RS R R A 3 7 4% TR R AH
HAEM. X E, FRATRICH) T7 AT 55— 1 S
PR 5T, IXRE T DI O R R Su 82
BB HERA I B RS TE. [FEE, SEBUNEE S A
R, BLEAE SR RS 0 S s TR @ A,
I Hod /e & A S I8 AT B AR R 9 4y 730 1 %
BT SEBRATRL ) B REREAT T M AR DL TE.
ERTIR, AT IXAE I T 5 R 8 S N R X )
TEFAK Y 1 3 T 1 0T LA B 5 7Tk Vs 1R 3 B8] 3 000
ARG H HRERI .

2.3 BFSITEAT

X T AR T VASP R T P AR
FP AR B A BARAR I 0 T8 152 5 IRy,
X DR 3T 518 FOK 5254 B Dario Alfé #(
AR ) R A (10) 20022 1 R 1 14
WA AT VAT, JRATRIN T 2 PHON 201,

BUTH SR E, A AT SR T
iz o B %, 7 138 AT IR A He 5% R LA A
I, SRR A& ) SO B2 3 UL T ) Perdew-Burke-

Ernzerhof (PBE) 72 #t J¢ Bk P71, HoAth 41 5 40 45

1) HL 95 BRI J T A ik T B 4 I Uk R AN
500 eV I RE R BL; 2) 200300 GPa & A 45
FIBRAVEI 2 Cmca #8; 3) fEZLE W H, TR
MoEE 12N R, EEAT BRI 0 4 Bl 1R
FERE, T — 2 x 2 x 20088 4) [,
RNAEXAN R 58 T PBE 22 #e G B 45 1 LT 45 4
& e)E, £ HM X AR 7 i, X iR
BRI/ — N4 x 4 x 41X FE— B ) Monkhorst-
Pack & £; 5) 70 T30 /15 5 A0 9> T30 1%
R H R T 10 ps, 5K RN 0.5 fs, FATEAT
) & LR 2 NVT, Hoii B2 BUE 2 100 K, & =2 H
Nosé-Hoover Chain #2 il [1).

3 HRET®

AV P EUCRFRMER F 5\ R R & H
RIFGEPIE. Bl 14 T — DG FE PR
ELRTBE X RA0AT R, ARYE (8) X, R RES%
R H B RS TIXAEIE 0B E] 18 5
& PPN, M PR, it 3 7 &
PRRR. BRI, 3X AR (B AR ) 72 S 7 A% 1 468 A
Bk 7% AE 6B UM R H HBE R, BEE P IR
T, B T T A T TR R B 2 g L B
ok, HEUSL.

10

2
0r m ] [ ] |
|
2
To—-10F ® X
g s ¥
s —20 <
> | B Beads=1
E _30L @ ® Beads=8 |
E A Beads =16
10 A ¥ Beads =32
- 4 Beads =48 |
v P Beads = 64
—50 | - .
0 0.2 0.4 0.6 0.8 1.0

A

K1 F{ £ beads BURME R BEH X AR R
Fig. 1. FY as a function of X with different number of
beads.

TEBR AR 0 T3 1R, it =R P
W H) bead 2 3G K2 PEIE K, Rltk, XF T-it B
KHU R K bead 8, ATAXS F{AEX = 0.5 1)
U AT 7 KFE. X T bead $7E 1, 8, 16, 32, 481K
)y, #AE05 1 Z [RIEUE T 54 sk 70 il 47 #%
R o3 T30 D15 . ] 1 R 25 R n] b

183101-4


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 18 (2015) 183101

H A B E R — A bead B (k2 P)
ST 1R, PRS- JLP#AE 0 Ml Xk
FHAE100 K, #dikya B AR 1E DO R 40 5 BB
TR 2R/, B bead U N, F{ HIL—
ARSI S, L InTE bead HM 1 3 8 A8 Ak f 5%,
FAEBA s AR ERAR K, 1HAE bead 2 32 38 11
A8 B, XA AERIR N T

FF UL X LR, AR E I (8) 2k i
W PHUAFER HEE R E S H K R 1 H HEE
Fy — Fy, SRR 2 iR, B2 i DURE 2t
FH bead T 1 0, k& R 4t A1 31 48 S R
PTG R, FAkVE B AR B 06 B R DTRRIR #%
%, 2 )G, BEF bead AN, FEFRIEHILRE
P — RA I FUE, B A T IR, %R
TAEM B R RN A HRE BT PSET 1
Fy — Fo JUF R, FRATH AT DUAR 37 B i 0 e
BE M B LF- 800k H R G kv AR I, 76
bead $H 32 5 48 i, 245 B SE] ~ —16 meV
BHR T MIXFA bead A BT R I45 R, 25
1E ~1 meV BT A,

or @

TE

—5 F
i) L]
s
>
g 10 |-
< - @
T
= —15 PY

]
0 10 20 30 40 50

Beads

B2 HHiE%E i — Fo E# beads IR R
Fig. 2. Free energy difference F; — Fp as a function of

beads number.

FE XA NI R Al B, R (10) A&
PHON & Fr 45 th 19 7 71 DL K S5 /g A0 4K 58 1) e
A HE, B SRR A IR T I X I 2 H
e Xl MR R By, 2T IXA
{8, # LS BT 32 bead KBS A2 AR 97 T
IR ) By — Fo InBZA Fy L%, 8
2T HER R TR E R RE & EUR R, 1
TS AR AR T R I P A 2 T R R R A
SE RSO (BEXT RS IS) s 2 8. a2
WPV B R AN ER, Hizi o X ME %A

HEEHAEE. FasmR2#HaSrAaemntb
A BRI BT RS IR B Z AR 24 H B Re 5T
k. B 3451 T 200300 GPa i), B F#s i
A0 M, FE TR R R Tk AR B 2
B 2% E AR R fb AR R AN T BT O 1S A AR
IR, 1.45 A3 /atom it B2 300 GPa fIfE I,
1.64 A3 /atom X Bi[¥1 /& 200 GPa [IEBL. &8 &
W B e S5 bR ic o4 SRR TR B AR
Z G IR LR v (8) NHL P = 114 R,
g R I8 R AR TR TN R 48 E R Re I DTk, AR
10T ARRTE TH S B R AR 1R A% 1Y el
BEfZ= 0, 4 a2 (8) 2R P = 32 W%l ik
SHE ~1 meV B 1 Bk vE 5 7 Tk v 3 187 1 100
RN R4 H RE DTk, I, ARid A2 R
W E IR Rz, LA RERATE Tk
VAR TS 0N R 48 H HRERRZ .

B Harmonic
® Classical anharmonic
310F @ .
a @ Quantum anharmonic
% s
S 200l ]
5 300 -
S ]
v .
LIRE:
& 290 E } } -
280 L 1 1 1 1
1.45 1.50 1.55 1.60 1.65

Volume/A3-atom !

K3 HHRERE R R #R

Fig. 3. Free energy as a function of volume.

g X Sk bRl BLE B, fE100 KR,
200300 GPa 2 [A] # ik 7& () 9E 181 % D6 H H fg
1) DT ik 35 A # T DA g 2. T T Tk v A 1R O I
X248 H HAETTER, KHEE 15 meV &5 T 72 45,
I HLBEAE Rk 3G hn, 2 1B 3 o Sl EUE A
1.64 A®/atom 22 £ 1.45 A3 /atom, X T TT iRk AT 844
TRIER. FEERNZ, XEE PR IEW S
T 2 4t H H Ae TTHkE B K/ (~15 meV /atom) /&
376 376 K FIX AN He 53 BBl P9 AS [R] & R 45 4 2 ] i s
For 00 2 5 16210 I HOX AN BTk 2 B 1R R R 85 T
RERN. Fh, XA R AT AR 1 B B AR
EEXT I, MECE AU AR B, AN T B A 45 ) A
b5 T 1 AL B B HH B B BB RE RN BE AR AR KRR
ERATM. BB ET R T IZAKE S Bk

183101-5


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 64,

No. 18 (2015) 183101

VE AR A7 U O R Gt E i RE ) DR AR ARSI 2% B
NI,

4 % #®

RS FE T B — 1 R T A A T AR B
BRG T NEERFERS T ENSE, &
GuithTH 5T R T A% AR B () Ak T DA K R Tk TR
200—300 GPa 2 [8] fh R Cmeca 544 1 H HBER)
TR, FRATCARE BASE NS B R, 8 %A
IR TINIVERFE, SRR S AR RERE T
k. 24U BT I R R Al b B AR R4 R B
(BP bead %) 55T 1 BF, # R0 45 XA H L i
A T Rk V& B AR T IE TN R 48 H HEER TTER. 4
bead £ SN, #4775 81 73 45 HLIX AN B S R
ik v 5 BTk R R UM R G H HE AR B DTRR.
F X, FT DURIE B X 2 A BRI E T RSt H
RN I ook, B, FRATIAS 2 100 K
200300 GPa 2 [1] J5 4% #isk 7 1 A 18118 TS
RS AR DT R AR TT DU 2 1 ik VR
XABERIITIER, A4 15 meV &R T A4, HHIX
AU 22 Bl A SR A I G oK. XA YRR
11, XWRBUR G AT B BRI, AUOE T3S
SEARAG S TEE U BRI Bt ) B E AR 6T B AR
E AL A FEAEAR KRR B B AT 1. RAUH S
TR PR IE S & Tk E AR DO R H B
RE PR DT R B ASEALL R 1248 S T2 IR . AR SRk
FH B 77 92 NEAB B0 A1 B2t o SR A B it 1
— BN E L R

UG FOK 2Bt Dario Alfe BUR IR,

S

[1] Mermin N D 1985 Phys. Rev. A 137 1441
[2] Gillan M J 1989 J. Phys.: Condens. Matter 1 689

(3]

183101-6

Wentzcovitch R M, Martins J L, Allen P B 1992 Phys.
Rev. B 45 11372

Xu G, Ming W, Yao Y, Dai X, Zhang S C, Fang Z 2008
EPL 82 67002

Lee P A, Nagaosa N, Wen X G 2006 Rev. Mod. Phys.
78 17

Pickard C J, Needs R J 2007 Nat. Phys. 3 473

Li X Z, Wang E G 2014 Computer Simulations of
Molecules and Condensed Matters:
Structures to Molecular Dynamics (Beijing: Peking Uni-
versity Press) pp134-140

Frenkel D, Lekkerkerker H N W, Stroobants A 1988 Na-
ture 332 822

Meijer E J, Frenkel D 1991 J. Chem. Phys. 94 2269
Alfe D, Gillan M J, Price G D 1999 Nature 401 462
Alfe D, Price G D, Gillan M J 2001 Phys. Rev. B 64
045123

Wigner E, Huntington H B 1935 J. Chem. Phys. 3 764
Babaev E, Sudbo A, Ashcroft N W 2004 Nature 431 666
Bonev S A, Schwegler E, Ogitsu T, Galli G 2004 Nature
431 669

Deemyad S, Silvera I F 2008 Phys. Rev. Lett. 100 155701
Li X Z, Walker B, Probert M I J, Pickard C J, Needs
R J, Michaelides A 2013 J. Phys.: Condens. Matter 25
085402

Chen J, Li X Z, Zhang Q F, Probert M I J, Pickard
C J, Needs R J, Michaelides A, Wang E G 2013 Nat.
Commun. 4 2064

Mao H K, Hemley R J 1994 Rev. Mod. Phys. 66 671
McMahon J M, Morales M A, Pierleoni C, Ceperley D
M 2012 Rev. Mod. Phys. 84 1607

Zha C S, Liu Z X, Hemley R J 2012 Phys. Rev. Lett.
108 146402

Liu HY, Zhu L, Cui W W, Ma Y M 2012 J. Chem.
Phys. 137 074501

Perez A, von Lilienfeld O A 2011 J. Chem. Theory Com-
put. 7 2358

Habershon S, Manolopoulos D E 2011 J. Chem. Phys.
135 224111

Kresse G, Furthmiiller J 1996 Phys. Rev. B 54 11169
Feng Y X, Chen J, Alfe D, Li X Z, Wang E G 2015 J.
Chem. Phys. 142 064506

Alfe D 2009 Comput. Phys. Commun. 180 2622
Perdew J P, Burke K, Ernzerhof M 1996 Phys. Rev. Lett.
77 3865

From Electronic


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1088/0953-8984/1/4/005
http://dx.doi.org/10.1103/PhysRevB.45.11372
http://dx.doi.org/10.1103/PhysRevB.45.11372
http://dx.doi.org/10.1209/0295-5075/82/67002
http://dx.doi.org/10.1209/0295-5075/82/67002
http://dx.doi.org/10.1103/RevModPhys.78.17
http://dx.doi.org/10.1103/RevModPhys.78.17
http://dx.doi.org/10.1038/nphys625
http://dx.doi.org/10.1038/332822a0
http://dx.doi.org/10.1038/332822a0
http://dx.doi.org/10.1063/1.459898
http://dx.doi.org/10.1038/46758
http://dx.doi.org/10.1103/PhysRevB.64.045123
http://dx.doi.org/10.1103/PhysRevB.64.045123
http://dx.doi.org/10.1063/1.1749590
http://dx.doi.org/10.1038/nature02910
http://dx.doi.org/10.1038/nature02968
http://dx.doi.org/10.1038/nature02968
http://dx.doi.org/10.1103/PhysRevLett.100.155701
http://dx.doi.org/10.1088/0953-8984/25/8/085402
http://dx.doi.org/10.1088/0953-8984/25/8/085402
http://www.ncbi.nlm.nih.gov/pubmed/23807128
http://www.ncbi.nlm.nih.gov/pubmed/23807128
http://dx.doi.org/10.1103/RevModPhys.66.671
http://dx.doi.org/10.1103/RevModPhys.84.1607
http://dx.doi.org/10.1103/PhysRevLett.108.146402
http://dx.doi.org/10.1103/PhysRevLett.108.146402
http://dx.doi.org/10.1063/1.4745186
http://dx.doi.org/10.1063/1.4745186
http://dx.doi.org/10.1021/ct2000556
http://dx.doi.org/10.1021/ct2000556
http://dx.doi.org/10.1063/1.3666011
http://dx.doi.org/10.1063/1.3666011
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1063/1.4907752
http://dx.doi.org/10.1063/1.4907752
http://dx.doi.org/10.1016/j.cpc.2009.03.010
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865

) I8 % 48 Acta Phys. Sin. Vol. 64, No. 18 (2015) 183101

SPECIAL ISSUE—Recent developments and applications of computational physics

A fully quantum description of the free-energy in high
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Abstract

Hydrogen is the lightest and most abundant element in the universe. Ever since Wigner and Huntington’s prediction
that pressure induced metallization might happen in solid hydrogen, understanding the hydrogen phase diagram has
become one of the greatest challenges in condensed matter and high pressure physics. The light mass of hydrogen means
that the nuclear quantum effects could be important in describing this phase diagram under high pressures. Numerical
evaluations of their contributions to the structural, vibrational, and energetic properties, however, are difficult and up to
now most of the theoretical simulations still remain classical. This is particularly true for the energetic properties. When
the free-energies of different phases are compared in determining the ground state structure of the system at a given
pressure and temperature, most of the theoretical simulations remain classical. When nuclear quantum effects must be
taken into account, one often resorts to the harmonic approximation. In the very rare case, the anharmonic contributions
from the nuclear statistical effects are considered by using a combination of the thermodynamic integration and the ab
initio molecular dynamics methods, which helps to include the classical nuclear anharmonic effects. Quantum nuclear
anharmonic effects, however, are completely untouched. Here, using a self-developed combination of the thermodynamic
integration and the at initio path-integral molecular dynamics methods, we calculated the free-energies of the high
pressure hydrogen at 100 K from 200 GPa to 300 GPa. The harmonic lattice was taken as the reference and the Cmca
phase of the solid hydrogen was chosen. When the bead number of the path-integral (P) equals one, our approach reaches
the so-called classical limit. Upon increasing P until the results are converged, our approach reaches the limit when both
classical and quantum nuclear anharmonic effects are included. Therefore, by comparing the free-energy of the harmonic
lattice and the thermodynamic integration results at P equals one, we isolate the classical nuclear anharmonic effects.
By comparing the thermodynamic integration results at P equals one and with those when they are converged with
respect to P, we isolate the quantum nuclear anharmonic effects in a very clean manner. Our calculations show that the
classical nuclear anharmonic contributions to the free-energy are negligible at this low temperature. Those contributions
from the quantum nuclear anharmonic effects, however, are as large as ~15 meV per atom. This value also increases
with pressure. This study presents an algorithm to quantitatively calculate the quantum contribution of the nuclear
motion to free-energy beyond the often used harmonic approximation. The large numbers we got obtained also indicate
that such quantum nuclear anharmonic effects are important in describing the phase diagram of hydrogen, at/above the

pressures studied.

Keywords: path-integral, molecular dynamics, thermodynamic integration, high-pressure hydrogen
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Fig. 1. (a) and (c) are the bulk band structures of two-dimensional (2D) photonic crystals (PCs) in square

and triangular lattices, respectively; (b) and (d) are the three-dimensional band structures near the Dirac-

like point at k = 0 for (a) and (c), respectively. The radii of the cylinders in square and triangular lattices

are R = 0.2a and R’ = 0.184a, respectively. a is the lattice constant.
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of the cylinders at a fixed relative permittivity ¢ = 12.5. (a), (b) and (c) are for R = 0.19a, R = 0.2aq,

R = 0.21a, respectively.
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Fig. 3. (a) The band structure of a two-dimensional photonic crystal in a square lattice with e = 12.5, R = 0.2a;

(b) the effective permittivity and effective permeability of the 2D PC as a function of frequency near the Dirac-

like point; (c)—(e) the eigen modes near the Dirac-like point with a small k along I'X direction. The color

denotes the distribution of the electric field. The arrow denotes the magnetic field.
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Fig. 4. The band structure of 3 D dielectric sphere
photonic crystal in a simple cubic lattice. The relative
permittivity and the radius of the sphere are ¢ = 12,
R = 0.3a The lattice constant is a.
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Fig. 5. (a) The band structure of spheres arranged in a sim-
ple cubic lattice, the unit cell consists of a core-shell struc-
ture, the core is made of perfect electric conductor with radius
R; = 0.102a, the dielectric shell is € = 12, Ry = 0.3a, here, a
is the lattice constant; (b) the effective permittivity and effec-
tive permeability of the 3 D PC as a function of frequency; (c),
(d) the eigen modes at the Dirac-like point, the arrows denote
the directions of the electric fields, (c) represents a magnetic
dipole along the z-direction, (d) represents an electric dipole

along the z-direction.
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Fig. 6. (a) The schematic picture for the interface along the y-direction formed by two semi-infinite two-dimensional

photonic crystals, the relative permittivities and radii of the cylinders in the left and right PCs are €1, R1 and €2, R2,
respectively; (b) the bulk band structures for two PCs with €1 = 10, Ry = 0.205a(blue color) and €2 = 12.5, Ry =
0.22a(red color); (c) the projected band structures of the two PCs, blue and red colors denote the left and right

PCs, respectively. The two green lines represent bands of interface states.
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Dirac-like cones at k = 0"
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Abstract

Dirac cones and Dirac points are found at the K (K') points in the Brillouin zones of electronic and classical
waves systems with hexagonal or triangular lattices. Accompanying the conical dispersions, there are many intriguing
phenomena including quantum Hall effect, Zitterbewegung and Klein tunneling. Such Dirac cones at the Brillouin zone
boundary are the consequences of the lattice symmetry and time reversal symmetry. Conical dispersions are difficult
to form in the zone center because of time reversal symmetry, which generally requires the band dispersions to be
quadratic at k = 0. However, the conical dispersions with a triply degenerate state at k = 0 can be realized in two
dimensional (2D) photonic crystal (PC) using accidental degeneracy. The triply degenerate state consists of two linear
bands that generate Dirac cones and an additional flat band intersecting at the Dirac point. If the triply degenerate
state is derived from the monopolar and dipolar excitations, effective medium theory can relate this 2D PC to a double
zero-refractive-index material with effective permittivity and permeability equal to zero simultaneously. There is hence a
subtle relationship between two seemingly unrelated concepts: Dirac-like cone and zero-refractive index. The all-dielectric
“double zero”-refractive-index material has advantage over metallic zero-index metamaterials which are usually poorly
impedance matched to the background and are lossy in high frequencies. The Dirac-like cone zero-index materials have
impedances that can tune to match the background material and the loss is small as the system has an all-dielectric
construction, enabling the possibility of realizing zero refractive index in optical frequencies. The realization of Dirac-like
cones at k = 0 can be extended from the electromagnetic wave system to acoustic and elastic wave systems and effective
medium theory can also be applied to relate these systems to zero-index materials. The concept of Dirac/Dirac-like
cone is intrinsically 2D. However, using accidental degeneracy and special symmetries, the concept of Dirac-like point
can be extended from two to three dimensions in electromagnetic and acoustic waves. Effective medium theory is also
applicable to these systems, and these systems can be related to isotropic media with effectively zero refractive indices.
One interesting implication of Dirac-like cones in 2D PC is the existence of robust interface states. The existence of
interface states is not a trivial problem and there is usually no assurance that localized state can be found at the boundary
of photonic or phononic crystal. In order to create an interface state, one usually needs to decorate the interface with
strong perturbations. Recently, it is found that interface state can always be found at the boundary separating two
semi-infinite PCs which have their system parameters slightly perturbed from the Dirac-like cone formation condition.
The assured existence of interface states in such a system can be explained by the sign of the surface impedance of the
PCs on either side of the boundary which can be derived using a layer-by-layer multiple scattering theory. In a deeper
level, the existence of the interface state can be accounted for by the geometric properties of the bulk band. It turns
out that the geometric phases of the bulk band determine the surface impedance within the frequency range of the band
gap. The geometric property of the momentum space can hence be used to explain the existence of interface states in

real space through a bulk-interface correspondence.

Keywords: photonic crystal, Dirac-like cone, zero-refractive-index, interface state
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Fig. 1. Supercell used to calculate the defect proper-
ties of Cu2ZnSnSy, where the red circle denotes the

location of the defect.
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elpm (host) 7373072 host 7E I" £ VBM #1 CBM fig
. el (host) /AL I R B HRIBRITRESS, T
7 LN g IRIBRIE TR R T DA HR SR (1 1 A%
BE  BRIE e RN B K RE IV R 2L
AHi(a, q) = AHg(a,0) — gea(0/q) + qEF,  (5)

Hi AHp(r, 0) A2 A 1 6B T2 BCRE. B IX o
W T7 9 E D B 5 T 2% b 2 AR A 2R ) e
;DTE [37744].

SRS, £ Rk I T SRR
REZ R AN REBA A T S, 5 EIOAS ()R D i v B PR AR AE
EARERE L. EETRE (D)), WEAAF
B P AR E R E R e, X TR ERH AN
ZERPCRXTFFAREE m. 8 H I B SR 0B
JR 18 Re g B0 X IR )~ 2 i AR N 5%

EH TR 5 M g v R T R A 1 R A, A
[F) 8 5 R e F R o R T R e PR PR AR T TS
5% B fuf [B] 47 7 Coulomb AH HAEH, 7% Z i Makov-
Payne & IF 2], {H & B 4 8 F§ Makov-Payne & IF
AP EAERRE. — B, X TR
I LT A5 BB, Makov-Payne & 1E 1] DL P01 1
R BEGAR VR I X ME TR TG BOR DTk

1 5 T %5 B2 bR BROR A 2 — P B BT B T v
T BN AT e R B gk AT BN, F LB LDA Al

GGA fEAARAG TR 1 B, T 5 1 VBM g
P B LA R R, T CBM g 2047 B A IR, SR
I B — M 23 75 VBM 8¢ CBM Ptz 7= A2 SR B 25 g
g, IXSEEIE A RE St A1 VBM, CBM — ¢, A] B
21E LDA Fl GGA T3 A 8 i £l Bl AT 551
THE PR ETE RBE A B Ab Be g iR 2. H Al &
BRET — RIVTTIERAG E X LR 2 B4R H
LDAHU V61, 458 e S BE B4 Aol i 5 [27,28,47—50]
. H R A SCHRIA I AR) THR G 242 AR R R
TR M 53 iR T LDA BY GGA T 5 1 5 B A A 25 1)
R R A S AR SR A R T A TR TR BE R SRR RE N
TR L TI0 FL AL AR BB, (HE, WFVR RERLBLIE, 241k
AT e S IR TR T B AR KR 1 58 0 AH ELAE FH 3 3K
TR BB AR IR T B 0 B o A R i 5 ) i 01,

BT IR A B A RO/ Y HL B A
VER S SRR 2, A5 PRI DR DK /N R A8 4 5 Tk
BT IR T R H A AR 2 1R 2%, #T5 BEHEAT AH BT
BIE. 52 4075 W22 Sk [28—31).

3 CupZnSnS, 2k W 7T+ 7 K By &
s 1 St

CusZnSnS, R E 1.5 eVHIHEW . LB
SR S5 B 45y o6 BB B JC B AR A2 3
Jz oRvE P2l BT AR A N AT . B,
CupZnSnS, A PH ¢ H it ) 25 R 5A 238 51 8.5% 1.
B A A T — PR AL EE, BL CueZnSn(S, Se)s
SRR JE B FE I R R 3 12.6% 1. 4R
] @52, CueZnSnS, X BH BE HL it 28 26 M DL gk —
B4, o — A 3B JE IR X R A (Y
6 LR (Vo) 3 1% T 315 B AR 6254, AR 4 Shockley-
Queisser H i (091 5 25 I B 8 L vth (1 318 5 KT
B LR (Vooomax) 29 9M B A 7 BRIK 25 0.25 eV,
Voe/ Vocmax 18 7T LA J B IX il b4 R} Sy 2K BH g Ha
W E e, WRITUER, —xF
& CulnSey EHEE Voo /Voc-max; M CugZnSnSy
(1) Voo MIZAK T By — 0.25 eV, T3 H Voe/Voe max
Z HANF] 60%, KT CulnSey. A UL, FHX T H52L
H) CulnSey L, V. ™ B 457 2% 52 .5 CuaZnSnS,
FI ORI — AN SR R AR 1 s e LG
F], CugZnSnS, HMMPIE T K F7EFTHI1) 5 FhGAR
FL b H 2 B AR A
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#1 GaAs, CIGS, CdTe, CZTSS 1 CH3NH3PbIg % K FH B it i) F I A7 B (Eg), JFEEHUE (Voc), Fi 6 HLA
(Jso), AR T (FF) FEE (n). RPaazH 7 B w Bl fARYE Shockley-Queisser i #3 £1 1) 5 K1H,

DU FEEL (51 B 225 30k [66])

Table 1. The room temperature bandgaps (Eg), open-circuit voltage (Voc), short-circuit current (Jsc), fill
factor (F'F) and efficiency () of GaAs-, CIGS-, CdTe-, CZTSSe-, and CH3NH3Pbls-based solar cells. Both

the experimentally achieved and theoretical maximum values by the Shockley-Queisser limit are shown for

comparison. Reprinted with permission from Ref. [66].

Eg/eV Voc/V Voc/Vocomax  Jsc/mA-cm™2  Jse/Jsc-max FF/% FF/FFnax 1/%

GaAs 1.43 Exp 1.12 95.7% 29.68 94.0% 86.5 96.6% 28.8
SQ-limit  1.17 31.56 89.5 33.0

CIGS 1.14 Exp 0.752 83.9% 35.3 82.5% 77.2 88.5% 20.5
SQ-limit  0.896 42.81 87.2 33.5

CdTe 1.44 Exp 0.872 73.9% 29.47 94.6% 79.5 88.7% 20.4
SQ-limit  1.18 31.16 89.6 32.8

CZTSS 1.13 Exp 0.513 57.8% 35.2 81.3% 69.8 80.1% 12.6
SQ-limit  0.887 43.3 87.1 33.4

CH3NH3 1.55 Exp 1.13 88.3% 22.75 83.6% 75.0 83.2% 15.4
Pbls_,Cl; SQ-limit 1.28 27.20 90.2 31.4

wiRg A, BARZ o AR E N E,
HRHEARKG B EMANAE. A R E
(1) AAIE & b6 SR P A AR A 22, 3 A2 52 ) LA 9 8
FIE R ZR. X T CuaZnSnSy, 24 A1 AE B ¢ &
EHugz e 7 HOGARIERE, J2 R Vo $7 2% 1) 0B IR
DRl T 8 e 3 ek 5 — 1 Jil B O SRR Bt
FEAAE BRBEAPE 5T 0 B & b Sk B o T 06 AR 1 A 1

AU

3.1 MRH$FFMERFHETENFS
SEERYHAE

CuzZnSnS, W& 4FICER, f£5 K CuzZnSnS,
FE SIS B T 0T BB T BTG 2 I S5, 38 R R AR B A4
ICERIEIZ R — 6. =0 ARV IC A, B
CuS, CusS, ZnS, SnS Ml CusSnS3 5. NTHKH
FHI CuaZnSnSy FE i, 75 B0 AE K KA 4k 2
RGUHATFEH, ETHEAL A, X ] DU % P
Tt R AL 2 AR e m . FER TR A 2E 3
S, WZ oo 3R BIREE (BRI ) By ik
FE v 2] DU % To 2R ) 5N, 3RATTRE IS 1 7T
FWFEBE SN, Fk, mRAFEH KR
HUH.

E— BRI EA M T, CusZnSnS, AT LR E
1M & P 2 MHAS 2 TE 8, % 2644 8 B A CugZnSnS,

MAEKFSE E2hRBAXEREH T pcn =
—0.2 eV PN CusZnSnS, b ##Hfa e X. wl LA
FEH, HT MM TEE, A CuaZnSnS, ML 2EFH
FaE XAEH 2, XRERYES B CuaZnSnSy F i
HARZS Dy ik B A A0, U H R pgn B, Zn i)
1 A R HIAE — A S B JE A B — BAR T
—1.2 eV. XA KN Zn F1 S 1R 25 5 45 45 4 K ZnS. 1E
B In KA ZnSIRE 5 R, MTES Zn A K
WEEH, CupSnS; IRAE %K. X E W] CusZnSnS,
25 5y R A4 B AR B ZnS F CuaSnSs 671, 15
SEIGHERR B, KA CupZnSnS, —ZnS+CuySnSs iX
AR 2 55 BT 75 BE AR, 4 0.08 eV 1981 3 2 R il
W R AE KR G R R, — LA
1 CugSnSs Ml ZnS K FAK L5149 5 CuaZnSnS, K4,
FARARA, 5 AR XS 2 AT 56 e LR B A 2 5 A7
75 109701 FEHE— B S ie F BOR X 4, nh 8
j\lﬁijEt; [71].

Bk B 1) 2% FEDR ™ B 521 Cug ZnSnSy A BH AE
MR, IR M, CuaZnSnSy FF 5t H ZnS 24 41
()55 B 5 38 1 B PR AR 25 DDA 96 720, B ik
AHILAE, T EAE A KA B P b Hb 3% ) % 4 43 o
FWRIE. T 3RA5 M 8 CugZnSnS, HL, 5K
56 b 3 % R A% 28 Cu, 3T Sn MVE Zn B4R K 4%
i 52,5051 SR fERFPAE KSR, B R
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AN T REPEAR . PRI, 36493 3 A BE i 5
JiiE, HARB M RE AL P SOk R L E A
REFI DR &, W4 R CuaZnSnS, M LM AL 2 2 143
WE.

Hzn/eV
—4.0 —3.0 —2.0 —1.0 0

—4.0

2 iFH I CuZnSnSy FE LR FHZE W (ucw,
Hzn, Psn) WEE X (B G X ), EhahmeE
touw = —0.2 eV P A FI A (1zn, psn)(3l HZ%
SCHR [18])

Fig. 2. The calculated stable chemical potential re-
gion (black area) of Cu2ZnSnS4 in (uzn, Hsn) planes
with pucy = —0.2 €V in the (o, #zn, Msn) chemi-
cal potential spaces. Reprinted with permission from
Ref. [18].

TG E A A A B 8 R AN DOR T 0 B i e
FREAFAE IR AR R AIL I A K AR B R TR
TR, M H AR BT CuaZnSnS, H B FE K
Feqth. O AR (1) 5K, SR FE ] 1 RE AT 1L 5
%, RAf%mE T 2B REX, 4Rt H ki
MITE B RE. X AR R 0% 2R 2 S 06 2 SR S R,
ANTA Y A A AR AR R B i, Bk AR AR
A

3.2 TRBERYZ B AN AL B H X SR M RE
HISZ M

TR TTAC & 21K, CuaZnSnS, AL &
FRRFE PSR T 2. TR, IS — MR IR E T T
%, Z AW T I S BRI TR AT T R S BT
g 1EA0ATTS=T] 3R] 5 AR B TR R 2
TR T SRR R T A B AN R SR Y
T B e B 3% K e 20 A B T AL 5 3 A AR I AR fb
LA SRR AR L 2 B REH. HE
TOAI =T S AN R A RFAE LR 2 R

|

Formation energy/eV
S
N
5
2

111

0 0.5 1.0 1.5

Fermi energy/eV

3 IS AEEN P (WE 2), tHE K CuzZnSnS,
RBEAE BRI T R REBE SR BEAL B AR AL, X T 17— 2%
KAERAN At T Befase MR 2, Fe P BB e nd (%8
ORER L, LRI T) RoRBIERITARE (51 8 2%
SCHR [18])

Fig. 3. The change of the defect formation energy in
Cu2ZnSnS, as a function of the Fermi energy at the
chemical potential point P (from Figure 2). For the
same Fermi energy, only the most stable charge state
is plotted, and the charge state changes at the circles
(open for acceptors and filled for donors), which show
the transition energy levels. Reprinted with permis-
sion from Ref. [18].

e, VY6 SR b 3 AR SR B AN P —
TG~ = JGAH = T A ) 7S A B[R] B B, B A7 SR P
BN B, e AR R R =0T
CulnSe; W1, $RE p BT HIPE ) 52 F R Z Cu 407
(Vou), HIERAEZI N 1.0 eV, B1bEED e(—/0) Ak
Wik, H&, fEDUIC CupZnSnS, H, g p B S H
PR32 T2 R [ A2 Vi, T2 B AL FE Cugn. A
K 3R 40T LLE S, CueZnSnS, H Ve, HITE RLRE
PAK B ALRER S CulnSeq ' Ve, MRS B, (HAZ,
Cug, 3 F BRI TE B RE AR, A AR 2 8RR B AIC
(1, R HFEN I L CuoZnSnS, FEM 1, Cug,
HAMRGSKIKRE. Cuzn KA, EEEZMBT Cu
AZn FA S8 0 S 7Ry, 5
ZnS 75 5 W B R I (AN 5 35 0 25 AR R 38 S
XM AH R B, AR (1) 20, X FRAIK Cugn TR
. Lo A K& Do), REE
B CupZnSnSy A b T55R /2 SR (Tozs M), B4
Cugy, MY BURE AR 2 A2 T A it 32 R 32 2 B B v e A1
(1), 3% ] DATE ] 4 A i o 3.
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Veut+Zney
Vizn+Snz,
Cugzy+7Zncy
Zng,+Snzy,
Zng,+2Zncy
Cuyz,+Cuy;
2Veu+Snzy
—— 2Cugz,+Sngz,

(C) Veu

0.5

Formation energy/eV

0

G- Van
G—© Cum
®—©® Znc,t
G—6) Zngy
@@ Snz.2+

A
pca 0
pzn —1.03
psn —0.29

Q M
—0.20 —0.20
—1.42 —1.52
—1.10 —1.00

—0.20
—1.23
—0.50

—0.20 -0.20
—1.38 —1.23
—0.56 —0.50

G
—0.55
—1.75
—1.35

[ o ) Vs2+

K4 CupZnSnSy FAKBEGR I RAERE TC R (AR FKAM) WA, HA LTRSS (APQMNPG) i&H
B2 il TR KRR B T T (p 2421, XN Bt TR sk s 2 TR HE S (51 B 225 30K [18])

Fig. 4. The formation energy of low-energy defects in Cu2ZnSnSy as a function of the chemical potential

(growth conditions) along APQM N PG lines surrounding the stable region as partly shown in Figure 2. The

Fermi energy is assumed at the top of the valence band (p-type conditions), and thus the donor defects are

fully ionized. Reprinted with permission from Ref. [18].

Vin Vsn | Cuzy | Cusy | Zngy

1.0

(4—/3-)

0.5

Energy level/eV

(2=/-)

(—/0)

0/+)

(0/+) 0/+)

0/+)
(+/2+4)
(0/2+)
(0/+) N
(+/3+)] (+/2+)
Zncy | Sneu | Snza | Cu; | Zny Vs 4

it S BREA (5] H 2% 30K [18])

Fig. 5. The calculated ionization levels (relative to band edges) of intrinsic defects in the band gaps of

Cu2ZnSnSy. The red bars show the acceptor levels and the blue bars show the donor levels. Reprinted with

permission from Ref. [18].

H Wk, VU CugZnSnS, H A7 1E i i FE 1) i &
Ar R Be 2H R 52 3 -t SR R A%, IXAE 6 — e
FRH R L), HE, fEZ TSR R W
(), % Bt Re A EEE . T Cug, A5
B, 5 Cug, A H)—2857 3 it 3= AH B RME IR 6k F
AR 2 5 K, W [Cugn+Zncy], [2Cuzn+Snzy]
M [Cuzn+Cuy]. HH, [Cugnt+Zney] HITE B HE B
1K, 21°80.20 eV, 1 HANZ AR SFAE (L2235 52
X3 3 CusZnSnSy ditk Al e BL™ E ) Cu M

186102-

Zn WIER 73 T FP AL BL S I3 B 1 v 5 A 5 SE 56 A AIE
'Jé [76].

T3 — P B RR ARG () R B % 42 [2Cuzn+Snza),
2)790.2—0.6 eV (A B4 23500 58 ), KR
WS 101 #1018 em—3. [2Cugz,+Snz,] 1 H
MESRA PR T, A ERE SR ORY, H
el WAL E MR E TN, 1508
T TR R AR AE T R B A T, RO -
A NI =P | <3 I 8 (1 R = S A Y 187
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FE. 5 — 5, INAL K Cug, & W 5E CupZnSnS, p
S 52 R, KB LRE R Ve, IR E
0.12 eV, Wl 3 AT, BIRT) Cug, B ALEEHAF
T H B2 R TR, 3 CuaZnSnS, Hith B
AR B4 F BE T B A FRVB IR SR R . T 40
il [2Cuzn+Snz, | X FER A B, 2 Cu, T Sn
AE Zn ARG TR ER, XA
PE, FEf P REGEHR I Cug, WK SRR, A
PRI Vo WRBEHG 3G 0, 155 fL i 2508 (1) 32 =
W IRA R, X AR 7K kS ER R
— AR, BIM T Cu, 2T Sn S Zn 5L
N I AF R ) CugZnSnS, HL M RE B 4, R E
T 90977790 e tof 88 — 1 JRUER 5549 2 ) Cugy,
BRI BRI RE R, I A 2 AL AR T
Sy, a2 0 Re 5 T E 0 AE R AR
i [80,81]

PR, BS A it 32 R B 0] BB 7E CuaZnSnSy iy
B R PR AR VR BELR, TERRH T -2 SO I R A, PR
#l/b1F . MG Shockley-Read-Hall 11 # 165821
FEARM R e 5 A 2 55 0 2 S S A A B (]
FEAERBER P EREE. A5 AT L, CuaZnSnS, H
FEAE 2 PhIR e 90t 6 Fa, A % R BUR 1) 2
Snz, M Vs. 1Ep Y CupZnSnSy Ff i, IX LR BE
2% it 3 BRI A FEL R I A I L, BT R ] T
O -2 7O B A L. N T X R RS
BRI, 75 BAE7T Sn M Zn ARG TS
i CuaZnSnSy £ i, 3X Fh 2% 1 BE 0% 101 1) % e 2 Bk
Fé Sz, FITE L. IRBEHR AN S B TR
B2, S BRI IE R TR Ve, BRIAED T FHdr
Re3 34 &, 5] CupZnSnSy HLMBHY Voo AL F 1R
e P01 oL REE B R S R ) T
B Voo, (BUTER D75 AR ()05, FI P A
FRPR T M 23 AR, TR G AE B0m 7154 24 Rl
%[83]'

2, AR R, 7E CuaZnSnSey H
Snyzy Fl Vi [ TE A RE ZE Ry — L&, 8 9t AH X 42
e 701 BT DATE & Se (11048 b X6 B ik AT 3R K b
HUA] DL A A IX S TR AE G BRIE IR . X S ek
i1k J§ CuaZnSnS, HELI BRI 1) FH L 2 — 8
E"] [4,63,69].

2% b, CuaZnSnSy M AAE sk Fa 14 T E % 2
I, DMUBRFEMERE 2, BAFEE Z M2 F -+
FEAME B FA R, X5 5050 AT shIERER
BHERMEIE R T IR, 57— J51H, HAiA &

CuoZnSnS, Ff i Jii 1A AR M 1A 3] S0 R AE ) ER,
FEAR IR 2 FF S ISR T S TH B I IS AFAE 2 A, 16
PR PR S 06 SRAE B8 I PR M. PRI, SR A 56— R
PR )R BT BURE (R ) FHRE R S 45 R rT LUK
LIRSS BRI 22, [N, n) DL T X
S5 3, 73 Ht CuaZnSnS, 28 K FH fE HL b 1 E ) SO
SCMATLEE, X egk WO A et 25 5 P g S IR AT AT
]z R H.

4 CH3;NH3Pbls K 555k 5 45 44 3 24K
B 5 [ Ve R

YB3 Ab—Fl il 45 5K 32 2R B R ) 2 0
SR YRR, CH3NH3PbI (M APbIs) 25K B AE
H b ) 2R SR T R AR I TR A 21 10%
FTEE20%. HAERBLH ik R KRR ERE, H1
W) Ve, B T BA &M 1.5 eV 2 4h, &
SRIE A A HA AR MR oW RE Y. SIS T R
LU M APYI; A WA R T et s,
IR T IERKE T LA F] 100 nm, 17 Ak CLIY
MAPDBL ., Cl, B E T K & 2 nr DL it
1 pm. QIS TR K R R %I I B A IR S Ve
MEZEEE. R T KERRT D> TFHFam, D
A R T B - 2 SO A O R,
I, HIR IR KEK, RS o - O
HAHOIREEAR, XA 82 M APbI; X282 S 4k
HA M R GRR I 0 S OUL R i B,
LT - 2O A U A O 1 R R R AR
7 BR A R RIRBR A RE L, A4 M APDI; A=A
RBEZBRIE? XTS5 CuaZnSnS, HF A7 1E IR AE
R FE DT A AR I DUARAS —FF. N ix i
BEIn, X M APbI; (16 PE T & RS 717y

BRIt 2 4b, SEEG BIE R I M APDI; (A E
S HA XM, BERT AR L p BB AT DLR I
n M B 3% 5 CuyZnSnSey, CulnSes 286K 4k
e p B4 T n BB R R M A, p Y
FL 3 ER U ) 52 R T B n Y R
{65 E BB S, MBI o VR BE B g o e R
v 203X A H,, 2 B o I BLEE, k2 B3R
252 B, TR EE. 0 5 A vE 0 B Rl B
[T BRE, W EE 2 BT H 5 2R B f) SR R P, 1A i
M APDI; & Z HAT XU 5 F P () Ao iR R, 3k
T EE A AT 45 L R 2R SR AR R A B B
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ZR ERTIR, GREE VIS 73 Bt TR M APDI
I RO AR RE LA R An e 3k — 20 B Ak 2 5 EL 2L
$5 SINE 2071 veA A i R ST i )
LS.

4.1 BH-FTHAHFESFERML REREEFE

M APbI; Y R B¢ P 57 2298 oF 55 5 5 B Yin
24 106,561 3R 3, Al AT BT T T 0 & AR 5 A S 1
atfl, S AAEAR R B A4 F R b T T B
(1) 12 Fh A AE 55 6k B 00 T A RE, 3 A AL FE = b s
BLERBE (Vara, Ve, Vi), 75 Bl 8 # R [ (M Apy,
Pbara, MA;1, Iaa, Pby, Ipy) BA K = F (8] B 5
BRI (MA;, Phy, 1), W& 6. &6 (a), (b) I
() 73 XS B T35 P, HEEFIZE TE Pb 122 3
A, FEHAEMUE B ZMT, R T A
REBE A PR BES (B ) BALRBOC R, 7T LG 3,
YA S S R T2 PO IS, JE B 5 A 1 e B
J2 5% R Vo, 10 e 3 BB R BR RE 1 1R
WIS 2 K BE 25T HLAE VBM BT, £ 5 E 30 R &
M p ZUr S MR P LA R, 52 326k
F (Vob, L) FERGEET &0, Bl S (M A;) TERRBE RS
%, BT BREA RN RN, B oK RE L LI 4T HL7E 7
SR SN T = SRRV N1 S N SRS e G P e
REMBRRAL E P, XEFIE (Vey, MApy, 1)

2 2

I R REHE— 25 T v, Tt 2 BRI (M A, M Ar) )
TR REHE— 2D BRAR, BLR 2 oK BEZLAT LA CBM [t
UL, FEM R n B G IX e S ALMRE 1Sk
B 1 T8V BERT LAA A p B, AT BAA RARAE
n B i S AL

R RE S DG AR R RE Y 28 25 W A 3K,
7 50 T Yin &5 O T 550 Y ok 1 Bk 0 6 A2 ik L
Xt EE I 6 T CRE AT ARG, T B B RE A Y
S EE SR [ FTRE AR K. MATTINDN, Ve, AT M Apy,
PR B2 T RIE A e RE S A SR R R T VBML REZK
B, ZIRHTEERERAPb s ST p &ZRILIE
PRI SR B AS KA Y, T MA; RV R S R
G )R 2 BT M APDI B TR0 5 B0
T I, 27 AR BE R I8 LE R IE P T 1 E A 4L
i, X RWIE MAPDI 1, JTERAE A A2 35 2 AF
T, AR EREZ T - EE L, B
H] BEAE M APDI F il B T 3E R KR K K54
WG A

T A 2R A7 AR 22 i A 32 ks, JF H
T RRE AR, RO e SR [ AR L5 &, R vl fig
T 1 HL H I (¥ BB . Walsh %5 D7) J& 1 okl a2
= -t = R AR LA A R B R, A IR
R, MAPDI3 gk A KRR PR A%, X

2

Formation energy/eV

ENR

BT e — — 3 T -3 +r-rr—Trrrrrr—rr
0 0.5 1.0 1.5 0 0.5 1.0 1.5 0 0.5 1.0 1.5

Fermi level/eV Fermi level/eV Fermi level/eV

6 IEH I ol MAPDI3 o & Rl a] BE AAE S BRIGE (2) BEIR P (upra = —2.87 €V, ppp, = —2.39 €V,
ur =0eV), (b) FE (upra = —2.41 eV, upp = —1.06 eV, pu; = —0.60 eV), (c) I & Pb (upa = —1.68 &V,
upp =0 eV, ug = —1.19 eV) ZFLEFAF T HBIETE BRI S PR RER (o8 R IE (5] B S35 STk [86))

Fig. 6. The calculated formation energies of various possible point defects in cubic a phase M APbl3 as a
function of Fermi energy in three different chemical potentials: (a) I rich and Pb poor (uapa = —2.87 €V,
upb = —2.39 eV, ur = 0 eV); (b) moderate (papra = —2.41 €V, ppp, = —1.06 eV, pug = —0.60 eV); (c) I poor
and Pb rich (uara = —1.68 eV, pupp, = 0 €V, up = —1.19 €V). Reprinted with permission from Ref. [86].
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Fig. 7. The calculated transition energy levels of various (a) acceptor and (b) donor defects. Reprinted with

permission from Ref. [86].
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Fig. 8. The calculated formation energies as function of Fermi energy levels under different chemical poten-
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tials in B phase M APbl3. The red filling area denotes the Fermi energy range with concentration of deep
defect levels exceeding 1018 cm ™3, and the green filling area denotes that with concentration of deep defect

levels below 10'® cm™3. Reprinted with permission from Ref. [93].
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Fig. 9. The €(0/—) and £(0/+) transition energy levels of 12 kinds of intrinsic defects in 8 phase M APbl3.

Blue lines denote £(0/—) transition energy levels, and red lines denote £(0/+) transition energy levels. The

deep levels are marked by bold lines. Reprinted with permission from Ref. [94].
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Fig. 10. (a) The Pb-Pb dimer structure nearby Vi; (b)
the Pb-Pb dimer structure nearby Pb;; (¢) the I-I-I
trimer structure nearby Iy; 4. Reprinted with permis-
sion from Ref. [94].
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Fig. 11. The band structures of (a) V;~ and (b) 19, defect. Red lines denote defect levels. Dash and solid

lines denote unoccupied and occupied levels, respectively. For ;™ , before Pb-Pb dimer structure forms, two

electrons occupy CBM, while after the dimer structure forms, the defect level is pulled downward into the

band gap, forming deep defect level occupied by the two electrons. For I?\/I 4> after -I-I trimer structure

forms, the unoccupied defect level is pushed from VBM upward into the band gap, forming deep defect level.

Reprinted with permission from Ref. [94].
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Fig. 12. The calculated formation energies of Vi, Pb;, Pbjs 4 and Iy 4 defects. Red and green points denote

deep and shallow transition levels, respectively. The arrows point to the change trend of formation energies

before and after Pb-Pb dimer or I-I-I trimer structure forms. Reprinted with permission from Ref. [94].
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Abstract

In the past 60 years’ development of photovoltaic semiconductors, the number of component elements has increased
steadily, i.e., from silicon in the 1950s, to GaAs and CdTe in the 1960s, to CulnSes in the 1970s, to Cu(In, Ga) Sez in the
1980s, to Cuz2ZnSnS4 in the 1990s, and to recent CuzZnSn(S, Se)s and CHsNH3Pbls. Whereas the material properties
become more flexible as a result of the increased number of elements, and multinary compound semiconductors feature a
dramatic increase of possible point defects in the lattice, which can significantly influence the optical and electrical prop-
erties and ultimately the photovoltaic performance. It is challenging to characterize the various point defects and defect
pairs experimentally. During the last 20 years, first-principles calculations based on density functional theory (DFT)
have offered an alternative method of overcoming the difficulties in experimental study, and widely used in predicting
the defect properties of semiconductors. Compared with the available experimental methods, the first-principles calcu-
lations are fast, direct and exact since all possible defects can be investigated one by one. This advantage is especially
crucial in the study of multinary compound semiconductors which have a large number of possible defects. Through
calculating the formation energies, concentration and transition (ionization) energy levels of various possible defects, we
can study their influences on the device performance and then identify the dominant defects that are critical for the
further optimization of the performance. In this paper, we introduce the first-principles calculation model and procedure
for studying the point defects in materials. We focus on the hybrid scheme which combines the advantages of both
special k-points and I'-point-only approaches. The shortcomings of the presentcalculation model are discussed, with the
possible solutions proposed. And then, we review the recent progress in the study of the point defects in two types of
multinary photovoltaic semiconductors, CuzZnSn(S,Se)s and H3NH3Pbls.

The result of the increased number of component elements involves various competing secondary phases, limiting
the formation of single-phase multinary compound semiconductors. Unlike ternary CulnSes, the dominant defect that
determines the p-type conductivity in CuzZnSnSy is Cu-on-Zn antisite (CuZn) defect rather than the copper vacancy
(Vcu). However, the ionization level of CuZn is deeper than that of VCu. The self-compensated defect pairs such as
[2CuZn+SnZn] are easy to form in Cu2ZnSnS4, which causes band gap fluctuations and limits the Vo of CuzZnSnSy
cells. Additionally the formation energies of deep level defects, SnZn and Vg, are not sufficiently high in Cu2ZnSnSy,
leading to poor lifetime of minority carriers and hence low V,.. In order to enhance the formation of Vc, and suppress

the formation of CuZn as well as deep level defects, a Cu-poor/Zn-rich growth condition is required. Compared with
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Cuz2ZnSnSy, the concentration of deep level defects is predicted to be low in Cuz2ZnSnSey, therefore, the devices fabri-
cated based on the Se-rich Cu2ZnSn(S,Se)4 alloys exhibit better performances.

Unlike CuzZnSnSy cells, the CH3NH3Pbls cells exhibit rather high V. and long minority-carrier life time. The un-
usually benign defect physics of CH3NH3Pbls is responsible for the remarkable performance of CHsNH3Pbl; cells. First,
CH3NH3Pbls shows that flexible conductivity is dependent on growth condition. This behavior is distinguished from
common p-type photovoltaic semiconductor, in which the n-type doping is generally difficult. Second, in CHsNH3Pbls,
defects with low formation energies create only shallow levels. Through controlling the carrier concentration (Fermi
level) and growth condition, the formation of deep-level defect can be suppressed in CHsNH3Pbls. We conclude that

the predicted results from the first-principles calculations are very useful for guiding the experimental study.

Keywords: multinary compound semiconductors, photovoltaic materials, lattice defects, first-principles

calculation
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Fig. 2. (a) A view of the Fermi surfaces and (one half of) the surface Brillouin zone for Au(111), the arrows

and dashed lines indicate the spin orientations for the proposed surface Fermi surface, and the solid line

represents the bulk Fermi surface neck; (b) E-k dispersion of the surface states, experimental data are open

circles and filled triangles, the solid and dashed lines are parabolic fits
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Fig. 3. (a) Band structure of the 24-layer Au(111) slab along the high symmetry lines, surface or resonant
states was indicated with thick continuous lines, contour plots and planar averages of the electronic charge
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Fig. 4.
Au(111) and Gd(0001) arising from the individual lay-
ers of a film. The surface layer is denoted by S, deeper
layers by S-1, S-2, ---, S-5; Inset: contribution to the

Contribution to the Rashba splitting in

Rashba splitting coming from a sphere around the sur-
face atom of Au(111) as function of the sphere ra-
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Fig. 5. (a) Electronic band structure around Y in Au(110) (1 x 1) calculated with spin-orbit coupling; (b) electronic

band structure around I" in Au(110) (2 x 1) calculated with spin-orbit coupling [26].
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Fig. 7. Electronic band structures of (a) Ag(111) and (b) Au(111); Au(111) surface calculated (c) with only

p-channel spin orbit coupling, and (d) with only d-channel spin orbit coupling
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(a) Top view

[32],
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8 Bi(111) HIBLAT (a) ROLER (b) AR (32)
Fig. 8. Truncated-bulk structure of Bi(111): (a) top view of the first three atomic layers (b) side view of the

first four layers along a mirror plane 3],
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Fig. 9. (a) Band structures of Bi(111) films with one to six bilayer thickness as compared to a thicker (ten

BL) film and a semi-infinite (“SI”) crystal surface; (b) band structures of Bi(110) films with one to six bilayer

thickness [36].
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Fig. 10. Surface states of Bi(111) calculated without
(black) and with (red) spin-orbit splitting included.
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The shaded areas show the projection of the bulk
bands obtained without (violet) and with (yellow)

SOC and their superposition (brown) 28],
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Fig. 11. (a) The direct (I" point) and indirect bandgap as a function of the film thickness; (b) the band

structure and the parity information of 5 BLs; (c) a schematic depiction of the electronic property of a

Bi (111) film before and after the H termination; (d) the band structure and the parity information of

H-terminated 5 BLs [40].
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Fig. 13. Experimental dispersion of the (a) majority spin surface state of Gd(0001) along I'-M; and (b)
exchange-split majority spin (S4) and minority spin (S,) states of of p(1 x 1) O/Gd(0001) along the I'-K,
the exchange splitting AFex is 450 meV at the SBZ center, red and black symbols: opposite magnetization
directions; (c) Rashba splitting Ae obtained from the data in (a) and (b); V (A) symbols refer to majority

(minority) spin states (201,
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Fig. 14. (a) The electric field is perpendicular to the ferro-
magnet surface while the order parameter direction m, is
defined by the angle 0 relative to £, whatever the direction
of k, the Rashba magnetic field By lies in the Z-y plane;
(b) the Rashba split bands of a nonmagnetic metal; (c) for
a perpendicular m the electron spins make a constant an-
gle § to the vertical such that the projection is as in (b);
(d) same but for 7 parallel to the plane, with m along
the g-direction the majority and minority Fermi seas shift
along the Z-axis in opposite directions, the tilt of the spin
relative to m is no longer a constant being zero along the

#-axis and a maximum along the g-axis [44].
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Fig. 15. (a) Band structures of a relaxed 12 layer Lu(0001) film, the top panel shows a comparison of a
calculation without (empty circles) and with (filled circles) spin-orbit coupling (SOC); (b) charge density of
the surface state of Lu(0001) at the M-point @ and I'-point (®); charge density increase (©) and decrease @
of the surface state at I', when an electric field of —0.46 V/A is applied (18]
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Fig. 16. (a) The surface Rashba splitting bands under the electric fields Eext = 0 (open circles), 0.4 V/A (up-
triangles), and —0.4 V/A (down-triangles); (b) electric-field dependence of the energy shift (squares); (c) Rashba
splitting energies under the electric fields Fext = 0 (open circles), —0.4 V/A (down-triangles), and 0.4 V/A (up-
triangles); (d) Rashba spin splitting energy versus the electric field, under the different wave vectors k = 0.1 A-1
(down-triangles) and 0.2 A=1 (up-triangles) [*7].
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Fig. 17. (a) Energy dispersion of the L-gap surface
states along I'-K, 4 (kg ); (b) spin-splitting energy Ae =
€+ (ks) — e—(kz) for a semi-infinite Au(111) surface along
the I'-K direction (solid line) and calculated by using a
35-layer slab is shown by dashed line (48],

#*1 TiOo AN Bi/BaTiO3 Jt 1 Rashba [H FERUE MG RN, 18I 239 py M py B, BEZEMK kg, Rashba fig

B Egr, AR E m*, L& Rashba 34 ap 1784 1

Table 1. Rashba effect at Bi/BaTiOgz interface, with a TiO2 termination contacting with Bi. The splitting kg, the

[51]

Rashba energy ER, the effective mass m*, and the Rashba parameter ag for ferroelectric polarization py and p .

I-M r-x
kr/A—1 ER/eV m*(me) agr/eV-A-1 kr/A—1 Er/eV m*(me) ag/eV-A-t
pt 0.22 0.16 —1.14 1.45 0.25 0.18 —1.36 1.42
py 0.23 0.16 —1.22 1.39 0.27 0.18 —1.48 1.36

187103-12


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

¥ 38 % 3k Acta Phys. Sin.

Vol. 64, No. 18 (2015) 187103

TiO5 termination

BaO termination

[100] [100]

(a) Top view (b) Side view

[100] [100]

(c) Top view (d) Side view

18 TiOy J2 BT i Bi/BaTiOs 1 (a) i ¥LE M (b)
AL E; BaO J= A#E il T 19 Bi/BaTiOs ¥ (c) it 41 E A1 (d)
M K EIRAE BiR T, A EIRMRE O BT, ERRE
Ba JR 7, BEEERAE Ti 1T B2

Fig. 18. Perspective view of the surface geometries of
Bi/BaTiO3 (001) with TiO2 termination top row and BaO

termination bottom row. The left right column shows a

top side view. The atomic species are indicated by color

and size of the spheres (Bi, violet, large; Ba, green large;

Ti, blue, medium sized; and O, red, small); confer legend

in panel (521,

0.6 08 1.0

. 0.2 .0.4
/A1
19 kM py B Bi/BaTiOs MRMA, LEHR
TiOo Hefili T 1 vF 5 45 5, 4 18y BaO il i 1) 1 5 45
B, kr NBZER, Er N Rashba fgfit (02
Fig. 19. (color online) Rashba splitting of Bi 6p sur-

—-06 —-04 -0.2 O

face states in Bi/BaTiO3s. The main panel displays the
dispersion of the surface states for TiOz-terminated
BaTiO3 (unrelaxed, py). The dispersion for BaO-
terminated BaTiOs is depicted in the central inset.
Note the strongly reduced Rashba splitting kg in the

latter case 921,

BI1945 H T 8k Wl 4k 2 py B Bi/BaTiO3 [
RIEA, EENTIO, Bt H 4R, BN
BaO £ fil [ (1) v 5 45 3, B% 24 Y% % kr A Rashba
BE R ErbRiE/EE A, WE 197 LLE H, TiO,
N4 fi THI 1Y) Rashba H g 8% 24 L BaO Sy 42 fil [ 1)
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ful THT, 2k HLAR AL 23 3 R py Rl py B, BE LUK kg,
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Fig. 20. UPS surface-state signal in normal emission of

clean Au(111) and with increasing coverages of Xe [93].
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Fig. 21. (a) Schematic top view of the Bi/Ag(111)
surface alloy; (b) side view of the schematic [Bi, light

(a) 1AL

ray (orange); Ag, dark gray (blue)] (611,

%2 JLF# Kl Rashba HiEEE MR L, H i ER  Rashba G, ko NEEZRIN K, ag N Rashba

LA 3 5 (O1)

Table 2. Selected materials and parameters characterizing the spin splitting: Rashba energy

of split states Eg, wave number offset kg, and Rashba parameter ag.

Material ER/meV ko/A—1 agr/eV-A—1 Reference
InGaAs/InAlAs heterostructure <1 0.028 0.07 [62]
Ag(111) surface state < 0.2 0.004 0.03 [63,64]
Au(111) surface state 2.1 0.012 0.33 (63, 25]
Bi(111) surface state ~14 ~0.05 ~0.56 [28]
Bi/Ag(111) surface alloy 200 0.13 3.05 [61]
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Fig. 22. Band structure measurements by ARPES (left-hand panels) and calculations (right-
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Abstract

Spin-orbit coupling (SOC) is a bridge between the spin and orbital of an electron. Through SOC, spin of the
electron can possibly be controlled throuth external electric fields. It is found that many novel physical phenomena in
solids are related with SOC, for example, the magnetic anisotropy of magnetic materials, the spin Hall effect, and the
topological insulator, etc. In the surface of solid or at the interface of heterostructure, Rashba SOC is induced by the
structure inversion asymmetry. It was observed first in semiconductor heterostructure, which has an inversion asymmetric
potential at the interface. Because Rashba SOC at the interface can be easily controlled through gate voltage, it is of great
significance in the field of electric control of magnetism. Metal surface subsequent to semiconductor becomes another main
stream with large Rashba SOC. In this paper, we review the recent progress in Rashba SOC in metal surfaces, including
both the magnetic and nonmagnetic metal surfaces. We demonstrate the findings in Au(111), Bi(111), Gd(0001), etc.,
and discuss the possible factors that could influence Rashba SOC, including the surface potential gradient, atom number,
the symmetry of the surface wavefunction, and the hybridization between the different orbitals in the surface states, etc.
We also discuss the manipulation of Rashba SOC through electric field or surface decoration. In addition, on magnetic
surface, there coexist Rashba SOC and magnetic exchange interaction, which provides the possibility of controlling
magnetic properties by electric field through Rashba SOC. The angle-resolved photoemission spectroscopy and the first-
principles calculations based on density functional theory are the two main methods to investigate the Rashba SOC. We
review the results obtained by these two approaches and provide a thorough understanding of the Rashba SOC in metal

surface.

Keywords: Rashba, spin orbit coupling, metal surface, angle-resolved photoemission spectroscopy
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IR AT
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(AR S E R i &, ERER T AR, L 100190)
(ETFYR B FRHH.O, b5t 100190)

(2015 4 4 f 28 HYEI; 2015 4E 5 A 29 HIBIE 4k )

FELTLE AR AR A R 507 B0 R B I8 S ATV R B ARV BR LT BR T RCE LR B RS A BE E Bl
BESL, A H AN L B . Re i (OO 2 L A SRS B ORS8RI ) HL T A R A S AR
HEOARSOAT VBRI B A, TN ML S SRR A B R BT LR, JF S G T 4
FORMA R, A s8065 0 BB AL S S5 MR R AR IO RS P A ORI A ) Eh L AR A imia e 1, Fs
HAR AT 2 B 3R AT LU HORT U 40K i 788 F, I B3GRV 7 e R Uk, RIS W2

(valleytronics).

REIE: A E B, 4R, T, RN

PACS: 73.63.-b, 73.43., 73.90.4+f

15 =

AP FR, - B AN PR E R, B R AT
MEE. B9 LR ER 2K G WL T
L, A R T B LA R AR G A R
% (microelectronics) £ 20 403K | HE K.
AT BA 78 7y M 42127 B i B2, 6a AN TR
() AR B KRR L, B30 T IIARE BAL
S EEAL. I M A K 2 R R B L ECRG F R
RAUNE DA % B A4 i 8 65 ARk S G i 5 T i, L 00 2 A
SR REE T AT FE, AATER 20 7~ 1) H e M 3 &
(h/2, Forb i 167 208 B 5 % £ wT AR L F
it FURAE (5 A7 A0 A% A B B A4k, I BEd e A8
FL37 R I 0 B HEAT AT RN, 0 R E e E
FERIBEFEIE RS T — AT 78 0, B e 1
(spintronics).

B T LA B e B A, A RE A 2
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H & (valley degree of freedom). FITiF 14 B[] 44
PR R Y G5 R AR AR A 9 B 2 S R 1 A R
I ZAE NG R, HRET A B RE T
AIE B AR ve - B oK A, HoAT N X oK B
AN A ZE A [ Dirac s5, B K R Ko; BiGEZ /2
N 1) S SN PR P AR EE 3R, LG VZ5 08 0~ A% 5 R 1 A
B4 ST ENEE HERL, BB BER L
FRAEIE B i€ (pseudospin). 523 B4, pseudospin
H isospin 75 AH & LR BT iR - A 4t —, A A
H HH EFRAE I i (pseudospin). &% H Jig LT
s LT e E ER R R AT RS, P DURI A E e
FEAENAE BB, A B B R I SEBAE 5C 1)
AE a3 11 D 4% HL 7% (valleytronics). H5EGH T 0
AR, FIA B2 B B AT 5 BB, B
EREAG E RO, GERE/ N U 1R

PE, RTCASCHLR 28R | A6k | 815 558 T B R LR kS
REET T4 H RGBT 2 DhRe & T 4. A
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FAAS B I AT B S B i 7 R R 2

HATNIE, BRI LIRS =2k, B —
etk & NIA A48 o R (bismuth) 44 KL
XA B AR (1 A7 HLIK X 2 8] v X Bk Al 7 1) e
JEG A EH R 7 o 08 A IR TR 1) 161 5 1) A 2L Rk, PR 0
PR A B ok B AN IR 37 #ERT LA T RS FR 1T 0. H
T 1T PN FA LA F A RO B ) S P, AT
A AN [E) B AT LR, SR TN T A LR T A L
HH AT I, B R 6 Bk T DURE IR J T
S8 R0 BRI AT FT 8 7 0 (H R ARAE SNt T
BT - T AHEAE, IR SR R AR
fu [P L T4 (nematic electronic state) Bl 54, 5
AlGaAs/GaAs i S #6251 AH LG, BT F & NA
() e SUE RE A EL BN, FL A BT B R S I TR A
K, PRI SEPRE N BRI, a0 WA N2 AL O
&, AL AR A AR K B A, RE T
SR Mot b

BIRMBL R A S R AR 4R
JR7 2. AR B R TR A S E A ST 4
Ky, A IR X EA P AEN IS, DTN LR
TR Z P A A IR U7 &, LR & A
Rl £ S oy L4000 AR 7= £ 1 [ 4 37) (pseudomagnetic
field) (0 ALARFEAR T ) HL 1T 2026 008 (700 a7 s 4k
Fr 78 HR P S = A HLE (trigonal warping, TW) 24
i, BL KA [ R A 1R R LA AN [ 1) A A 307 A
(Brewster-like angle) 2R 101 Ha 375 3K ¥ 41
YL AR I SR TR RRME S DY 5 S NI RS AR R
P4 AR 7 1) B A 80 8 7 AR A AR A FELIARL R 7
AR, 4B 10 FRARAT 43 — 4 Z R k) B T 4
MR, P AR T AN+ E.

5 =KMok DL 4 8 B AL (transition
metal dichalcogenide, TMD), JAXER B H#H — 1858
MR W =i (MoS,). HEES5 1 ZH
e B SR, BEAE EHO N, i BT B AR ]
BBt k. HECT RIBRIT MR S ERS
BAN BRI, B8 Sp A R Al A
BRIE & i £ 5E M5 FE G HIBUR R, W L3RS HE
SPEPIRES TR B A B, BRI TN - e E B
JERIA B i RREE B T 77 A B R R RN, 3B ]
AF= A 8 2 R 120 I Sy sz e 5k 191, Btk
MR JZE B HEE (layer degree of freedom) 54+ H
FH B2 RS T AP AR R L ARON, A BB AE R ik S
FFLARF B4 A sz o] LAFTREAS (R T 5, RIS

IF) 75 -1 P LA B T 45 i 4 s - 119,

LV, A TR TR R, A
JEABEMIE S & %0, 5 H R 1A BRI 11
B e B RN, O 7 Se Bl T SR I ERAE,
B R A WA T . A SO A A A
AT AL AR AT SR SRR AL A
FPRHAT TR BT e R

2 HAHIFHERT

Pl 56 37 20507 it B AR 20 5 R 4 i B 11
%O EL 5 GaAs SR 45 MAH LG, BER) B ieiiE
A 555, AT DOIRA AR K0 B BEAE T e, Rt
HEABTFIRSMAER FIFE, & 78 mSE
A D617 AR RETE TE R AT oL R, HoAT B X
i =R T O R e oY S AN R PR O
BRIZA 1L (A, o T hRs2 18 1 9 52) 4L (K 1).
TERE 3 & 8 A AW S RO B, BT
52 SR 5 1 (S X R R BB, SN A R A KBS
4T T P9 DY R 9 0 A 28 0T A P R A 5
1 Ap 25 8Lt F S5 I IR T A 7 it 28 Bl
T 5 R A 1 v, T IR TN ig s A 2
B il T 1T 470 (0 0 7 3 A% 2 o T 52 PR ARSI
S IR TR R g 02 BAR AT LRI A
T VEFTIE AR W IR, (R AR R T 2 1
R, EL N T PR BT 5 T BE 4 7 A TR A R At A
FF & TR R TEE B R P R4 B
HIZ B 7 — e sl 28 B HE AR, AT X BB
5 1075 B 24 40 mT B 2 el 25 A 1) R - F 7 A LA
FA B 1829 32 R AT A5 B 4 S 9 B 36 T 4
TNEESH 7 ) 1526281 gt H ACRH# 5K Takashina
28 1290 3@ 3 BF 7t Si04/Si(100) /Si0, & T Bk & &
DAERA NI E LT, R R R8s 2] DLIA $)
> meV, KUK BB R HAT BUb T AR R,

5 AR RE AN, &R IR A LK X 6 Sl )
AANB ST REAE ARG R &, YA
my = 1.15mg, BI04 my = 0.22mg P31 Horimg
& H T RUR R T RUR R RS A
P2 AR B M R BOR T AE. SRIA AR R
B T BN 1) 75 A 5 1 B R 1 o A e
T BN, SRR 7] e 2 75 TR B A U R 2R 1
PR 2 (92120 meV), Bt i I 1) 42K T () 4
R R A R U B BAR A & (D
65 meV), FT 7 i A1 4258 (Z90 1 ns). I B4,
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Isberg %5 21 R BT 100 i il ) J5 1] e i Hi 37
7 A R AR o B B A 18] 75 1 ) HICH 1 SRR T
AT FLIZ 77 1) B i il ), AT A2 75 i A 300 ns Y
BT

1 NIFREF SR ER S RdA T E4 ke A
187 H B HLF 148 (electron pocket) 4R (a), (b) &= T B
S5 SZ IR 7517079 [100] ROAE S B0 T BT D AR RR
P&, R AE SR OK IHI BRI LA SR ABL R BT 45 44 (48 B SC R [30])

Fig. 1. The schematics of band structure of dia-

mond. The bottom of conduction band consists of
electron pockets (valley) with six-fold degeneracy (a);
the quantum confinement along the direction [100]
leads to broken valley degeneracy (b). The bulk sili-
con has similar band dispersion with diamond around
the Fermi level. Adapted from Ref. [30].

3 A EMAMBEART

KR AR} e A ELJA DX B8 I R AR AE O A AT
T BT IR TR &, SR = 1 1 9
FEHI 2 A AT R TAR KR I R A, BRIt k) i 4E
FENAR T2 AT B A T B . 2004 4F
ST B U R R A SR AR [554 fy
T MR 9 T R B K B - 9 OK T RE T 45 4 (IR RE
X332 % I [R) 78 5 K e A o &% 1) e, D
trigonal warping), 1R TR A = 4ER KL R 5T 4
M. B2 A SEGERBRTEBOCRE, B2 AR
J& FH AN S5 T T B 7S 5 e s IR S5 4 (7 did B
FHRE), KR v SRR 1 7 1 IF 0 - SR s E R
A, 0 ELFE N TA) S TR PR 1A TG 5% A R 1) 1 £
A HHE (R T HEAEN K Dirac &), 124 Ky
Ky (BHBET 7= +£1 kEoR), HACRERS 2
i (Hamiltonian) 7] 54

9{1’ = VUFr (szax +pyay) 3 (1)

3 " .
e — \Q/f;at, o R R R R ¢ R BT AR

BRI T 2 (Bl RGE MR . A B BCR SR E T 4% (B
B — R YR A KA RER ), RIS B i EE AT &

PR SRIGHR N A BT BRI B e, W T
BEUHER B e T AR A T A A 1

ks -4

2 ARIGHRETEROCR  EA RN i i S
FefihAr 6 MR TOHE L, ORI B B AR g — N
O 2k, 7T LLRH R A L2 1 G TR Dirac K1 IR
AIE (4% B STk [35])

Fig. 2. The band dispersion of graphene: there are
six massless Dirac point due to the touching of bot-
tom of conduction band and top of valence band in
the Brillouin zone. Adapted from Ref. [35].

WEFBOT, B 5K A K AL
&, UL WA 23 B R 20 T A5 2
DAL FIIL R A SR A F T SR R L ) A
TEHRVITE (zigzag) L F-IIGK A G50, Ky K,
BT, BT A 45 0 1 i g 2 088
TP FRLS7 AT DL 48 2 oK T BT 1 3 Fod . T
¥ (armchair) 21 5t () 40 K 57 45 49 Hh BT K LK
BRI G T AEAETLGR, T A F % 1) arm-
chair JE 121 540 K A BT DLAT #2843 5 30 A 4 212
SRR KPR AN [ 8 8 S0 B a9 K AT
HF R T — M BRI &. Rycerz
2k 3.1 BB it T zigzag T A7 SRIG AN (BT
MR EE R, ST R VRS I s
A= NB TR ST eSS AT AT
HeF By 2 JE RS WA e 7 — AN T, R
FE IR UE T 4 ity HL AW P PR B 2 I RR RN, T
5 {58 b 36 S P YRR 7R i 1 PR A 2 SR SIS IR D)
RN, M 75 30 28 W A () LA 3 B AR Al A o S
P=(G,—G_.)/(G, +G_,), Kh G, BB
S b E R B SRR AT LS ] B
THT AR S, P AR FH zigzag T 1M SO A1
oK armchair FEU 5, R FAS A 96 B 1 armchair
T 121 511 4 K A B8 B 5] 0T DA% ) B 28 H 3L 1

IR T U7 R T BORE B b ) A SR I oK
P gt LB R AR A BEPUKR WA R T
FELEGRIE . ah T TR B 46 I TR 5 0% 07 RARMEAS
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BT, O MBI ER, ARG
REMS W B M R A SRR I s e, B2 A
A BE B SR VEZS H T 8844, Gunlycke Al White 1]
iz FH &AL Divac J7 R 878 7 9050 BRI A
S 0 v T - )\ i A ) RS PR 42 R B b A F T B
TN AT R AT o 7 o B A B B 1RO B
T, - %(1 +rsing), XEa RS, T = £1£
HHBEERT. RIEZ AL, S DT 90° A
SSPINY, ANTRI A 1 EH BE P10 PR 4 0 02 A B 4 8 I
5, R RA R A BT IR, A
LR A BRI, 5 R IIBIE TR N 2 26 AT HED ) 26
e B B R A I 7 o T R 42 g BT
LUE A @ RS NS AR R, THRA
FEHI 90° NI B A EOK. SRR 90° A
S WA U, BN IZ AR BT SEBR B
1T T EEEIE ), I F ARG &S, Jiang
24 14595] 32 F M AR R $0J772: (Green'’s function) &
SRS A R R AR R, EA AN E A
SR, BE5ANSHETHRREEAS ZHET L
90° NS, @S R TR TN, XMERYE
Gunlycke 45 R 58240 &, (HRFAFETUNH. K&
1, Gunlycke Fl White 25 1 () TAET S T A
IR TN B TR ERS, PR A EE R
X dpe il S W] DART $a ) £t 5-5-8 2Rk e, AhF
Al DAAT 2 O A 4 it (4],

FIHXUE f s )@ AE A e 37 V8 T 4T I RERR
FIRFPE, Martin 55 U7 BE0E T — Rl 10— 4E P01 45
B SeA, HARA 5 — 2R 2 Sk fE O S R, 7B
J A SR PR A 00 ot T R A IS P i s, 32 PR A%
A A H G TH] BT TR s SR AN 1) — 4 T 1 1)
TR BUZ S ) B 4 | A 3 18T 0 1 1
TR, B BRAERFBRAE -1
10 LT RE6 27 B — 4 ST, AT SEIA LT ARt g8
ROR. Dirac HEZE K RE P T A2 & 7] [F] M 7 5] [543
i, fE38 £ Dirac sifl, A8 R 2 00 = 25 ith 0N
(trigonal warping, TW), {15 &1+ 2 I & ) 7
PER RIS RRE, ATHE A AN RIS B TRy
T, 72 A v BE AR AR AR I H gt 14490 T ) U
AR AT TW 2808 2 3145 1) S 2 0.

52T A T RR P LA 104 i (] M AR TG
RN A SR B Re A T8 JF . SIS AT AR R B R
8152 ~20% £ [ [ 14 1 S 2% A9 3k DL T I 2K o 4
(IRERR Po=o9) BB T 5 AR 4 75 A7 S0 A JLIH X
Ky FVK REA 77 A2 K/NAHEE L J7 180 AH S 1) i 1k 3

(pseudomagnetic field) [0, N 287 4= [ & #3771 i
NV ARG T E TR TR R WYL
FUH BT 1 RLAR A SR A I A R S
J g PO 2 R N AR B R W SRR S, 4 R
HH K] R PR DA A T NS AR N S B g XS
TATINE, Kb G A AN 25 1) F AT DA 5 3 B 2 Jl i
73 X, T A T A A B EL A DU 71X 58 A R
S BT T AN I S A, KLY
PR ) £V T8 T R AT FEL AR I SR AR A RO I, 2V
S 07 1A B — AN ) A2 R, ST
Goos-Hinchen 2N, 7 H& SEAFR MBS HE T H
BAFR RSB AR R R, R X — Rk
AT DLAE B 98¢ T 1) HE S i 15 1) vy 2 A A A 1) R VAR
A AT 3 55 A R A 8 ) P i A b AR A LR ) AT
BEMEEAT 7 4 pT (00— 031 4 B 3 B 7 A5 7= A f Jlk 2K
T PR IR 1 B M6 0 R 7 A 1) 28 i A g R S ]
Y FHA AN B B A AR A R LA, 20 SR 3 5 e
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Fig. 3. The schematic of band dispersion of graphene
without inversion symmetry: (a) Broken inversion
symmetry in graphene with massless Dirac fermion
leads to massive Dirac fermion; (b) the inequivalent
Dirac points correspond to intrinsic orbital magnetic
moments with opposite sign and same magnitudes,
which can be easily associated with valley degree of
freedom. Adapted from Ref. [74].
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HA NUEERN Q(k) = i (Viu| x |Viu).
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AR T E R E /RN (spin Hall effect, SHE).
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&R LT UIE B HLRAEIR, B 1A IR B BUE Sk
(intracellular current circulation, B4 47), ilH K
U5 T AAAH @R 0 BRVE I TTHR (intercellular current
circulation, Bl 4 75). BT 34/ Dirac #E 3 2
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() (47 B 3R [77])

Fig. 4. The optical selection rule of hexagonal struc-
tures without inversion symmetry have two parts of
contribution from the symmetry of bulk structures
(right) and the rotation of atomic orbitals (left).
Adapted from Ref. [77].
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Fig. 5. The atomic structures of bulk MoS>. Adapted from Ref. [84].
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AT IR GALE, T2 R X AL

Fig. 6. The band structures and circular dichroism of monolayer MoSz: (a) The band structure of

monolayer MoSy obtained by DFT (gray line) and real space Wannier basis (dashed line), Q point is

located around the middle of I'-K path in the Brillouin zone; (b) the circular dichroism of monolayer

MoS3 obtained by density functional perturbation theory, adapted from Ref.[77]; (c) the Wannier

basis fitted band structure of monolayer MoSy corrected by quasi-particle approximation. The yellow

hexagon indicates the first Brillouin zone where I" and K indicates the central and valley points.
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Fig. 7. The schematics of coupled spin and valley in
monolayer MoSz. Adapted from Ref. [12].
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Abstract

Under the periodic potential of solid, the movement of an electron obeys the Bloch theorem. In addition to the charge
and real spin degree of freedom, Bloch electrons in solids are endowed with valley degree of freedom representing the
local energy extrema of the Bloch energy bands. Here we will review the intriguing electronic properties of valley degree
of freedom of solid materials ranging from conventional bulk semiconductors to two-dimensional atomic crystals such as
graphene, silicene, and transition metal dichalcogenides. The attention is paid to how to break the valley degeneracy via
different ways including strain, electric field, optic field, etc. Conventional semiconductors usually have multiple valley
degeneracy, which have to be lifted by quantum confinement or magnetic field. This can alleviate the valley degeneracy
problem, but lead to simultaneously more complex many-body problems due to the remnant valley interaction in the
bulk semiconductor. Two-dimensional materials provide a viable way to cope with the valley degeneracy problem. The
inequivalent valley points in it are in analogy with real spin as long as the inversion symmetry is broken. In the presence
of electric field, the nonvanishing Berry curvature drives the anomalous transverse velocity, leading to valley Hall effect.
The valley degree of freedom can be coupled with other degree of freedom, such as real spin, layer, etc, resulting in rich
physics uncovered to date. The effective utilization of valley degree of freedom as information carrier can make novel

optoelectronic devices, and cultivate next generation electronics—valleytronics.

Keywords: valley degree of freedom, two-dimensional atomic crystal, valleytronics, valley Hall effect
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e [26—28,30=331 Ly | Ry R e A P 1) 2 T2
B X (DFTB) PO ik, i kR ME T3

TEW R R, TN HLAT B VA TR 2, AN IS AE A B
FEUURE P T R AR RO O AR A A BL. TR
J5 i HR R DR 2 I LA VA TR ER T 5N,
24 R HL A o0 A A R R, B H e R RS N L
IES R R MR I 2 71 2%, BT CAEHERR A 5T
FAR R B AN TR R AR 25 A I BRI . 2 AR S i)
ZHGE R — AN R BN R R, XA HE
KEZHLZH % TB Ik rm.

BAVESHT T 55— IR B DL K TB 5k 350
JR R YE G, o 2 B R BE S 4 4 oKk R 1) 75
K, BT —Fh BAG R 3638 B fer 5 98 S 2 R85
Rl IR - 2 5008 250 5 v, JEARZ N SCED-LCAO
R L R A N S I & E2Y. oy 1M NS RN ]
SRR, FRATTTEIXASHT R R (1) 21 48 50 0 25 i v (] B 42
W far [ V65 2 AR B AR 51 S A i B B 55 1) TR
RWEFEAE R AR 2 A B 2 1 7 FE e Bt vh, AT AT
DAHE Bt b 4138 7 52 2% 45 4 35 20 o 1) 4 27 B 5
SRR LA SAE 73 13 15 vh A BB 5] R i 25 4
FHAZ, R T JRA LR AN 2. B, &5
VA TR IR T S K R 20 1 52 2R &R 1
SERIREIE YIRS B Sy S R

TATE LR SCED-LCAO Jj 2% il T 1 fifd B
T & P 9 K [ AR 25 A 1R A 0 AR 8 P & bucky-
diamond 5 K4 ik [ 7% [ 4 7 2 AR AR B4 583t 1
KA A K BRI RR L ER P00 R GE i 7T T R
REGIK 2R I B4R 5 e B 2 (R 0 R S 7k
B B0 R BT BRALREZER S5 A K B 2 2SR E 2]
TR AR B2 1% B3 & Dife. [F
i, JAT &I T bucky-diamond 45 ¥4 Bk Ak fek [ %
HHUR T HAER AT et B2 o, BATE— 2Pk
J& T ZT7E, FEAE R IR W I T 5386
BB . XM ks B AR A =
MR Z e Rw R R, DA 1
TCE MR F b R v, [R]85 1k &5 4 O ) 1 7%
(PIRE X R e, TR PRI AS () o B J 1 J2 4 A N = 4
a-boron R &5 M HEIE, T RGUHWATE 7L T KRS
P 7 F) R s ik s g 41,

ARERIRT] 73 N PA R = K4 SCED-LCAO My
B )T VE I R, SCED-LCAO W %5 15 5 2 () B
A, PAK SCED-LCAO Mg %5 Jj % Kk J&. {E4H
SCED-LCAO F& #7324, FATR B0 & 57
SCED-LCAO F& %5 )3 A S 5, Wifal kb 2E HEfi7
BE Z AR EAE LR BESRERE R, D%
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I L ) AT S I AR TR O . AR
SCED-LCAO & 7 LI N o, RATIEEL T —
e B REMNA R, 5 EITiE SCED-LCAO M
T VEAE T L AR AR RS S 2 R M 46
AL SR N R s A WS s e A K=o O T O
1. 1E1 & SCED-LCAOQ W25 () & Ji& 5 T, FRAT]
N T LY R SCED-LCAO M35, 513t T 5
WS RBR BB UK BE, AT SCED-LCAO Mg %5
AN B A B BRI R I i A & T 5L AT
A S 2 R B AR SR I ) R Rk R T
WAREA =MEFRENZ IR G R, BT
X 3B 5 VA AE HE R A R T 00 21 R A A0 2 B R
PEJTIHRE ). B e S 45970 % SCED-LCAO
W& BT T VA ) JE .

2 SCED-LCAQO #5471 77 %
2.1 SCED-LCAO MZinpyiEss

SCED-LCAO W % i & 76 Jf T H s &4 &
HE 2 1 R H T AT R R AR SR . AR BT LA,
T —MNRIENZ MR, HaEmass T a1
SEIAE (1) AP —I0) B TR EIRE (1) NP
TR - A AR RE (1) N AR =00
F-HFMEAERAE (1) AP PYI0N) K5+ -5 1
FEAEH e (1) 39 28 10 (FE 0k, BRATEA % &
HLF- L E):

ﬁ——zh—?vtzfiv?
N — 2my ! —~ oM, °

1
FY ol - R+ Y
v(r— R; —
! G 41'(607'”/

li

AVAT !
+ Z Lisje” (1)
1,J

41'(50 Ri]‘ ’

Fordr) my K1 M, 3 BN TR TR &, AR V2
43 ) N B B EORD  B  ELRF, e Rl e 40 )
NEFHEMLEESNBRER g = |rv —1m,
Rij = |R; — Ri|. v(ri — Ry) RAIEr LTS
1E R; b1 2 [RAHEAEH 3 EE, Z; NTE R; &b
1R 1 BB AR B AR B - B AR
2 (Born-Oppenheim) POV IT AT, 246K R i &
m BRI E S R E S TR RN A
2
(=5 7 ) in(r) =2xtn(r), (2

2m

o B — WU S 1 BN RE; B T vepe 9B T
A R RE, HIRI IR 1Z 7 5 HAb 7 S 110
FEAF; oa(r) N T AR EL, ex AL
AefE. (EJR THUELMEA S MMEZE T, B AL
PR AT LR O SR T BUE 2 4 5

Ua(r) =D conl (r — Ry), (3)
o, ) BRBIEALE R, 600 (r — R)) NHTHAE
R, R T I8 o BB B R 3. # (3) DA (2) 10
J, BATTARIIERE R ST A AT TR

HC,\ = EASCA, (4)
Horh H g w5 45 4E LCAO ME 28 F I 46 [, H4E

FEITA
2
Hiajs = (520 (r — R)| ( QmVQ + Ueff>

x ¢35 (r — Ry)).- (5)

i (4) 2 S NAZE LCAO HEZE R 1952 B AR /048
B, JLHEREIC R

Sia,jp = <¢>§ZO(7° — Ry)|¢75(r — Rj)> . (6)
I8 Hin, jp((5) ﬁ) e Sia,;8((6) ﬁ) L S CBUN=R N
Mams. s TF— AN RREZERMER, 6lo—4
1000 4™ 57 i &, RIS X 25 58 sl p 4 e i 4R
B TCAR 4y, 17 EEH 5 4000 x 4000 = 16 x 106 4
Hio.jp 5 Sia.jp FEBFETG, XA T & 100 B K,
RERE B A mist LG, trERE NS
H. BRUIZ AN, TE Hi g BITHEA ) A EE vog 2 —
AR Z R R S AR 55, R ) A T B L TR R
RE T T SE T, 72 5 — B 38 07 v vp B S ot
HECONITER DFT 15 AL B vegr, ZEBLHY 1000 4
JEF G 1 53 F 1 71 25 FE AR A R K IR Bk o 14 0
JBR . RUEE 4 F BT LR AR T, B
1000 MR FH R E R 1573 1l 12, B2
e FERT I B SR K AT S R B DAERATTR 2
SIS TTVERIEIE Hio jp K Sia.jp-

TEAITTEF, HTRA T — 4R S35
BRECRIR Hi,jp X Sia,jp PR HRE TG, KK Y8
NTHHE Higjp X Sia,jp FEFETCRIAR S0 B2, 1%
TR RN S, B M A B Bk 1 )
R T AR SR X 2 R B B B HE B ML R IR H o
ARG EE. @M ERR AR RN
Hio jp 2 HO R 50 (o7 b AR B R 4y, B3

_n”
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R ASE FR) B8 ECHUAR, AT A H o T RIS LR B A
J. Mok b 2 R E B 2 R IR
(b in R e iR RIS LA RE e 45 4), AT Bk = 3%
@tk, BTGk — S M R R R AEA RIS
T R AR S AR AE. tedn, R &L AR s
(¥) TB 7732 37251 JLAR A 14 2 BT S b i ik e
et VA Y W TR My 4544, (B TRV RHE B A AE = T
TR AR P 0 BRI 40 3275 G54 (VF AT 18 L SR
[34] E 1).

T/ 48 SCED-LCAO Mg # 5 (H3CEP-LOAO),
DA% g 57 A HECEDLCAC BAT (LI 385 Y A T 5
PRI SRR Tk, B, K (5) 3N v 73RN
vl il olater P4y, B, vlgtre B R T
FR T Ak 5T P H A T RO R T B T A
GRS, ol W HRZ 75 A B A AL
B PR T RE ARG TR
T RETT ((5) ) FTRHA

h2

Hiajs = (9 (r = Ri)| — 5~
+ Ul |05 (r — Ry)) . (7)

562 8 A A B T () Hya,ia) 19 2 2008 2010
AL
ﬁ2

Hinso = (6100 — R)| — 129 4 i

+ ol ¢ (r — Ri))

2 intra
V7 + vgge

— (o200 - R)| - 1
2e’ ? om
+ Uieton [9ia (7 — Ry))
+ (0 (r — Ri)| e + viiehe
+ Uieson [Pia (7 — Ry)) - (8)
J3CHELSRF oimrn i gt i 7 b S AL T

intra __ , intra intra

Vetf = Vele-ele + Uele-ion» (9)
inter __ , inter inter

Uett = Vele-ele + Uele-ion» (10)

o, ointra R T A 3 LT - A A
i, vintra R ST LTS T A A .
KAk, vinten kLT A BT b TR AR
FIfE, vipter R 5 B 5T o B T AR AR
A T (8) Kk (9 JLIUAE R TGRSy, BRATIML T
556 D7 KA ALAL B, DS A L) 2 5088 4 0,
wintre, yinter yimter BT AR 2 MR B T K22 %
SCED-LCAO W B 1%} f AR 7T HECED-LOAO,

FJSCED-LCAO

(e 16"

— (E?a + u;rolltra + u;rollter + ,Uigter)
x (o20(r - R)|o}0(r — R)), (1)
Ho, SE—101ed NS bR T o $1IE ERI3)
REAN 5% 1 B 1 12 A0 LA F Re B0 SR, AT i
JRFAE o BUE b IR TR & eatom DL SR ¥
W Z; AW 2 (A AH TAE F e Z,U; th € (15 & e
Hf):

gl =ggtom _ Z.U;, (12)

AN, U 2R T a4 (Hubbard) B H 5
HHEAEHGE, BIEANASEE . K, BT
SRR 5 AT N, A R 22 TR B g
w2 |y N;U; $RE

= N,U;. (13)

FE AL PR HL - 55 A B At A7 BB R ) R A
A E AR, AT T S AT A ROE T -
FE AR RE Viv (Rar) A B HAT AT 208 7 -3 T A L
TEMBEVZ(Rix). TRETSHBESEME LR
f N A L7 FOAH LA AT RE witier fe HL7-15 A 28 &
frE EJE TR B TR EAE AR o TR 2
P2

ulnter = ZNkVN (Rik), (14)
oy
S v 9
ki

HEAFEME BErFrHEMNHE— %S H
(P22 (r — Ryl (r — Ry)) = 1.

BATKFH [E BE 1 5 v % SCED-LCAO M % 1
JEXT F AR G (HECED-LOAO) I 1T T Ab 3.

ta,j B

SCED-LCAO
Hiy s
1

= p{la () + (- 20

+ Z (NeVn (Rix) — ZiVz (Rik))}sm,jﬁ
ket
1 !
+ 2{53'/3K (Rij) + (N; — Z;) U;
+ > (NeViv (Rjk) — ZkVz (Rjk))}Sm,jg.
Py
(16)
{E 30 1 2, 5 AL P X A %EﬁiﬁHiSa(f;EaD‘LCAO
— B, B X A 4 B T HOCED-LCAO () & — T

g B

#WE AT R B 3G KO I

187302-4


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 18 (2015) 187302

(e;a +¢ ﬁ) K (Rij) Siajp RARFER A LA 43 2 1L
¥ extend Hiickle RE&, iR 12 T 7E 58 i f1
55 5 A0 B TR B RO B BEERRFAE, Hoh K (R;;)
FRONFR BE 2R 2L (scaling function), ega(agﬁ)i&@tﬁ
F 7Y B AR R, R AEE() &
JR T W28 o(B) BLiE i AE s B = &SR T
(N; — Z;) Ui+ (Nj — Z;j) U;]Sia.jp RHETAES i
J A E FERZA R N R A EAERRE, T
N; FIN; 2ARR IR I AR I fe 3L,
He2 5 B S A DG, R dad e BV
TEMAAE 5 13 2, B L HECED-LOAC 174

i, jf

BT HAT BVARHIE; (16) AP = K NI

ki

Z <NkVN (Rzk) —ZiVz (le))

3 (Vi () = 24V (B)| S
oy

BFE T 5 R F R o S AR BAE
FRE, BONFTA BISRAMIUE X k £ i(k # 5) ISR,
B LIX — T EL 65 7 =04y, [T N
EEE AR, ALz E TRl B2
PAHH ELAE AR 53, AT A4 S R PR 5 % Ha g B i
3. [ HSOED-LOAO g3 = | = i AT
BT A YR &2 EAER, 0 HITS R
B B AR 3 = L, BT DU HERR R 5 o
RRNI AR, B (L2 Wred ., s, g5/ 10
(AN 1 R S 7 510 PR ) 1R R

FAHE AL BEZH AL pR B PR B T i T

1) bREERE K (R;;) BA e T8OV X Bk HOY
X, Kb ag 28BS

K(R;;) = e, (17)

2) LB Sijr (Rij) BA R A (hy-
perbolic) [ BRI EE
1+ e ardr
1+ e—ar(dr—Rij)’
(18)
Hrr RorFiEbsid. fE%5Es kphETHE
HEZLR, 7539 N sso, spo, ppo Al ppr PUFH 4T 81
H., ETHEFPOERH—MHER IS A,
N Asey = Appe = Appr = 1; Agpo = 0. YL
WA, 2 R WIS, S, b e 5 BUR a2, I
1E Rij — ool Sy I AE. Sy, M2 IR

Sijr (Rij) = (A7 + Br Rij)

EEN S M a, RE, MSH B, kd, RIE Sij 1E
S NI A ARRALE.
3) T = 58 B T M EAE B V2 (Riy)
HAREAD T AT oL
e 1
4meg Ry;

Vz (Rij) = {1 -1+ BzRy) e 71},

(19)
H By Faz #ZH, Y R;; — coltf, Vz (R;;) &
T ECH
_ e? 1
dmeg R;j

4) HT BB = - RHEERZ—
ANBEF I H , FAT7E SCED-LCAO W 35 %
TR b E Ty =

VN (Rij) = AV (Ryj) + Vz (Rij) . (20)

FERF NN R, — colf, BT 2 Z (B HIH E
A FH RT3 AUl D P A B e HL AT 2 T R R A L
TEM, H5 Vz (Riy) AU s EOE 0 B0
AL AT SEIE I, SRR T oA, S
Vz (Riz) BIBRBUE AR 1 18] B DXl — A=)
BRER AV (Ryy) AL FRATTFIAER A T SR AL
A R EOE ZORMEE AV (R;5):
1+ e-anvdn
1+ e—an(@n—Rij)’
(21)
H Ay, By, an, dyZH N ZH. HH
Vn (Ri; = 0) = U, 1 (19) A1 (20) AT 51 AV (Ry;)
FIIZE AN AW 2R

Ve (Rij)

AV (RU) = (AN + BNRij)

2

e
Ay =U; — -B :
N (az z) 4meg

7E HSCED-LCAO iy JRAISH e, J9mT I 15 B4,

ISR S MR BAEN, H 201 SHF EE
I ZEARARE PR E

L 1 FSCEPLOAO Iy 5, G K R
AZE R FE R, AT SR AR AAETT AR ((4) 20), A
145 2 SCED-LCAO H - BEHr 45 14t 45 AL {H e\
JAAE bR B R A {0}, I IX e AAE bR R B
{cie} FATH AT LLR E AE B A A B BT
SN

occ

Ni=3 3> () & naSiage (Riy), (22)

A ia B
Horfny & B o 38 209 B Fermi-Dirac 73 A7 B8 41
‘{J%%: ny = 2f)\, f)\ = 1/[1—|— G’B(Q‘_EF)], iZ%E‘J
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FA 2B R B iR LA SO 2 A
FETHRE SIS0, (TSR R R

ooc

Etotal ZnA5A+ Z Z2 ]\f2
—izzNz—vam
)
I 9 T BEY
i jF
(23) b5 — IR REAT &5 MR, 28 = =002 M T

i HISCEP-LCAC s i 28 1 U7 7 A il s 4 0 il

(A IR T, 2 DY 350 052 8 - 1) A LA 0 e e

JH X S BB RR BB, A AT AR AR A A K
1 8 LR BT 32 B S AT e AU 20
Fy,

- ) OHia ;s 08ia,jp
- zg; )| -
0 (N:N, Vi (R.;))

+5 ZZ I
k
ez 9 I/RU)
_722 ‘ J4TL€0 ozt 7 (24)

Hoeb) ol NS kAL E TR AR L5 4
| = x,y,z [HARTKE, BT SCED-LCAO J;
EA RN 700 > SO T U, B LR TH S

ETA 1t S B AR AR T AH B B B, X A2
SCED-LCAO kMt Z —, X MR ALEM Y+
) 325 R R v e AR B

N T Wi 4R SCED-LCAO 5 25 1 ) 2 B g % 1
iff J 8 3 AR R TE A () S B 45 0 Ak 5 A 3
FRAE, 7E404L SCED-LCAO W %5 i it 2 Hud 18 b,
BAMVR e T B T H AR B /N1 T W 7 1 1 — Fofr 12 [
IR FE 7. 3X — 77 ¥ CL7E STk [34) FI B 3% A i
TVRIHEIR. FENJCER I SCED-LCAO WA 2 i f)
SRR K LERG O LA AL S BT 75 00 B0 A At
s AR AR AT 2. 2R R A
mﬁ%@m%fﬁﬁ%ﬁ%%%ﬁﬁ%ﬁﬁ%%
H R AL, JEH R SCED-LCAO My 351 1) X
%%ﬁ@%%%wﬁ%ﬁﬁﬁ¢%ﬁﬁﬁmﬁﬁ
R, {5 SCED-LCAQ & 25 ()3 FH e, 3471
TEAA 26 5085 12 Hp AN OUELHE T A [F) 4R 1 1 4] 7%
ghhy, HHAEE T BHAY RS ISR E g5 .

o, Y153 SCED-LCAO M5 Bl A 2 %1
P SR 3EAT B4 (robust) PEMINES. EEEXAA
5t KPR AR R AT T 1R, I
BB GRS 2 — R B s i 45
RHEAT LR, S 2 e — AL SCED-LCAO
W E WS RGBS Eom 2 ad itk L&
Mk 36 IF S5 15 B FI B (C)~ HE (i) 4 (Ge) TLE
SCED-LCAO M #1244

#1 BEBEITTERR SCED-LCAO R H AL 25 (parameters) (Z WICHR [34, 35, 49])
Table 1. Optimized parameters of SCED-LCAO Hamiltonian for C, Si, and Ge elements (see Ref. [34, 35, 49]).

Parameter C Si Ge Parameter C Si Ge
es/eV —17.360 —13.550 —14.000 Qsso /AT 2.153 3.036 2.956
ep/eV —8.329 —6.520 —6.850 dsso /A 0.629 1.322 1.242
el/eV —35.712 —13.428 —13.345 Bepo /A1 —0.777 —0.746 —2.149
el /eV —22.153 —7.908 —7.505 aspo /A1 2.013 2.176 2.317

ag /A1 —0.0329 0.247 0.257 dspo /A 0.782 1.349 1.008
U/eV 14.896 8.046 8.552 Bppo /A1 —1.895 —0.796 —1.580
Bz /A1 1.475 1.543 1.351 appo /A1 1.881 2.349 1.878
An/eV —2.539 —1.257 —1.406 dppo /A 0.377 2.026 1.248
By /A1 —1.798 0.158 0.254 Bpprn /A1 0.236 —0.307 —0.157
an/A-1 3.115 2.739 2.176 appr/A1 2.255 3.736 3.051
dy/A 0.800 1.906 1.919 dppr /A 0.547 2.282 2.015
Bgso /AT 0.228 0.879 1.352 Reut/A 4.0 6.5 6.5
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2.2 SCED-LCAO MZHHyEE M, A5
M REEN
2.2.1 SCED-LCAO 5% 69 & & %
NHf{R SCED-LCAO M5 2 {ii B A |2 73
P, A B T IR A 2R A5 P [ T 25 1 B 45 4 S
R 1 22 1 2% b R MR 25 0, FRATEER AL S50
R, T R R A R A S
P, ZRTDIRA S — R R R, TEERT
CA WS R AN e R 8. (Rt 2 — R BT 5
RIS LI, T RIEEMAEE T
A BRGS0, M H A T — S iEs
[ 1% 45 ¥ 25 4 DA OR SCED-LCAO W % i 1)
ZHT A E WARS MR, ROAX L AR A 45 14
HIRE R R AE 9 13 ) i R e LR B R A T
FEFEZERZ. AT B AR T g imA

#2.1
(symmetry) IR BI% (Cn, N < 6) B ABMS & RE

ARSI S MR AL I 2 25 508, LU £/ SCED-
LCAO M 2 1 G 1 A b 17538 AS 7] 8 390 2 485 g 11 oy
PE, T A AR A 3 T & S S A 2 A 2 ] B AR K
R MR IR, £ 2.1 %23 FIH T C, Si,
Ge BIFEM &Rtk 22t s 6. b & TS
WASAS BIEE, B0 BA Co, X RRIER) Cs 1% B
Dy SRR Cy Bi5E B Dog XEFRYER) C4 B iR
K21 R2IPEILETHEH T BT
SCED-LCAO My # i Z ¥t H 1) C, Si, Ge B1#%
() 8 Tl Ak 2 B RN 45 5 BRI 45 SR, T 5F 4 K BB 8 4
T A R ) 28— I S A5 R X A — R
e R R KA T Gaussian 8 4F 8 H DFT(MPW1
PM91/CC-PVTZ) J7iEAF EIf) PO Pk s vy
PLE H, B SCED-LCAO &S5 il 115 [ 45 5 5 Hh 48
—JFBEH R R+ f5 6, B8 7 SCED-LCAO
W 0 AT R R S PP S S5 R IR e

i SCED-LCAO 771 B4351 (3 3 45 7 %) F ab indtio 775 PO (35 4 J2 25 8 F1) v E 1 BA & Fhx Brik
(Z W3Rk [49] IR 2)

Table 2.1. Bond lengths (A) and binding energies (eV) for C clusters (N < 6) in different configurations
as obtained by the SCED-LCAO method [3%35] and ab nitio calculations [°6] (see Table 2 of Ref. [49]).

Cn Symmetry SCED-LCAO values ab initio values Cpxy Symmetry SCED-LCAO values ab initio values

1.487 A 1.488 A
1.293 A 1.244 A
Ca D 5 D3, 2.113 A 2.013 A
—5.228 eV —4.527 eV
—6.917 eV —6.578 eV
1.495 A 1.443 A
1.329 A 1.287 A
Cs D;p, Cs Cay 1.607 A 1.668 A
—6.588 eV —6.586 eV
—6.547 eV —6.242 eV
1.326 A 1.256 A 1.409 A 1.417 A
Cs Cay 1.515 A 1.459 A Cs Ty 2.301 A 2.314 A
—5.988 ¢V —6.225 6V —5.521 eV —5.100 eV
g8 A 1439 A 1.909 A 1.823 A
Ca Dap X i Cs Dsp, 2.090 A 1.864 A
—6.698 eV —6.746 eV
—6.995 eV —7.443 &V
1.324 A 1.288 A
1.349 A 1.298 A
Ca D;p, 1.361 A 1.306 A Ce Den
—6.985 eV —7.297 eV
—6.520 eV —6.620 eV
1.332 A 1.270 A
1.382 A 1.316 A
C D 1.554 A 1.555 A C D 1320 A 1.285 A
* 2d ' ' 6 i 1.355 A 1.294 &
—5.631 eV —5.566 eV
—7.054 eV —7.291 eV
1.519 A 1.536 A
1.577 A 1.621 A
Cy Ty Ce Dyp, 1.824 A 1.790 A
—5.510 eV —4.830 eV
—6.909 eV —6.467 eV
1.325 A 1.277 A 1.406 A 1.354 A
Cs D;n 1.341 A 1.282 A Ce Ds, 1.689 A 1.698 A
—7.124 eV —7.319 &V —6.158 eV —6.254 eV
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%22 HSCED-LCAO J5i%k B35 (35 3 Lo 35 7 %) s — B Jy ik (PO (58 4 )58 8 31) B (0 AT & xR itk
(symmetry) FIHEHIE (Siy, N < 6) MGFEFGE SR (S W0 [34]) 11F£2)

Table 2.2. Bond lengths (A) and binding energies (eV) for Siy clusters (N < 6) in different configurations
as obtained by the SCED-LCAO method [34:35] and ab-initio calculations [°] (see Table 2 of Ref. [34]).

Siy  Symmetry SCED-LCAO values ab initio values Siy Symmetry SCED-LCAO values ab initio values

2.209 A 2.275 A
. 2.226 A 2.288 A )
Sig Din Sis Clay 2.358 A 2.513 A
—2.435 eV —2.499 eV
—4.327 ¢V —4.266 eV
2.284 A 2.357 A 2.082 A 2.133 A
Si3 Cay 2.168 A 2.158 A Sis D;n 2.128 A 2.144 A
—3.413 eV —3.575 eV —3.545 eV —3.534 eV
0141 A 0167 A 2.127 A 2.215 A
SiBs Din ’ ’ Sis T, 3.475 A 3.617 A
—3.427 6V —3.404 eV
—3.334 eV —3.283 eV
2.248 A 2.363 A
. 2.275 A 2.311 A )
Sigq Doy, Sig Dyp, 2.639 A 2.734 A
—4.101 eV —4.242 eV
—4.698 eV —4.664 6V
2.261 A 2.285 A
. 2.332 A 2.474 A )
Sig Ty Sig D3y 2.948 A 3.208 A
—3.773 &V —3.659 eV
—3.896 eV —3.972 eV
2.057 A 2.098 A
2.116 A 2.156 A 0079 A 5134 A
Si D; 2.164 A 2.176 A Si D; ’ ’
: i 6 i 2.149 A 2.158 A
—3.289 eV —3.364 eV
—3.446 ¢V —3.446 eV
2.207 A 2.306 A
Sis D3, 3.141 A 3.064 A
—4.526 ¢V —4.453 eV

%23  HSCED-LCAO J7ik 34351 (55 3 Je 55 7 1)) Mg — JE ¥ 7 3% (PO (48 4 R 38 8 B 1110 AT 4% Fhxd Bk vk
(symmetry) FI4E A% (Gen, N < 6) LA AR (S0 [35]) 13 2.3)

Table 2.3. Bond lengths (A) and binding energies (eV) for Gepyclusters (N < 6) in different configurations
as obtained by the SCED-LCAO method [3%:35] and ab-initio calculations °0] (see Table 2.3 Ref. [35]).

Geny Symmetry SCED-LCAO values ab initio values Gen Symmetry SCED-LCAO values ab initio values

0396 A 0410 A 2.348 A 2.441 A
Ges Din ) ’ Ges D3, 3.186 A 3.253 A
—2.28 ¢V —2.204 6V
—4.090 eV —4.016 eV
2.440 A 2.524 A 2.342 A 2.424 A
Ges Cay 2.128 A 2.296 A Ges Clay 2.547 A 2.669 A
—3.073 eV —3.172 eV —3.888 ¢V —3.815 ¢V
2.218 A 2.233 A
2.237 A 2.260 A
Ges Din Ges Din, 2.242 A 2.234 A
—3.129 eV —3.116 eV
—3.194 eV —3.152 eV
2.207 A 2.333 A
2.402 A 2.445 A
Gey Doy, Ges Ty 3.751 A 3.809 A
—3.678 ¢V —3.834 6V
—2.977 &V —2.934 6V
2.430 A 2.518 A
2.513 A 2.625 A
Gey Ty Geg Dyp, 2.786 A 2.899 A
—3.370 eV —3.343 eV
—4.158 ¢V —4.191 eV
2.239 A 2.252 A 2.395 A 2.442 A
Gey D;n 2.258 A 2.275 A Geg D3y 2.590 A 2.484 A
—3.017 eV —3.027 eV —3.545 eV —3.538 eV
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Kl 145 7 B SCED-LCAO JivETHEI1 C, Si,
Ge JC 3 75 B J 3 14 o 44 &5 0 1 A B, b AL 355
TR IGE [ f 58 458 (graphite), 4 NI4T 454 (di-
amond), M f& 3775 (sc) &> 3277 (bee) FHI 0 57
J7 (fec) %5 A B dh AR S5 4 (B 1 (a)), FETTER K
S I S5 A K (81 S ARG SLTT L T O ST AR
JEAH I SR AR 25 48 (11 (b)) A1 T6 3R 1 NI 4544
&I SETT AR L T7 S TH O SE 7 5 e e A ) A
5K (B 1 (c)). B Ra AR bR 2 A IR TRV / Vo,
Hordr Vo 43 2 X R C, Si, Ge 4RI f fb A4 AH 25
FE R ~F 48 25 S 1 AR A, AR AR 2 A &R PR AR N A &
(Ere = FEiotal — Eo), Frotal AR R EBER, Eo &%)

87 4 NI A S A 45 0 1) S A 7S TR R o R 2k it 2k
FEAH R DFT 45 5 (VASP-GGA) '6-18] . 1R i &,
M 145 1AL SCED-LCAO I %5 il 2 ¥ 15
FIHAH 45 R 5 th DFT J7vk 3 2 45 B — 5L
XA — B CGRIAE 7 il H R T RS &R
M, HRIMAE S E T B sc, bee K fec #H. {HS—#2
(152, SCED-LCAO W5 %2 fr DA e 0% 1 18 A~ [5) 41
2K IR O FLAL 2 T el A R B R ) 22 AR
YER, JCIHRAEI 5 Mg 43 AT R & N A Re ik ]
BRI, SOk T8 RO & TB 7 EELE A
e A 225K 75 THD PRI AR B (TE 98 ST [34)).

- - - T 7
L C b [ Si . el 31
. —SCED-LCAOT  o3f 4 —— SCED-LCAQ E° ——SCED-LCAO]
3 I == DFT E 0.03 — —DFT 1
L £ ] E
% 0.2; : :
b 0.02 - 0.02F 3
13 E
= F
T 01p g E E
S f 0.01F 0.01F 3
< : : |
0F . . F 3 E
Diamond (a) ] 0F 0F m
C PN N T N A B B = _I % | TS S T T T T T T T B B
0.5 1.0 1.5 2.0 0.6 0.8 1.0 1.2
V/ Vo V/ Vi

K1 C, Si, Ge JU R &Pl WM AR AR SE R AR I, S22k i 252 SCED-LCAO Jr ik 4 3 (34351 g 2k i 25 2 A L

[ DFT J7 i 4 4 [57.58]

Fig. 1. Relative energy versus the relative atomic volume for different bulk phases of C (a), Si (b), and Ge

(c), respectively, where the relative energy is defined as the difference between the total energy per atom

of any bulk phase and that of the bulk diamond phase at its equilibrium volume (Vp). Solid curves, the
SCED-LCAO calculations [34:35] and dotted curves, DFT-LDA [°7:58] calculations.

2.2.2 SCED-LCAO %% 69 7T S 1%

gtk — 2 56 4F SCED-LCAO W %5 1 ££ ]
TR R AT S, FATIE T T C, Si, Ge JG
1 NI 8 R A 1 F - B8 i 5 e R R 1 A
245 T C, Si, Ge JEZ [MAH B 4 WA fh A 1)
HLF AR 45 4. 1T LU B SCED-LCAO M5 % 1

IEH LA IR C, Si, Ge JG 3 10 & WA & 1A AH 1) H
T RE T G5 HRRAE, BLRE B WA AR R IR B R e
BRI (REBR A 5.44 eV), Tk 1A 14 17] 5 R B AR5 1iE
(REBRN 0.76 eV) e ah A 14 [R) 4 e BRAFAIE (BERR
0.46 eV). £ 3M % H T H SCED-LCAO F % i i}
B C, Si, Ge FEHAHRL G RIA b AARS5 ) T

#£3C, Si, Ge LM ERIFARSGE I i T G5 M 7E — L mon RS IO B B, HOPARBLI DFT 45 5 16— 18,581 By e 485 p
Table 3. Band structure energies (in eV) at high symmetry points of bulk C, Si, and Ge (diamond phase) obtained
from the SCED-LCAO method and compared with the DFT calculation results [16—18:58] (parenthesis).

Band index C Si Ge
Ty —20.95(—21.46)2 —11.77(-11.93)P —11.87(—12.48)"
X4y —6.11(—6.28)2 —3.30(—2.88)P —3.09(—3.04)"
Loy, —16.02(—15.71)2 —10.10(—9.52)P —10.19(—10.36)P
Ly —11.35(—13.34)» —6.62(—7.00)P —6.81(—7.41)P
L3, —3.29(2.79)> —1.89(—1.20)P —1.73(—1.39)"

a: Ref. [16—18]; b: Ref. [58]
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NAVEE RN il l_ | ]
—-0.3 p(%\\\_i —0:2 L--Z>; —-0.2 —Z:}.\—:
c I e adk /]
g I " I 1T -04 04 ]
£ \\ ] \)& i \&}/
%iﬁ —-0.9 :—}{ ] i ]
B:] :p__é —0.6 ;):i —-0.6 :— \“\::
—1.2 ] : : ,-/ :
\l\/ 1 s \d\/ 1 .. / ] .

r LKW X I X r L KwWx I X r L KW X

K2 C, Si, Ge JUH IR GRIA A I HTREW 451, ZLREZ N oK BEd
Fig. 2. Band structures of bulk C, Si and Ge (diamond phase), the red dashed lines are the corre-

sponding Fermi levels.

HL - 45 A FE — S i R S A B R, I 5 A R
DFT 455 ($855 W) 47 T HER. LRSS ST W,
1 SCED-LCAO 773213 8| 1) 45 R 5 H DFT #:15 2
45 R+ 0755, BAE T SCED-LCAO W4 % i 4
Y IR e Al X

FAGIH T C, Si, Ge 4 WA AH 45 44 1 514
WHL PRI Se s T RO R AR R SRR R A

F A IS ME 2], H SCED-LCAO W%

LCAO W5 i1 1 m] 5

%4 I SCED-LCAO J5ik B4 iH51 C, Si, Ge &R M MRS (C11, Cra, F1 Cua), FHUH T HIBLHI DFT 45
5 59] sz (60,611 g (2 WSCHR [35]) % 3)
Table 4. Bulk elastic constants for the diamond phase of C, Si, and Ge calculated using the SCED-LCAO method (34]

and DFT P91 experimental values reported in the literature [60:61] are listed for the comparison with theoretical

P R B R, R, X T SRLAE R SCED-
LCAO W S (1) ] S — M+ 2 205 5.
RULES
B 45 R 5 DFT B 45 5 S 48 (0001 431
Fr, RGP AR T HAh TB iy 75 vk [20-30.6267)
(P4 1B 2 F Sk [34]), #E— P IESE T SCED-

results (see Table 3 of Ref. [35]).

C11/GPa 012/GPa C44/GPa
Element
SCED-LCAO DFTPI  Expt. SCED-LCAO DFTDP9  Expt. SCED-LCAO DFT[P9  Expt.
C 989.3 1099.6 1079601 147.3 142.8  124[60] 612.5 587.0  578100]
Si 166.3 162 166 [61] 61.7 62.8 64 [61] 93.7 772 79.6[61]
Ge 129.1 128.5 126 [61] 46.9 45.7 44[61] 69.5 66.8  67.761]
2.2.3 SCED-LCAO % Z 489 & 4 (robust) " KI5 HIMITIRE.

VL 3@ X C, Si, Ge f45 Fh [ 7% 45 4 % J8 3
PEPR R W) B R A 2 M B T B 5 25— SR B AN
S g8 L L AL, AT BAFE 43 ik B SCED-LCAO &
R A2 BE P R TSR . R T BRI
SCED-LCAO W& 1 (1) G B 1t JATHEIT 7 — LX)
e B WE B Bh R R ek R B X s
AR R FE 45 JRAIESZ SCED-LCAO 3 251
AL T2 3E M PTEEE, 3 BAG TR0 B B A

2.2.3.1 Si(001)RMEEH

Si(001) 2 T H A A [\ (1) B A FR P, Hrhf
Pl x1,2x2,4x2KC4x 2% FRME. L5000
F C4 x 2 DB A (1 2 T 2 2 45 g (05 =71
HE FER T A DFT #0238 i b &% Ao
PR Si(001) 2% [ 2 2H 25 44 (1) FH O R 5 R o AH G
ek, JERIL P1 x 1 X FRPEAIX AR E T C4 x 2
XFRRPEARXS Sk e . FRATTI R B 5313l 73 5 77 %
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P1 x 1 X FR M E 47 5t 72 R W %% Si(001) 2% [ 35 20
MR HEARAE. B3 25 T Si(001) 3R 1 AL e = b
st FR S [] (1 AR A . BT BUR B P1 x 111
e — AN WARES, HERm B Si i1 0.05 ps
T HE FCXT 8 (on set of dimerization), 24 J5 481
F1410.075 ps, XLEH T BGH AT (buckling) 1220 (I
K3 L ETE). 2452 0.375 ps, XL buck-
ling 8 ¥ i C4 x 2%f Fx k. BIAEZ 1L 0.5 ps &
Si(001) & 1f B EA P1 x 1 XFRIE 1T a2 H 35t
BB T HA C4 x 20 BRI i e e 6T 4 45
4. FRA IR % B0 A 7 buckling 8 1 (% 5 242
B C4 x 20 PRI R E R R, X — 7138 J1%3)
ot g a5 RAE 7 SCED-LCAO W % Hil fig
B IR C4 x 2 B AR PR R e Pk, i HL 3 8
T SCED-LCAO M % i (1) 34 5 5 A 1R 58 1) 3K 50 /)
(driving force), RE AR R R P1 x 15 C4 x 2
Z 18] 35 22 T A B ke e A, FRATTRE BT AT B
C4 x 285 MB35 DFT Kz 45 kAT 1t
HERTS/KE LD, X80 5% 5
FM—AEHESE 7 SCED-LACO M %5 B A5 1]
T .

—44.70 T T T T
B854
<=
—44.72 = i:M-’c‘ P1x1 1
~ \ EEEB
‘ L
b
§ —uml Kas -
o On set of ]
% dimerization gﬁ
~
T —44.76 - ga ,ﬁg 8
s 4 B C4x2
= 5858
—44.78 - —
<—— Buckling
! L AR T T T I (N N}
0 40 80 120 160 200

MD step (1 step = 2.5 fs)

3 Si(001) RHMAYILER P1 x 15k (£ LK) &5t
IR IR AFE R C4 x 2 4R (F T ) iR EA
DTN, Forh, JUTREEIZH C4 x 2 DRk
%, b WBEK, o N buckling ffi, Az 4 buckling; &4 F
BT SReR, BEh T3 1% (MD) Mg Pk,
—HKN25 s

Fig. 3. Total energy per atom as a function of MD
steps (1 step =2.5 fs) in the SCED-LCAO MD simu-
lation reveal the C4 X 2 reconstruction (right inset) as
the most stable structure for the Si (100) surface with
ideal P1 x 1 symmetry (left inset) as the initial con-
figuration. The insert geometry indicates the C4 x 2
reconstruction structure, where b is the bond length,
«, the buckling angle, and Az, the buckling, respec-
tively.

5 Si(001) R C4 x 2 X FR I ¥ 2 I 4110 o 45 g
(AE/dimer in eV), # K (b/A), buckling ffi (a/degree),
J buckling (Az/A) [f] SCED-LCAO W % 45 5 (55 2
H), DFT 4538 (56 3 51), KSERMEER (5 4%) (B0
Ik [34] K 5)

Table 5. Characteristics of the buckled dimer row on
the Si (001) C4 X 2 reconstructed surface: AE/dimer
is the binding energy per dimer (in €V), b denotes the
dimer bond length (in A), Az the height of the bulked
dimer (in A), and « the angle of the dimer with respect
to the surface (in degree) (Table 5 in Ref. [34]).

Properties Present work DFT-LDA Experiment

AE /dimer 1.18 1.39*
b 2.47 2.292
) 2.4540.1P
Az 0.69 0.692
a 16.19 17.52

a: Ref. [68]; b: Ref.[69].

2.2.3.2 SiEFESI(111)-(7 x 7) KREFMLK
ML E

AT 0, Si(111)-(7 x 7) LT & — DA
5 2% 1) DAS(dimer-adatom-stacking fault) = 2H 24
A6 (722750 R 15 Ve A b R X — B R 4 M I 2
Xof A - 0 56 W B 0 R A 2 ) B FRATT A
SCED-LCAO J7 ik il i3 3 T sh &5 ¥ 5 fa e
[ Si(111)-(7 x 7)FK 10 HA L5, FANTAL LS a0
Bl 4 (a)—(d) A, For gt ST B R iR -, i
OB — (BORE) KB R (BN i, 5
RN = (BORR) JEBNE (BUh ) i, 3 —
SERFE M UEM T SCED-LCAO W3 25 15 7] DL AE i
IR Si(111)-(7 x 7) KT HH L. 7L L5 R 15
fibh b, FATE I AE Si(111)-(7 x 7) K1 L RS HHT
FAIRSL Si JFT7E Si(111)-(7 x 7) F 1 IV B,
SE T SiRFAE Si(111)-(7 x 7) R BRI AL B
(W 4 (a)—(d) Bras). (K4 BT A 21 8 00 I i 4,
i Ae 34 22 DL AAH B I B, AT 7 917 Si iR
TR B Si(111)-(7 x 7) 1) 3 FhnT 58 (1 b
AP, b T =M HRPE (B4 (a)). A3
LB (K14 (b)) B K RFABE (B4 (c)). H
= AAPE R AR RS, HOCAANHTER B R, R
JG A SRABBE . R R ILLE Faulted half 1)K
B BE LMK T 7E unfaulted half W B &E (B4 (d)). BT
AL RS DFT i 5 0 45 S — g [72.73,76],
(7 B A R T S8 b L 5 B (1A SC AL Si R T 4
W PR Si(111)-(7 x 7) B A aze B S e (7= i
1) FEARIR NARAL St J5i i B G I 5 e = Ay
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(b)

080580 %3968@

080 08068@@@8@

@ @
BT 2
» 00" 0o 00’  ITNY

(c)

(d)

g o

@@@

03003068068@

@ . ® _® 38:
Ci:)o C&D OO&)
» oo 0o 0o —3.49 oV(unfaulted)
w —4.12 eV(unfaulted)

(

(
0 —3.70 eV(faulted)
B _3.95 eV(faulted)

B4 ST ) Si(111)-(7 x 7) R 3 Fha] 5k b 3 BE 2 L

(a) ZFTEHBEL; (b) AT (o) AR

HPFEL; (d) 7£ faulted half & unfaulted half WPt GE; 7525 B (10 B 6 B B R 4 T A AR R AR BB 3R oR
Fig. 4. Three basins of attractions (triangular-type (a), hexagonal ring-type (b), and shoulder-type (c), respectively)

for a silicon monomer on the Si(111)-7 X 7 reconstructed surface. The adsorption energies at the faulted half are also

lower than the corresponding adsorption energies at the unfaulted-half (d). The circles, triangles, the squares, and the

stars with different colors (at the right bottom corner of each figure) indicate the different adsorption energies levels.

&35 B 735 X35 (0L SOk [77] B 4(a)); 2) EERIR PR
PUAE 7S PR 35 B 225 X5 9 R AISZ S TR 1 A B
S (WL SCwk [77) B 2(a)); 3) KR T 4 Si JE
] T 7E A ARAT S B 01 A X 380070 508 Tt BLAE
HC X3 Z5G TR B 00 IR B P15 v Ao i 5
L5 B 1) K BE4) A1 7% (magic clusters) ££ 75
AL HS (protrusions) (RN = F AP X 35) H I
=1 B HIESE T SCED-LCAO M %11
()2 AT SR R R T (A SR TR e
THZ WK [34]).

2.2.3.3 &It ZEH Bucky-diamond Fl#&45%)

FAh— X SCED-LCAO W& 2 17 1 £ 4 4
W & B 70 2 I bucky-diamond 25 £ 1 ] #%.  Galli
/NEATE 2003 4EH DFT ﬁ/ﬁﬁ%ﬂi%?f@%ﬂﬂﬂ
[ —ANH 5L bucky-diamond [21#% 0. 1% [#]#%
RVREPE 2 — il & FL AR 1 &2 HH sp? 38 T8 I & )
(fullerene) JEAREEH4, T e A AZ U H sp? §8 T2 B
& WIA 258, BEfS ik sp? J sp® B L A7 (1) 4 1)
f 2 20 6 e B I — AN AR B P R E 5
AT AN B WA A gl A B — AN PABR IR 5

—59.0 .
—59.1 |-
b —59.2
g
]
= —59.3
g —59.4
=
—59.5
_59.6 e fuvsrasisoolinivond Lo siivingd il Lo F
0 200 400 600 800 1000
MD step (1 step = 2.5 fs)
5 HIBRE WA d A g5 44 I ORI Crar BISE (42 B A
) 4578549 2110 bucky-diamond Z5#4 1) C147 BIFE (4
TR B2 T3 AR, LD N ERAR A A R
WIF AR5 R 1 35 AR T, BN ERACRANE B R = )
GEEERII 112 AR T

Fig. 5. Energy per atom as a function of MD step (1
step=1.5 fs) for the relaxation of the carbon Ci47 clus-
ter. The cluster is initially constructed from the spherical
truncation of the diamond bulk (up-left) and finally sta-
bilized to a bucky diamond structure (bottom right). The
red balls represent the inner core 35 C atoms forming the
tetrahedral network, and the yellow balls represent 112 C

atoms forming the fullerene surface.
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HL I ERTE Crar 7R (K5 2 B AAd D), SR J50
BEAT BN MR (W 5 Frow). &id 1.5 ps e, A
FLAT e WA 4544 (1 [T B AL BN — > bucky-
diamond Z5 4 (I A17E (WL 5 4 T A K, JEH &
Thib 32 17 5 DFT #00—#F A9 45 R, M 5t —
BE ] SCED-LCAO M 54U A 7 149,

2.3 SCED-LCAO 5398

K& SCED-LCAO 450 77741 H 12—t
R HR TR PEARTTERA 2.
A AR R TN 2 A, IE REAEiE BT . N AR
B S v S A iz /b F DFT %628 — JE B, i B
& SEAG R A B 5T R RUE B AR R ) RE
U JLAE K, FATTRH SCED-LCAO J7 i HF 58 1 Bk
MBRACTE DK B T i g ok ik &R, A
T #2598 SCED-LCAO J7iAAH X DFT J7 ik 5%
B FRATH A5 RF B 44 2060 MO V48 T bR A
F 64 T F SCED-LCAO K& DFT Jy it HAT 4
WA A AR S5 K B ER T Crar B B EAT B S 5 3R
5 M A7 22 (8] (memory)~ iz 5L [E] (wall time)
LRI [A] (simulation time) ) LE#E. L H DFT Y
THER A T VASP B 161810 S T 9 o 4 Jk
HEIREE T (cut-off) 4286 eV, i % 4 ultra-soft
pseudo-potentials (US-PP) (1531 57 #i k5 4 Ny
Perdew and Wang (PW<91) (84 DL & #8 2% 5C il
25 Ax25 A x25 A RERUCHIBIE A 1075 oV, 45K
%K T CG (conjugate gradient) /7%, A+ 7
WS N 1073 eV/A. SCED-LCAO J5 it 5
SR T AL R ISRE N 1073 eV/A,
BATHE R T 8% 047, 18 H N 1.6-GHz.
M#F 6 Al LLFE i, SCED-LCAO J7 % th DFT J5
HIs HARL 20 1%, TR KN A R A DET J7 ik
11/6 4%, FEVIHR— s 2, IWE S ] iE 2
B3|, BARIRATH T 1.5 ps BEHLES ], {H5ZBR _F 24
Cra7 AL 2 0.4 ps i, ATC LA 2] TRER
bucky-diamond 254 A1 #%. 2 ¥ SCED-LCAO
T3S by b R /N T AN /NI 1R 3 S5 8] g AT
13 3| %2 %€ 1) bucky-diamond %5 ¥4 B #%. 1§ DFT
TEEIR R T 0.096 ps BAULES ] K45 258 € B
bucky-diamond H#%, HEIESR 1T 95 A~/ iz
SRR (L ER 6 28 = %1). DL g5 RAER] T SCED-
LCAO 75 B A 55 118 B8R R AR 118 B
A, Bk, F SCED-LCAO J7ik & Gi i 72 K = [+
KR L8 B AE1) 78 R 30 7% 1% 5

S FRE MR T AR, tehn, JRATAT PAZEA BRI
e 161 PR X K R AS R RO AS R S R g e [T 7k (‘L
FEERIE % 8 T IR % 2 JR5RE) AT
ARG EhA IR, IR ST FUX LR R K
FROGS AR M (0 STHR [50]), T Bkt oK & ) ik 34
DFET J5 3R M EAE B ER BT S AS.

%6 HSCED-LCAO 3435 J DFT 1618 J5 3 xt ik
SR ARG ) Crar BIFEBEAT 3035 307845 B bucky-
diamond Z5 4 1) Cra7 FBIRE i 75 19 A A7 23 (6] | 38 SN [A) &%
B 18] AR L, T SR A 8 AT, 1B SHHE N 1.6 GHz
Table 6. A comparison of the estimated compu-
tational cost in the relaxation of the Ci47 clus-
ter (speed and memory usage) between the SCED-
LCAO method [3%:35] and the DFT-based VASP pack-
age[m’lg]. The calculation for C147was done on an
eighteen CPU AMD Athlon MP processor with a clock
speed of 1.6 GHz.

Simulation time

Method Memory/MB Wall time
(pico second)
VASP ~ 300 ~95h 0.096
SCED-LCAO ~ 50 ~5h 1.5

PR REARR LT 2ILTANET), Bl
FIRAE S TR I Eh AN T 58 RERE
2R MEAR I 11 order- N (O(N)) 55 77 32 [82:56) g A~
T3 VAR 52 % [ 1D 25 2 R R B 5 4 R R
LR G &R, AT R R IR 7 AR R S R R
TAER Ik B, G2 AE X SCED-LCAO J5 %
BEAT HATAL G S8 v beddE. B EE LR, FO(N) iR
f) SCED-LCAO 4318 71 2 7 kit E ik = R
FEZLLLH DFT 4013 /1% 07 R v B R R
KIEWA R, Hiz B PuE 2—3 M 2.
K645 1 T F O(N)-SCED-LCAO J5 i i i s 5
I [ A0 P A7 23 18] (B 6 () 544 &R RBE 2R 1 2 .
DARE K 2 1 571 FRATT L3 T RE QK £ &R M
400 MEEJE ¥ (6 B EAR 298 3 nm BIREGK 2k) 2]
20000 AN J - (6 B2 LA 920 15 nm BIREGRK 2k)
()5t 74 B 75 (1032 B TB) AT N A7 25 1], 7E Linux clus-
ter (16-way athlon, 1.6 GHz processors) L I1&4T 1]
SRR, RHRCORAE & (2919600 4N 5 F) 11 &
— KM T80 K (2.5 fs) Aif 75 B (B A N 8 min, T
BT % A7 N 1.25 GB. W 5% (8 21 i faf [ 38 U8,
BB KAFT2 h. MRHAFTE, SHEESKR
KON, PR IE SO 5 AT B AR i e 1 % & (W
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Fig. 6. (a) The scaling of the computational time (left coordinate) and memory (right coordinate) as a function of the

system size in the calculation of the total energy of silicon nanowires using the order-N SCED-LCAO method, the

size of Si NWs considered ranged from 3 nm (~ 400 atoms) to 15 nm (~20000 atoms); (b) the gain in computational
time (referred as acceleration) as obtained in the parallel implementation of the O(N)/SCED-LCAO MD is shown

as a function of the number of processors. Calculations were carried out on a 16-way Linux cluster using Athlon

2.4 GHz processors (see Fig.2 in Ref. [35]).
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Fig. 7. The relative energy versus the diameter of SiC
NWs corresponding to different orientations and differ-
ent morphologies (e.g., 3C-Hexagons along (111) direction,
3C-Polyhedrons along (001) direction, 2H-Hexagons along
(0001) direction, 4H-Hexagons along (0001) direction, and
6H-hexagons along (0001) direction), calculated using the
SCED-LCAO method [*4 and the DFT-based VASP pack-

age [16-18] (

see the inset), respectively. The relative en-
ergy is defined as the difference between the total energy
per atom of any configuration of the SiC NW and the total

energy per atom of 3C-SiC bulk (see Fig. 10 in Ref.[35]).
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FRAREE A HIAEAL; 206 AU N BB SR T

Fig. 8. Phase transformations of a C147 cluster: (a) From
a bucky-diamond structure to an onion structure (heated
to 2500 K and slowly cooled to 0 K); (b) from an onion
structure to a cage structure (heated to 3200 K and
slowly cooled to 0 K); (c) from a bucky diamond struc-
ture to a cage structure (heated to 3500 K and slowly
cooled to 0 K). The inner atoms are represented by red

circles and the outer shell atoms by yellow circles.
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Fig. 9. (a) Three carbon clusters with their initial configurations (middel) (Ci23: cut spherically from the
bulk, C147: bucky-diamond structure, and C1s4: random configuration) are undergoing the annealing process
in two different media: vacuum (left) and jellium (right), respectively; the open ends of these structures are
marked in red; (b) a random configuration of Ca16 (most left) is annealed to 2000 K and cooled down slowly
to 0 K in jellium medium (second left); randomly 68 carbon atoms are added in the open-end of the tubular

like structure of Ca1¢6 (second right) and then the combined system is annealed to 2000 K and cooled down

slowly to 0 K in jellium medium (most right).
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W46 70 TR 25 0 R, ok L3k AT 45 R st T R AR
b, S5RE 10 Fros. RISV MR E
Z K, AR E S5 M35 R PR g5 4. I8 o BT ik
BERFE (BLHE o SR w0 BETE 25 4 b BT 7 B, b
AT B A (1) (3C) &5 ) B J2 IR 1A R i T2 AR 5 4 4k
RERAE DL, R IAE RS E A5 R b, B RE =
ARG AL IR T Fil sp? B, G BB g L A2 T R
[ JZ R ) sp? B RESRZ) 2.35 eV, RIIE T ik

Vz (Rij) = 6i5Viz (Rij) + (1 —

TEFR) 2R G5 K B A sp? BEAFAE (WG 18 7T 295 3
ik [128]).

=53.0 LR R BRI R FLELE L L A AL
—53.1k ,— VTGO
bsic =1.89 A, AZ =0.632 A ]
~ —53.2 3
g 1
S —53.3 ]
o
% —53.4F .
\_‘
- 3
§ e O=C0~0O-CO-CO-CD-CO-CD00C00 |
—53.6 bsic=1.78 A, AZ=0 Al .
—53.7 =
| 1 | I

1 Pl ! | IS
0 10 20 30 40 50 60 70 80
MD step (1 step = 1.5 fs)

10 WA S IR R Eh AR R £ L
GEEDN BAT sp® BRI AO#) A8 bR 454 AR P
(#HK71.89 A, buckling 4 0.632 A), £ FiafhiE NN
TR 2R P T A5 R B AL P (SR 1.78 A, buckling
90.0 A)

Fig. 10. Relxation of two-dimensional SiC graphitic-
like structures. The side view of the initial buckled
structure (bondlength 1.89 A and buckling 0.632 A) is
shown in the up-left and the stabilized flat structure
(bondlength 1.78 A and buckling 0.0 A) is shown in
the down-right.

3.3.3 sp? 5 sp® & 489 bucky-diamond £544
89 Si,,C,,, B 5%

BT R ILT Attt B sp? IUBERFAE, Tilm
T IRACTEAR RAFAEAR R TR —FE B AT sp? Flsp? 4L
17 1% 7€ bucky-diamond FFEE M I T REME. N T
EIX —wReME, AT BRALEE A AT T RS
Fo, AT FL TR S B A o 2H RLE TR AR E Y
bucky-diamond %5#J Si,,C,,, 7%+ BT 2 1 1 €8 J¢
TEH, BLRAEAG 27 BB L B G L Si—Si. Si—C Al
C—C B9 2 J7 T kg (1 1 .

I8 I B AT 4 W 45 R B R TE Crar IR TR 1
bucky-diamond % #4) i B2, FRATT & B4 WA 4544
BRIE Cra7 BRI 2 HARZR A DIAS (111) THT -4
VU T A 5o B P, FEAH AT AR (111) T A2 422 Ak ) Bk S5 1
HAFAE AR, TR R b, IXEEARAT (111) )
KA IR SR T T i C—C A IX 2 (111) R
LM BT NP R A e sp? IR s
B GE AR G5, TN B R SR T AT DR sp® B ) 4
WA &5 4. A, 2 B bucky-diamond %544 Si,, C,,
V7% 1) AT i 0 A% 2 — il A2 D\ 4 WA 25 K4 1Y) SiC i
eI — AN BRI S, C, (B0 4+ m = 147)
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I AT sh A& iR, 58K R A [R] (6 h 2
Si,, Cyp, 175 Bk 45 # IR 26 /B A 22 2 R IR 3R, 1T
2 2 IR 2R TR i STC i HPofs R B DG B 1
R B ot 3R 5 kOt R R R OCER S kTR 2 A ]
T i sp? 8, (HEETC &R 577t & 2 18 E B K sp?
HONIBRATHE R T B S RIUH S5 1A [F 4L
S BRI Si, C BIR, T n = 112,
m=35;2)n="79, m==68; 3) n="13, m="T4
4)n =68, m =179 5 n=235m=112. [HHK
W2 B8 T AE 4 8 A AR B RN SR AN R 43 A
(4 Sip, Cpy BRIE S5 4, 045 TEAZ B 5% (Sip-core/Chp,-
shell), B HESE (C,p-core/Sip-shell), T 557 5
(segregated)) M PR+ 3C-SiC & 74 45 44 1 B iE A B
A (VERLEI 1), XS BT & P4k 52 4 % 454

I3 IERIE S, C,, BIFEREAT S5 M I Bh A58 )5, K
TR T M 3C-SiC i Hh B BRI PR FHERTE SizgCos
M1 SigsCro HIBELEBN ARG TR T BAT & NIA 4
T 1) N % S & 801 0 45 74 71 56 11 bucky-diamond 45
1, Fo 455 REAEAH A4k 2% 4H R K Bl A st 4 45 2R
se d AR, PRI FL A dpe A g . IX — 45 SRR I Ik
SETAERACHE R Rt B sp? Rl sp3 ARSI
AREME. S Ah, 8 X P A R A% (RF SizeCoes
M SigeCro) #E4T DFT(VASP) 16181 i 3% 55 [A] kE
4 2] 7 bucky-diamond 45 #4. H Gaussian 03 HF
(STO-3G it ik bk $0) O] 55 1) IR B 40 56 45 SR Al
BE— R ] T S AR e M (PR S R1E S
SCHR [53]). X LEEE — BRI — P 3R T
SCED-LCAO J7iE3 2 45 .

Si,,Cm

(n+m = 1147) Si,-core/Cp,-shell

C,,-core/Si,-shell

Si,C,, from
3C-SiC bulk

Segregated Si,,C,,
structure

n =147

n=112
m =35

n="79
m =68

n="73
m="T4

n =68
m="79

n =235
m=112

m =147

11 HRb SR (BB —51) Koy A (BIERERZ R 5% (Siy-core/Cp,-shell), BiA%HETE (Chy,-core/Siy-shell), L
W18 (segregated)) & M 3C-SiC HERTEIIE]) KA G NI S A4 Sy, Cr BV BRI S M Sh A 1B TE; BF—H W
22 JA ZE5 R RIIR G5 AT A L T4 JE AR e S5 0, JReath T IR EE & R, 6, K, LRI G nAER
Si—Si, C—C # Si—C # (2% 3k [53] Bl 2; 51H doi: 10.1088/0957-4484/23 /23 /235705)

Fig. 11. Each panel shows initial and relaxed structures of SinCy, (n + m = 147) for different compositions

(as indicated on the first column) and initial configurations (as indicated on the topmost row). Initial

configurations considered include: tetrahedral networking of Si and C atom arrangements with n Si-atoms

in the core and m C-atoms on the outer shells; m C-atoms in the core and n Si-atoms on the outer shells;

Si and C atoms completely segregated; and finally the cluster cut from 3C-SiC bulk. The cohesive energies

(eV/atom) corresponding to each of the relaxed structures are also given. Yellow, gray, and mixed yellow-gray
lines represent the Si—Si, C—C, and Si—C bonds, respectively (see Fig.2 in Ref.[53]; doi: 10.1088/0957-
4484/23/23/235705 (© IOP Publishing. Reproduced with permission. All rights reserved)).
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A % bucky-diamond & ¥ Si,, C,,, A % ) 2 1%
HUEE AT L DB R 5 4 o O 1 Sigs Cro R )86
SERIABIR VB, M 3C-SiC & A LLlg Ji 1y
Oy EUH I ERTE SigeCro HIFESE ), BILEE T 114
SEREMFCE. B — B NZERIE 45 O R R T
9 R HZ R T T AR 4 IR Ak, SR =
J2 HZ B S G AT R 12 AN B S - 4K, otk
LB E (&ERNE TR NN, 4, 12, 12,
6, 12, 24, 16, 12, 24, 24). FLHE N EBHI 35 MR T
H i SineCro 1%, MFR 6 NEFEHI 112 NMETFIE L
HMESE R, X 112 AN JE 1 43 A AE 4 AR 1 DY T A4k 1)
(111) 10 b, JEHIR B ANE T 24 AR b ik R 1
BT AHAR (111) TR FAL. BN EAT R A &
(dangling bond), RAFEE, K EMZ ISR, &
ATTAH B 4230 IE T8 AR 58 K C—C sp? 8, MG BR
TR HSHAN, £ERC-CHEEREY, 5
AR AR B P J2 e ST A 3 3 TP B Si—C B, T
XL Si—C 8 ORI 2 iR S ) A3, 3X —
R4 R ST BA sp? B & B IR 4G
MR E . Hr 24 MR 7R i C—C K&
Si—CH K124 T IE, 1M (111) K Si—C
JEAT LR 46 N NIAIE. 34T 52 Mt A 60 ik S 1
25 7K SisaCeo M (112 JEF) & G454, W
H 35 AN T I AR TR NIRRT, 5562
A SR B R T I BB TE 1.974.28 A
ZI8), ot N AZ 540 = i AL i i R 55 ) B
RALEH), WTTORFF N AZ B SWIA SR, AEEA
bucky-diamond 45 #J Sigs Crg B7% F ik #2 vl BA
RIS 2H R PR B 2H S PR S kS B+ S
e, R — P UEB] SCED-LCAO W % i 52
HA R E KR DhRE.

NT SR bucky-diamond 4E ¥ Sigs Crg H1 75
Hb T8 E B0 A5 R 1 FR e v, FRAT K 1% B E A A%
Si1gCro WU, FFXFAN R R AT T — PR, 15
B T — R € B SiseCoo & B FEARE5H (W
12). E—25 R 4\7R 1 S, C,p, HIR R 7 —FIIEA,
B Si, Cyr, & MG BER GG M. JRATT RN SR 1 5
— 77 TG4k SisoCoo & M4 14, B E 2 M 3C-SiC
fn PR FP B BRTE Sigs Cro 115, SR 544 Sigs Cro BRIE
A% Y SigCro WAZEH, FXT T4 1 SisaCeo £
FoJR AT T, A4 B T FEFER SiseCeo &
BRm A, X — I FEAGIESE T AR S B R
SERIFAER AT RENE, [ 3R AL 1 A2 BB AL ik IR 5

K] BE IR L.

PLAE R Siy, Co, 700K S5 44 B AE 5T 5 AN 2 ANTE 35
IR ENER 1) 'S Bk v, B RS R Bl R ik,
B R L Zn AL TR B A B2 HH A BB e 52 5 1)
FeI ) 45 3] 129-195] (HIX K Si,, C,, FoIR G5 FITE
SCEG AR K AR AT B ). AT AR T4
B —ANEA AT A K Si, C, TR W IEE, N
SigsCro 3131 SisoCeo 7¢ 2 &5 M IS FE 25 T AT
—/MBEEF R R R, 05 M B A i A Ok AR K
Siy, Cy FEIRGE R FIHLEE.

Si5oCgo-shell
(Fullerene like)

SiggCro Siy1gCig-core

(Diamond-like)

Bucky-diamond

K12 Bucky-diamond 4514 SigsCro Ml (£ ) A5
—MNHA WAL SiieCro W (hiF)) Ml—ABA
WIS SisaCeo HISMTE ()

Fig. 12. The SiggCrg bucky-diamond cluster (left)
consists of a Si;gC19 diamo-nd-like core (middle) and
a SisaCeo fullerene-like shell (right).

3.3.4 Si,C,, & ELAHM ) B 413 (self- assem-
bling) #L3E

HRYE LN, BRI Sigs Cro 12115 HH UL 9 1%
SiygCro MM EI ) SiseCeo 70 5 45 1 H 25 B %,
BATRGHAT T T MBRALEE & A& B R T8 A% Si, C,
FORGE M FINLEE. M BRALRE &b (LLan 3C 4544))
I — RVIERE 45 1, 1X L8 BRIE 45 #4 0 L2y S
XK, —REUBIE T NP OMERIE G, FRZH
Cjp e E B, 5 —J2 DR 7 O i Bk%
GER, RN Sijy, 7o 2 B, Hod g R BRI
SR TR T K R 1 BRE A R )
N EINRZ. AN Crar_gs 22 M EABR IR T A H 04
I Sigs Cro BRIE A1 75 o B H SineCro W% 5 15 2
) SisoCeo % 70 )2 IREEHA. T Sigrs g7 A& M LA R
TR O A R Siy35Cra0 BRIE AR HEUH SigzCay
W% JE 13 2/ SigaCoe 2 72 R IR M. M1 Ay
T 72481, C,, MR TR G0y, H R S B
N5 AFI20 A, SR T HON 16 3 258, HEFE T A/
R B A (intermediate) REEH Si, Cy, 722 HIFE.

0 IX LB AR 1) 2 7 2 45 A R AT Nl (2=
2000 K) — #P — BRI (20 K) #1284
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W98 J5 R A L8 A1 5% 38 T R E 1 Si,Cy,
SER S5 M. B a0 Cogy A2 BN 1 SipeCra 78 4R 45
M, B Crar.35 4 BT SiseCeo TR G5 M), B Cors.gr
HE I Sige Cog 7 MR 25 4, HH Sigg.q A8 A1) Si1oCrg
FEAREE M, HH Siyaz_ss 42 ) SigoCse MR JZ & 14, A
HH Siazs.s7 42 1) SigaCop 72 IR 45 14 55 (¥ L ST ik
[52] R 1N 2). A L8 [ 7% ) 2 7 D o 72 vl
o E B R R TS TR RUN. Wil Casy
A ) SingCro FEAR G (6B S T 70 8), H
Cis9-35 2E L1 SisoCeo FEAREE M (12 Ak S 43
25), H1 Cosi-s7 25 H 1 Sigs Coo 72 IR 45 44 (6 1™ ik 5
T4 &), H Sizsq 4B SifoCoe 7RG (6 Mk
JR 43 ), H Siisg35 42 Bl SigoCao 7R 44 (12

AR T3 85), M Siogigr A B Sige Coe 724K
gt (6N EEJE 7). 0 S AR TR R
B il O 2 R BCH b o B I DR S T R AR e
FEIRGE R, N H Sigsr-123 2 R SiiosCroo 76 IR &5
(14 MEEIR 7 X120 E T 05, B Cagi1a7
A B SizosCrie 7o R G544 (4 M R 1 A2 6 Mk S
TIrE).

FA B ZBATEI T Si,Cr, FeREE 1 H
HEETIRE. WM Crer-35 AU SigsCos THIRE
(FEWLIE 13), 27 2 300 K B AR IH IR R + &
e A 2 10 PR A SR A OR A3 BRAS (LT 13 (D)
JIt 7 4 Siga Cos 72 J2 S5 M I BN A L AE), ¥ H R
THI S H 1 sp3 B 16 M REJR 7 K 4 AN R 773 25

\
£/ Remove 16
Si and 4C

= g atoms then
051500 K Y 'ﬁ relax

.
S

(b)

0s 112 fs 150 fs 3000 fs

SiaCes (Cier-35) (heated up to 300 K)

13 SiagCeu FCZEMMIAHILTEHNIEL  (a) £ —, M Cie7-35 ‘LB SigaCes Z5E/E45M); £ =, MFHRZE 1500 K i,
FRTH 43 25 S H ) sp® B 16 MR T R 4 MR T A=, ARBRIX 16 MEB TR 4 MRET R, BRMETE38
B LB, B AT RIIRRE I Siag Cea B IIGTRGI; 41—, Sis2Ceo & BIHTEIREIH; (b) SieaCoes Te/= LM
AR BR300 K I, SMRIAIRBEER 4 MR T (40 (a) H 78— B P20 1y i B /N BR) 2485 3000 fs JG &
B R RORE R T2 SR 2 B RS (2T (2 /N ER) (2% S0k [52) 81 10)

Fig. 13. (a) “Mending” process in the self-assembly of the SiysgCes cage structure. The most left: the initial
configuration SigsCgs generated from Cig7-35 with four tetrahedral units (e.g., indicated by the red dashed circles)
and four outmost C atoms (e.g., indicated by the red circles) on the two more outer shells. The second left: the
SiagCea cage structure was then heated up to 1500 K and self-assembly formed a cage structure with 4 outermost C
atom bonded with their next nearest neighbor C atoms in a flattened configuration (e.g., indicated by red circles), 4
Si atoms left behind at the interior, and 12 Si atoms and 4 C anchoring atoms on the outer surface (e.g. indicated by
red dashed circles). The second right: after removing these 16 Si and 4 C anchoring atoms, the network eventually
leads to a very stable SisgCea cage structure (the red circle denotes a 4-atoms fragment anchored by the C atom
with 3 nearest neighbor C atoms). The most right: SisaCgocage structure obtained from the initial configurations
with the Ci47-35 type of truncation from bulk 3C-SiC (the red circle denotes a 4-atoms fragment anchored by the
Si atom with 3 neraret neighbor C atoms). (b) The snapshots of the heating process of SigaCegcage structure at
~300 K, showing how a outmost C atom starts to bond its three next nearest neighbor C atoms (indicated by the
red dashed circle) and how the four C atoms break off their bonding to the Si atom (indicated by the red circle)
left behind after 3000 fs (see Fig. 10 in Ref. [52]).
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Ja, FRIET B sh4E4 o B pysh O, &&TE
JSRS E ) Sigs Cou & WM 7RG M (WL 13 () Ps
) SigsCes 7t J2 &5 # I B AR LFE). 5 Si5oCeo
()& M e R AR L (B 13 (a) B A T I etk 45
), B FC R I, 1 SigsCes TeZ&5MF HTH 44
IR & 7 AR T, BR T ELS EAC—C
BAM, AN F LT C—C 8 (WK 13 (a) 118
W seRE M I AL e bR D).

T T R ATHEEE] T M Crgrar P T

-~
-
ﬁ 0—1500 K

Si52C6s (Ci67-47)

Ji SizaCos 2 7o R (Bl 145 —) & A3 &
BTG Sias Coa FEARGEH (B 14 45 —) HINLEE. 4%k
B T ELS R N o B 5 AN & 5 AN BRR TS
(K14 — BN R, BRER T BEG—18
IR Sigr Coz FbR G5 M (B 14 A7 21 €0 i 25 Bl 1A il
IR). WFFCR I M TE 8 B BRI NN — AN EE AL — ANk
JEFR, ZARREMBE R A EETER T RE
5, 6 M ASTE 1 SiagCoa FRGE M (B 14 5 — 2L
JE 2 PE N T ).

K14  SiygCes SCEEMPIAMNBENIE  /£—, Cre7-a7 THTARL Sis2Ces £ 52 ERGEM; 72 =, SisoCes fEAMT 1500 K

R A 5 ANEE & 5 ANBRIE T (Wngn Bl W FTR); A, BB 5 AN 5 MR TR R RIER T BRE A48
B SigrCes FOIRGEH (WAL ERLE N FTR); 45—, 1E 8 L IMA —MEFM —MRIEF 5, MR A EERE T 1A 5,
6 INMFRE 1Y) SiasCoa FEIREE (ML B RLEE N FTR) (2 W3R [52]) Bl 11

Fig. 14. “Mending” process in the self-assembly of the SiggCgs cage structure; (a) the initial configuration Siz2Cgs
generated from Cigr-47; (b) a self-assembly cage-like structure of Sis2Cgg formed at 1500 K with ten 3-member
triangular rings (e.g., indicated by the red circles), 5 anchored by Si atoms and 5 anchored by C atoms; (c) after
removing the 5 Si and 5 C anchoring atoms, the network eventually leads to a very stable Sig7Cg3 cage structure
composed mainly of pentagons and hexagons with the exception of one single 8-member ring (indicated by the red
dashed circle); (d) by adding a Si atom and a C atom in the vicinities of the 8-member ring, the 8-member ring

was mended and a stable SiyzgCea cage structure with only pentagons and hexagons was self-assembly formed (see

Fig. 11 in Ref. [52]).

DA - (45 A B Si—C H AT sp? i @, JF
B Si—CHRe T LLIK BN i B )R £ B A
—EMBIRE T B3GR E 1 sp? B, M
Fa) B IR T A (VE 40 1A 45 0 B ) i R R AE SCHk
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Si,, Cy 5782 G AT R E R I22 ) 5
A5 LAIE B,
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e 2256 PRV W] LLSE v L ] SR R B R
R WE) 150 R, FERA R T E. fERA
BRI B R P, a0 DARR R A G AL R
RS 2] TIREGFIMB . A 7K SCED-LCAO
N N FH 3 B T LA R B B AT 2 R
FEMEIIA R, FATHE— 2P KB T SCED-LCAO Wi %
LR HE AR ¥ N7

IEHNRT T BT ik, SCED-LCAO M3 3512 5 37 78
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BAE R FHIER SRS SRS EI0LR 7
mf, B SRS RAEE RECNE, 4 E 1R ER,
T T2 MM EAEH, Bl E 7R, &
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LA AR (b —A s L =A p ARG, 5t
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057 BB R B 2 H O SR AN B, AT R 3
2 LTI 3 LB, TE TR R 2 R, i O
JCE A MR Z R RIEZS: BFEEEIR PR P
T PR AR AR EDIR DA S = A T A
PR &R =4 fm Ak, O T R e bR IR B o 2 A
2, BATRH 7 8 i SCED-LCAO 4 %1l ((34)
A1 (35) ) FEMRAT T RIS HS BRI T %
T AN [ s B A % P A 25 85 R R AAE A 9 DAL 8
SE 1 P AUEHE T M By—Bo HIRER & Fh2h
R 45 G Re A LA 548 2 8 (W3R 7 Th 31 L 1 &%
MR AR), WA T 4k (o sheet, § sheet) Fl =
YL (o boron) Bl SR e B AHE] (B 15). @i
1k, FA149 3] T 03 (1 SCED-LCAO W3 25 Wi A
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3

T T T T T T T

= SCED-LCAO
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A % (Z WOCHR [54] B 1), SE4:08 SCED-LCAO )
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Fig. 15. The relative cohesive energy per atom versus
the ratio of the atomic volume (V' /Vj) corresponding
to different extended phases: (i) the bulk a boron, (ii)
the « sheet, and (iii) the d4 sheet as calculated using
the SCED-LCAO (solid curves) and the DFT-GGA

) (16—18] " The relative energy per atom

(dashed curves
Fioal — Eg is defined as the difference between the
total energy per atom of any extended phase (Eiotal)
with respect to that of the bulk a boron phase at its
equilibrium volume V. The optimized structures cor-
responding to the bulk « boron phase (left), the «
sheet (middle), and the d4 sheet (right) are also shown

(see Fig.1 in Ref. [54]).

N T UE B SCED-LCAO ) & # 4 1H, A1
Xt SRR R AT T 0 T AN SRS, O
55— B R T S A R EEAT 78 20 LU B (PR 40 L 3
Bk [54]). T 15128 AN RE B
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R OMICEBE (N < 12) WSS LS e LTS5, 5 50N RBIERNFRE (Symmetry), 5 =51 90t % 74
SR UTEEH (Structure) IS &, %N H SCED-LCAO ME M e K FEN S AR K UTEMSE, FHHIN
H1 ab initio T LA S TG 5 HIAR 045 & R S L4k 2 561 (2 W30k [54] £ 2)

Table 7. Comparisons of cluster properties (geometry and cohesive energies) of By (N < 12) calculated from the SCED-
LCAO method (the 4th column) and the CCSD(T)/aug-cc-PVTZ method [136] as implemented in the Gaussian package [°0]

(the 5th column). Note that for each cluster coordinates of only in-equivalent atoms are given (see Table 2 in Ref. [54]).

Bn Symmetry Structure SCED-LCAO values ab initio values [°6,130]
W — —
M (a0, 0) a=0.882 A a=0.818 A
B D; .]..__.
? in E E=—1.082 &V E=—1.019 &V
a=0.857 A a=0.890 A
Bs D3y,
E = -2434 ¢V E = —-2.747 V
a=1.039 A a=1.070 A
By Dyp,
E = —2.968 eV E = -3.3526eV
a=1.066 A a=1.193 A
By Doy, b=1.013 A b=0.939 A
E = —2.969 eV E = —3.361 eV
a1 = 0.266 A a; =0.302 A
az = 1578 A az = 1.655 A
Bs Cay by = 1.547 A by = 1.549 A
by = 0.762 A by =0.774 A
E = —3.098 eV E = —3.609 eV
a=1.345 A a=1.365A
Be Csv b=0.943 A b=0.932 A
E = -3.341 eV E = -3.741 eV
a=0.853 A a=0.916 A
a1 =0.153 A a1 =0.220 A
B c a» =1.237 A az =1.252 A
6 2h by = 1.433 A by = 1.452 A
by = 1.491 A by = 1.501 A
E=-3273¢eV E = —3.585 eV
a; = 0.498 A a1 =0.494 A
az = 0.576 A az =0.708 A
B o by = 1.607 A by = 1.654 A
7 2 by = 0.812 A by = 0.809 A
(-by-baty) by = 1.340 A bz = 1.300 A
E = —3.560 eV E = —-3.463 eV
a=1.626A a=1621A
ap =1.433 A ap =1.427 A
B c az =1.385 A az = 1.420 A
! 2 by =0.770 A by =0.781 A
(9,8 by = 0.852 A by = 0.797 A
E = —-3537eV E = —3.405 eV
a=2031A a=2012 A
Bg Dgp,
E = —-3.158 eV E = -3.043 eV
a=0.786 A a=0.853 A
Bo Dy, b=1.686 A b=1.755 A
E = —-3.781 ¢V E=-3.721¢6V
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(F74)
Bn Symmetry Structure SCED-LCAO values ab initio values (76,136
ap = 0.429 A a; = 0.430 A
as = 0.552 A az = 0.559 A
by = 0.955 A by = 0.968 A
Bi2 C3y by =1.979 A by = 2.023 A
by = 2.284 A b3 = 2.290 A
by =0.773 A by =0.774 A
E = —3.985 ¢V E = —4.020 eV
a=0.726 A a=0.731 A
Bio Deg b=1.613 A b=1.618 A
E = —3.890 eV E = —3.855 eV

*8 MMALMIICE K SCED-LCAO W% i 24 (Pa-
rameters)(Z WLICHR [54] % 1).
Table 8. The optimized SCED-LCAO Hamiltonian

parameters for boron (see Table 1 in Ref. [54]).

Paramters Values Parameters Values
€s —13.460 eV dn —0.597 A
ep —8.430 eV Bsso 0.318 A-1
el —16.411 eV Qsso 1.477 A1
el, —14.529 eV dsso 0.520 A
w0 —0.921 eV Bspo 0.466 A—1
wy 0.183 eV Ospo 1.819 A-?

s, w 2172 A-1 dspo 1.118 A
ap,w 1.225 A1 Bppo —0.906 A~1
ag 0.173 A-1 Oppo 3.634 A-1
U 18.586 eV dppo 1.529 A
Bz 2.917 A1 Bppr —0.305 A-1
An —2.075 &V Appr 1.425 A1
By —1.143 A1 dppr 0.326 A

ayn 2.502 A1 Reut 7.0 A

4.2.2 Bgs =%-F @24 (boronene)

A I ) = 4 B R = SR ) B T AT
L NATTR I A0 5 1 T B 3 Hh O B8 1 = A T (6
sheet) 14 B2 INf, L~V [0 45 0 I AN FasE. BSR40
A3 W MAZ 25 46 R B T TR B o sheet B, & 30
IR E M g R e HA T IR v =445 0. &
1T/ SCED-LCAO J7 2% IX iyt —4E S5 K EAT 1
Gy T 1A, 43 3] T RIRE R &5 R (W STHER [54]
Kl 4). ik Wang iff 50 /)N 2H (37K BT Bag T 1 ]

1%, PN T HH B - 17 7% 26 R 0 5 i — 4
-1 (boronene) £F 7E () AT Ge . 4 1 UE SR E6 )
WAR, AT WSS AT T 70 7 3h D1 At .
16 25 T Bag sheet sS55I FE, Mgk B H
SERI T RS E 1) Bag sheet A&~V 1H1 45 #4 1 3 28 it &5
F, ATITAE BRI b SCRF T SEIG I, gk — 25
iE T SCED-LCAO W5 (1) & e

—39.644 Ty T T T frTy T T

—39.645

—39.646

Eiota/eV-atom™
| |
w oW
S O
> o
= >
o

—39.649 H E

200 300 400 500
MD step (1 step =1.2 fs)

16 Bse sheet ZhAit LR, WHREDIBERER

B3e sheet ~F [ 25 #4) (LA UL

Fig. 16. Total energy per atom as a function of

MD step for the relation of Bse sheet (referred ad
1371y,

—39.650 1 L
0 100

boronene The insets are the top view and side

view of the finally relaxed flat Bgg-sheet.

4.2.3 Bgy buckyball %K ZE A 6942 2 M 50

W 7T Bgo EL & BR (buckyball) {7 £ & 1, X
SCED-LCAO & 5 B Wik it & — N+ =
k. B R EN, B REg —E
FAEAR RIS 75 2007 4 Y%A R 4 4 i
Bgo BN — AN B I, WFRME B B ER FER 45
16 581 BIAE HLAT & IR AE S 1Y) Beo PI IR 20 /83K
HC I 20 AN R T LB T 25 0 ) 3 A g i
BRRE. BEJS LA, AT — 2 T T R I
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Bgo L3 BR [ Ty, 3 FR 2 45 44 (B 20 ANFE 7S 36 H O
(R JEE7- 160 P AARE ) L T, R B A g (139148
17 Cop, XIRRME (EP 20 ANFEZSERH O S 728 25 1
lfa] N AN R B T, o B A e D) B O, 4
R BB 1420, Dy d v 2 I AT e IR 1 45 R
Z 8] BB 2 FE IR UE AT K J& (1) SCED-LCAO W %
WA R, FATE 115 Beo ELIEERIEAT T RGN
WHFC. Wl 17 R, AT EA I, SRR By B
BEERAT T P 1. FRRBLEA I, 5
PRI Bgo ELIEERAf LA & —ANRE 451, (UNAE
0.3 ps WEME LA T, XFRIER] By ELIEEK,
KR — AR 254, BAERFEE T 40 1.2 ps 5,
Bgo BB 1E T Cop MRS . X —3h fy it i
e HEHER T By ELEEBR I AR 2 P 72 Akt
PRk A48 3 B2, ASMUIGAE T SCED-LCAO HI &4
PEDRE, HELE T8 — T RS A g,

—39.618 | LR/
(1 Bso(In)

—39.620 |
—39.622 |-

—39.624

Eota1/eV-atom !

—39.626

—39.628 TR | bt 1o
0 500 1000 1500 2000 2500 3000

MD step (1 step =1.2 fs)

B 17  Bgo BEIRK TNt Bd e ARG
SRR I XFRME (2 B, BAESLE T 0.3 ps 5N T),
SEFRPE (2 F ), 245 T 1.2 ps 5 Cp MFRTE (£
B (W [54]) B 2)

Fig. 17. Total energy per atom versus MD steps for
Bgo buckyball at 0 K. The buckyball with the initial
Iy, symmetry (top left) relaxes to the T} symmetry
(middle) in 0.3 ps, and it stays in the T} symmetry
for about 1.2 ps. It finally stabilizes to the Caj sym-
metry (bottom right) after 2.1 ps. The direction of
the arrow is used to denote whether the central atom
of the boron hexagonal rings is protruded inwards or
outwards (see Fig. 2 in Ref. [54]).

TATFBS X BAG Cop RPRPELE ) Bgo ELAEBR
BEAT T AT A BRI, W AR 1% By R
BRIHE 22 800 K AR, MRE IR 2 0 K, Bgo 1)
TR$F Cop RTFRME, H 2438 FE T+ % 1000 K J5, Bso B2
BRI Cop, WFRPEAN AR, $ H 212 %2 0 K I,
XA Bgo B OAZ % 2 & (compact clus-
ter) £ R4 (P [ 7%, L1 35 B R 7 B L Oy XTRR

P Bgo L IEERIK 2 0.05 6V, 5 B A O, W FRIE K
Bgo 55— JRHELGE B — 5 142 ) CL AN ]
DU 7Rt SCED-LCAO W 25 1 £t i il 18 52 24 1
TCRRRMINEE, P a] CAS.FH 2 HAh ik R, 3041
Har oy B 28 81 A B SR R T S5kt

5 ZE5REE

ASCFEGIRUR T 3&E T KRS & 90Kk R A4
BHERLE SCED-LCAO M350 1k e Hisk B

5N BV R Z RO EAER, SCED-
LCAO W5 %5 771 T Hu iR T Crar, SiggCro Al
Bgo 5 E Ik R g AL IR BE R R 5 e 1
SR, JE I R B R A AR AR R R R AR R &
HB), SCED-LCAO M3 11 /7 v 14038 AR 2 7
B R B BN R A KR &R, B R R
% R E 2 ER 2R 4 EAR S, B
BRI R S5 — R A&, REH T SCED-
LCAO & #fett, LLRART Hofth - 2258 77 7 1 T
. Ak, FERTTERRE ) ) A KL KB
TR TR A 0 K 28 1 A0 2 R e o e 1 DL S, Cy
bucky-diamond & #4 [4] % 1 Si,, C,,, T8 IR &5 #) J7 1,
B AUE T 55 — R A Lk SCED-LCAO M3 %%
W5 v B g, U8 SCED-LCAO My & iy
VET] TR A B RS B 9K 25 M B R
BRI R AT 5T

25 b FTid, 2T SCED-LCAO W 351 /% @k
()BT 1 AR T v, TERIE 90 RS B oK B
e RS MR L P YERE DL R oy T8l )1 2l R
AL, & — AR A AT S w1 A0 T
D577, IRE R T 0 Fomf e S50 BE & A
FEX RS E I A 9K 5 MR & AHE T AR A
SRR PR AR

BATE K5 B SCED-LCAO 7%, 4%
7E SCED-LCAO W B 8 in N 1) H i A A 45 1
2) HBESA AR AR 3) S3AH EAE . XU R EH
iR A R IR E PO LD NN A NP DU DN
Iy TR R AR A 55 48 AR 003 SO0 BT R
Gt L.

B 7 ik SCED-LCAO J7 i I M 5 A5 74 7 i
ZAh, FRATIEAE K & AL 7 #U1E £ R 1) SCED-
LCAO J5 k. 1@ x4 i 5 ek 20 AL 41, w7
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BRI R B B R, BT IS
FEA RS, B, 7T R 2] d R K R TT R
PSR o <P RS iU RoB =B YT Sk R E AT B
FAFBNAAES B BAR R =, AT RERE XS FL 11 2%
() ZS 73 AT A RHRA  BRIENEZR L F A 43 A S5 R P gk
TR,

M2, SCED-LCAO 772 B AR KB R fE 2% ]
AR S, XA AT DL ST K v LB SR,
& — R IT ROET B AN K A B B BERIE 52 07325, AETT K
HREREAT AT TR ) R RS A A0 S 06, DROR AR
RICERR R L, 58 N5 4.
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Abstract

The advent of the era of nano-structures has also brought about critical issues regarding the determination of stable
structures and the associated properties of such systems. From the theoretical perspective, it requires to consider systems
of sizes of up to tens of thousands atoms to obtain a realistic picture of thermodynamically stable nano-structure. This
is certainly beyond the scope of DFT-based methods. On the other hand, conventional semi-empirical Hamiltonians,
which are capable of treating systems of those sizes, do not possess the rigor and accuracy that can lead to a reliable
determination of stable structures in nano-systems. During the last dozen years, extensive effort has been devoted to
developing methods that can handle systems of nano-sizes on the one hand, while possess first principles-level accuracy on
the other. In this review, we present just such a recently developed and well-tested semi-empirical Hamiltonian, referred in
the literature as the SCED-LCAO Hamiltonian. Here SCED is the acronym for self-consistent/environment-dependent
while LCAO stands for linear combination of atomic orbitals. Compared to existing conventional two-center semi-
empirical Hamiltonians, the SCED-LCAO Hamiltonian distinguishes itself by remedying the deficiencies of conventional
two-center semi-empirical Hamiltonians on two important fronts: the lack of means to determine charge redistribution
and the lack of involvement of multi-center interactions. Its framework provides a scheme to self-consistently determine
the charge redistribution and includes multi-center interactions. In this way, bond-breaking and bond-forming processes
associated with complex structural reconstructions can be described appropriately. With respect to first principles
methods, the SCED-LCAO Hamiltonian replaces the time-consuming energy integrations of the self-consistent loop in
first principles methods by simple parameterized functions, allowing a speed-up of the self-consistent determination of
charge redistribution by two orders of magnitudes. Thus the method based on the SCED-LCAO is no more cumbersome
than the conventional semi-empirical methods on the one hand and can achieve the first principle-level accuracy on
the other. The parameters and parametric functions for SCED-LCAO Hamiltonian are carefully optimized to model
electron-electron correlations and multi-center interactions in an efficient fitting process including a global optimization
scheme. To ensure the transferability of the Hamiltonian, the data base chosen in the fitting process contains large
amount of physical properties, including (i) the binding energies, the bond lengths, and the symmetries of various
clusters covering not only the ground state but also the excited phases, (ii) the binding energies as a function of atomic
volume for various crystal phases including also the high pressure phases, and (iii) the electronic band structures of the
crystalline systems. In particular, the data bases for excited phases of clusters and high pressure phases in bulk systems

are more important when performing molecular dynamics simulations where correct transferable phases are required,

* Project supported by the US National Science Fundation (Grant No. NSF-DMR-0112824), the US Department of Energy
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such as the excited phases. The validity and the robustness of the SCED-LCAQO Hamiltonian have been tested for more
complicated Si-, C-, and B-based systems. The success of the SCED-LCAQO Hamiltonian will be elucidated through the
following applications: (i) the phase transformations of carbon bucky-diamond clusters upon annealing, (ii) the initial
stage of growth of single-wall carbon nanotubes (SWCNTS), (iii) the discovery of bulky-diamond SiC clusters, (iv) the
morphology and energetics of SiC nanowires (NWs), and (v) the self-assembly of stable SiC based caged nano-structures.
A recent upgrade of the SCED-LCAO Hamiltonian, by taking into account the effect on the atomic orbitals due to the
atomic aggregation, will also be discussed in this review. This upgrade Hamiltonian has successfully characterized the
electron-deficiency in trivalent boron element captured complex chemical bonding in various boron allotropes, which is

a big challenge for semi-empirical Hamiltonians.

Keywords: semi-empirical Hamiltonian, charge self-consistency and redistribution, environment-

dependent effect, large scale and complex nanostructures
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Fig. 1. Structures of a benzene molecule adsorbed
on the HCP Co (0001) surface: (a) and (b) are the

top and side view of configuration T1T2, respectively;

(c) and (d) are the top and side view of configuration

T1H12, respectively.
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Fig. 2. (a) PDOS of d electrons of a Co atom near the
Fermi level without adsorption; (b) PDOS of d elec-
trons of a Co atom below the C atom near the Fermi

level when the benzene molecule is adsorbed.
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Spin-polarization of organic molecules at the
ferromagnetic surface”
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(School of Physics, State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, China)
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Abstract

Study on organic/ferromagnetic interface is helpful for understanding the effects of magnetoresistance in organic
spin-valve, because one of the reasons of leading to this phenomenon is due to the spin injection at the interface. However,
the interactions at the organic/ferromagnetic interface are complicated and full of possibilities, and the effects are still
under debate till now. One possible cause is that the adsorption of organic molecules on the ferromagnetic surface is
random, which leads to various adsorbing configurations. Therefore, in this paper we select some typical adsorbing
configurations of benzene/Co system to reveal the effect of spin-polarization of organic molecules at the ferromagnetic
surface by using first-principles calculations. It is obtained that the spin degenerated electronic states of benzene molecule
will be broken due to the coupling between the 3d electrons of Co atoms and the 2p electrons of benzene molecule. The
density of states at the Fermi level becomes spin related and a spin polarization appears in the benzene molecule. For
both of the configurations T1T2 and T1H12, from the projected density of states we can find that the majority-spin
electrons of the benzene molecule is oriented in opposition to the direction of the ferromagnetic electrode at the Fermi
level, which means that the organic molecules filter and reverse the original spin direction of the injected electrons from
the ferromagnetic electrode. As mentioned above, the adsorbing configurations are different, so we consider three kinds
of configurations with different adsorbing distances for further studying the spin polarization at the interface. On the
basis of the configuration T1T2, distances of 2.0 A, 2.2 A and 2.4 A are studied, where 2.0 A is the equilibrium position
we obtained with full relaxation. It should be noted that we do not relax the geometric structure of the system in this
part of study. It is found that the spin polarization is sensitively dependent on the distance between benzene and Co
surface. The spin-polarization near the Fermi level even changes its direction from positive to negative with the increase
of the distance in such a small range. Our studies reflect the complexity of organic molecule/ferromagnetic electrode

interfaces, and enrich the understanding of this field.

Keywords: organic-ferromagnetic interface, spin-polarization, adsorption, first-principles
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Fig. 2. Position of discrete Boltzmann method in de-

scriptions of fluid system in various scales.
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Fig. 6. Macroscopic quantities and nonequilibrium quantity at various times in the implosion process.
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Fig. 8. Macroscopic quantities and nonequilibrium quantity at various times in the explosion process.
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Fig. 9. Macroscopic quantities and nonequilibrium quantity at various times in the explosion process.
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Fig. 11. The profiles of physical quantities in the one-dimensional steady detonation.
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Fig. 15. Physical quantities versus x at time ¢t = 0.35 in three cases.
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Fig. 16. The physical quantities p and A+, versus x at time ¢t = 0.35 for three sets of collision parameters.
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Abstract

Detonation is a kind of self-propagating supersonic combustion where the chemical reaction is rapid and violent
under an extreme condition. The leading part of a detonation front is pre-shocked by a strong shock wave propagating
into the explosive and triggering chemical reaction. The combustion system can be regarded as a kind of chemical
reactive flow system. Therefore, the fluid modeling plays an important role in the studies on combustion and detonation
phenomena. The discrete Boltzmann method (DBM) is a kind of new fluid modeling having quickly developed in
recent thirty years. In this paper we review the progress of discrete Boltzmann modeling and simulation of combustion
phenomena.

Roughly speaking, the discrete Boltzmann models can be further classified into two categories. In the first category
the DBM is regarded as a kind of new scheme to numerically solve partial differential equations, such as the Navier-Stokes
equations, etc. In the second category the DBM works as a kind of novel mesoscopic and coarse-grained kinetic model
for complex fluids. The second kind of DBM aims to probe the trans- and supercritical fluid behaviors or to study
simultaneously the hydrodynamic non-equilibrium (HNE) and thermodynamic non-equilibrium (TNE) behaviors. It has
brought significant new physical insights into the systems and promoted the development of new methods in the fields.
For example, new observations on fine structures of shock and detonation waves have been obtained; The intensity of
TNE has been used as a physical criterion to discriminate the two stages, spinodal decomposition and domain growth,
in phase separation; Based on the feature of TNE, some new front-tracking schemes have been designed. Since the
goals are different, the criteria used to formulate the two kinds of models are significantly different, even though there
may be considerable overlaps between them. Correspondingly, works in discrete Boltzmann modeling and simulation of
combustion systems can also be classified into two categories in terms of the two kinds of models. Up to now, most of

existing works belong to the first category where the DBM is used as a kind of alternative numerical scheme. The first
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the National Natural Science Foundation of China (Grant Nos. 11475028, 11202003), the Open Project Program of State Key
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DBM for detonation [Yan, et al. 2013 Front. Phys. 8 94 ] appeared in 2013. It is also the first work aiming to investigate
both the HNE and TNE in the combustion system via DBM. In this review we focus mainly on the development of the
second kind of DBM for combustion, especially for detonation. A DBM for combustion in polar-coordinates [Lin, et
al. 2014 Commun. Theor. Phys. 62 737] was designed in 2014. It aims to investigate the nonequilibrium behaviors
in implosion and explosion processes. Recently, the multiple-relaxation-time version of DBM for combustion [Xu, et
al. 2015 Phys. Rev. E 91 043306] was developed. As an initial application, various non-equilibrium behaviors around
the detonation wave in one-dimensional detonation process were preliminarily probed. The following TNE behaviors,
exchanges of internal kinetic energy between different displacement degrees of freedom and between displacement and
internal degrees of freedom of molecules, have been observed. It was found that the system viscosity (or heat conductivity)
decreases the local TNE, but increases the global TNE around the detonation wave. Even locally, the system viscosity
(or heat conductivity) results in two competing trends, i.e. to increase and decrease the TNE effects. The physical
reason is that the viscosity (or heat conductivity) takes part in both the thermodynamic and hydrodynamic responses
to the corresponding driving forces. The ideas to formulate DBM with the smallest number of discrete velocities and
DBM with flexible discrete velocity model are presented.

As a kind of new modeling of combustion system, mathematically, the second kind of DBM is composed of the
discrete Boltzmann equation(s) and a phenomenological reactive function; physically, it is equivalent to a hydrodynamic
model supplemented by a coarse-grained model of the TNE behaviors. Being able to capture various non-equilibrium
effects and being easy to parallelize are two features of the second kind of DBM. Some more realistic DBMs for combustion
are in progress. Combustion process has an intrinsic multi-scale nature. Typical time scales cover a wide range from
107'3 to 1073 second, and typical spatial scales cover a range from 107'° to 1 meter. The hydrodynamic modeling and
microscopic molecular dynamics have seen great achievements in combustion simulations. But for problems relevant to
the mesoscopic scales, where the hydrodynamic modeling is not enough to capture the nonequilibrium behaviors and
the molecular dynamics simulation is not affordable, the modeling and simulation are still keeping challenging. Roughly
speaking, there are two research directions in accessing the mesoscopic behaviors. One direction is to start from the
macroscopic scale to smaller ones, the other direction is to start from the microscopic scale to larger ones. The idea of
second kind of DBM belongs to that of the first direction. It will contribute more to the studies on the nonequilibrium

behaviors in combustion phenomena.

Keywords: discrete Boltzmann model/method, non-equilibrium effects, combustion, complex fluids
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Fig. 3. Nanoscale phononic devices: (a) graphene
nanojunctions of different connection angles; (b), (c)
junctions with smaller connection angles have lower
thermal conductance. Adapted from Ref. [80].
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Fig. 5. Thermal transport in radially deformed carbon
nanotubes: (a) thermal conductance as a function of
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sion function under different radial strain. Adapted
from Ref. [90].
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configuration-averaged transmission function and its
dependence with the length of central region. Adapted
from Ref. [113].
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Fig. 10. Abundant thermal-electrical-magnetic phe-

nomena.
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Fig. 11. Original interpretation of the spin Seebeck
effect: (a) a thermocouple composed of two conductors
(metal A and metal B); (b) independent spin up and
spin down states in metallic magnet can be considered
as two channels of a thermocouple. When temperature
bias exists across the metal, spin accumulation in the

system results in spin bias. Adapted from Ref. [155].
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Fig. 12. Thermally driven spin current: current I is
sent into a ferromagnetic material FM; for generating
Joule heat. Thermal current Jg flows from FM; to a
normal metal NM and causes spin accumulation at the
interface, which further injects spin into the adjacent
NM material. Adapted from Ref. [173].
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Fig. 13. Quantum dot under microwave radiation: (a)
Ss and (b) ZsT as functions of microwave frequency
w and the level position of the quantum dot (QD) €o;
microwave radiation with proper frequency at low tem-
perature significantly enhances the spin thermoelectric

performance of a QD system. Adapted from Ref. [73].
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Fig. 14.

Room-temperature spin thermoelectric properties of a sawtooth-like graphene nanoribbons: (a)

spin-dependent Seebeck coefficients as a function of chemical potential; (b) normalized total thermal conduc-

tance, spin Seebeck coefficient, spin ZT', and spin conductance as a function of chemical potential. Adapted

from Ref. [210].
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Abstract

Emerging novel properties of nanomaterials have been attracting attention. Besides quantum electronic transport
properties, the breakdown of classical Fourier’s law and other significant quantum thermal behaviors such as quantized
thermal conductance, phonon subbands, size effects, the bottleneck effect, and even interaction between heat and spin
degrees of freedom have also been revealed over the past two decades. These phenomena can be well captured by the
nonequilibrium Green’s function (NEGF) method, which is pretty simple under ballistic or quasi-ballistic regimes. In
this review, we mainly focus on two aspects: quantum phonon transport and thermal-spin transport in low-dimensional
nanostructures. First, we present a brief history of researches on thermal transport in nanostructures, summarize basic
characteristics of quantum thermal transport, and then describe the basic algorithm and framework of the phonon NEGF
method. Compared with other methods, the NEGF method facilitates numerical calculations and can systematically
incorporate quantum many-body effects. We further demonstrate the power of phonon NEGF method by recent research
progress: from the phonon NEGF method, distinct behaviors of phonon transport compared with those of electrons,
intrinsic anisotropy of phonon transport, radial strain within elastic regime as quantum perturbation, two kinds of
interfacial transport behaviors, defect-induced localization of local phonon density of states, unobservable phonon local-
ization, etc, have been discovered in some particular low-dimensional nanomaterials or nanostructures. Second, the new
concept of “spin caloritronics”, which is devoted to the study of thermally induced spin-related transport in magnetic
systems and offers a brand-new way to realize thermal-spin or thermoelectric energy conversion, is also introduced. After
concisely discussing the spin Seebeck effect, spin-dependent Seebeck effect, and magneto-Seebeck effect, we present the
linear response theory with spin degree of freedom and show that by combining with linear response theory, NEGF
method is also applicable for studying spin caloritronics, especially spin thermoelectrics. Finally, recent research on
quantum dot models or numerical calculation of real materials give hints to the searching for high-ZT materials. With
the ever-increasing demand for energy and increasing power density in highly integrated circuits, quantum thermal trans-
port properties are not only of fundamental interest, but also crucial for future developing electronic devices. Relevant
researches also pave the way to spin thermoelectrics, which has vast potential in thermoelectric spintronic devices and

energy harvesting.

Keywords: quantum thermal transport, spin caloritronics, spin thermoelectrics, nonequilibrium Green’s

function
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2 Weyl ¥ & B 13 5% 6 WA

HE B4 A 451 1K E ALY AslraO7
(A=Y 80 #i Lo &) O30 K R a @
JUMTRE#. =238 ok I, B AN oG & A2 4k,
AoTroO7 RBUH F & B9 #7157 P02 YoIr, O
& AR P B AR TR T A K,
NdoIr,O7 R Bl 42 )8 17 N PY,) ProlraOF FHLH
Kondo &M It H B A B & K E R 208 2. & i,
SIS AR R IR AR AL AR N R AR S -4
GARLAR. JF BB &8 - LSRR, Wit R AE
S, TEE A AL P R TR ARLIR T
BN, FRATTR FH 4 35 4 M 7 25 % Mufftin-tin PUE J7
2 B SE R P s 24 VE T T AP T RLE
sz 52351 ek B3R 0 s b o0 Fxt 2 K T B
1T B RE T S A (R 2 e v DL 2 AN T, DR, R T
BT YolraO7 KL Aolra O R RINFT FPE.

2.1 All-in/all-out ##5%!

1E Yol O7 1, B I JE FHS AN A B HL
B Ie-O VAR, #E XA NTHNAE & 3, I (19 5d #
T8 B 24 R B ] I 1) e I RN = BE 1] JF 1) tag 1
. BT Te-5d BB TE SE 2 (] AR LK, B
S\ A S 37t EEBOR, TR e 1T tog T (1) B
SRR, AT H AR RI, oy BETT L FK
REZ i th 2 eV /e da, FiT LA 2R K R 2 B I 1 e 7
BRI [ o 7. W T 5d S IEILER, HIiEHIE
Fh A IR, IXAE1F (A I Ir-to, RETT R AEESL. B
WIS EG 25 AR, 75 5d 1 R b i 7 R BR
g1 Ul ER AR SralrOy /BagIrO, 2] 454
W BT R U MEE KL N 1.4—2.4 eV ZJH].
JRI E e % Ll (LSDA)+SO+U (U = 2 eV) %t
YolroO7 Sttt BY 1) 1545 B B A K K TH 1
SRA. HBAR, MAHFRBESIT R, (2
W RAR PR A E, U IMKE S eV
ANEAFAF %M RAS N Lk A

TE YoIroO7 1, In J5 K4 1) 4% 2 B L T A
{14 DY T A% 32 B2 RS R (1 P9 8%, XA 240 LA AR KK L
R, RS TR R . T FIRIMEEER,
W SR L5 RN T S5 R s, AT SRR T L

W LER). (001), (110), (120), (111) J7 M HIkRL 4
oA DY AR e A Tr R WA X YA 7 1A, S3 4
PN I B 75 A6 AH 7 1) 1) S Bk A . i B4
REY, UL ERBERHASHERI B SR, Mk
B gt JRR UGk 1227200 S —Or T, e R A A
A WS SR, X — s RS g A R AT A
¥y 22250 Ap g A vk E gt 1, FATR LA § 5L
$e tH e M RE 5 A AE N SR IS AR T, WESE R 2> ) A
VU T A 0 e e . AR I L 25 5L JRAT 1 B AR 2
WEEE R, AV E T = RBEZE M, J 0l =2
“all-in/all-out” (ATAO)——Fr 4 WL H 15 7] /45 25
VU T A oy, AR 1 TR “2-in/2-out”——HpHg
AN G R R R 17 DU T A by, 53 AR PR 4E B DY
THI A 0y, At A 1 UK I R A L 54350 «“3in /1-
out”—— =M T (W LR 45 1) DU AR O, S 4h—
AN PR R 8 25 G T . R At f R A [
ATAO WEFRUAE HIE I fE vh — BAR RS, 1IXmiR
HE A TREEMCIME. & T HMMBME, BA
RE B WS T H R AR I 2 A 1% Hh e i, Lk 2 U
REAR T b F AR RS, ATAO R B 1) B8 5 78
U =2 eV, FITFREMAR A Ak, i 2 fior, 1%
— SIS R A ARG, T ARG B AR SR
A SO0, LRSI R R R D E PO
ATAO PTG 7RI AT 145+ T 0 T JFG A PR R A L A 1
WisE. AT RTF g AAFHMA, ATWIE T
FLOOKTH . R R AT BL (LDA)+SO i 545 ik
A RIUGRR ORI R EAT R, TR Lt

P Resom 851 Yolra Or H Ir B H4 B L TH K110
DU TH #2855 44, #iF Sk 3RoR all-in/all-out [IREZE ), XA
T ¥ 7 DU T A FR) T J3 PR G HE 4 8 17 /438 0 D T 4 o
(51 BZHICHR [15])

Fig. 1. The pyrochlore crystal structure showing the Ir
corner sharing tetrahedral network. The configuration
that is predicted to occur for iridates with all-in/all-

out magnetic order (from Ref. [15]).
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Fig. 2. Evolution of electronic band structure of YoIroO7 shown along high-symmetry directions, calculated
using the LSDA + SO + U method with three different values of U equal (a) 0 (metallic), (b) 1.5 €V,
and (c) 2 eV (insulator with small gap). The Weyl point that is present in case (b), is not visible along

high-symmetry lines (from Ref. [15]).

i 1 3 i B0 BT 5 R g M S I RE RS B A
M J(q), RIRXANEAE q = 0LAWIE. ZieE L
AOER VR 45 BT, BRATTH RS A 45 M AL
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AR T B AN 2 R e 4 5 0 1 Bk AL BT,
[RL L, o] i 8 3K R R A R L S e A Y — L2 —
AN e RS 3S) JRATTI S 9 ATAO BT A6 B 3k 22 A sk
B4t FIAE PO~ 20 R T B ), BRATIX
— &5 Jx s LR G AT 4 B R B A R
ER. K BIDUCR AT — B WA & H Cd0s207
0 3 25 BE AL 2L 8] BT DL — BLAS B AIE 52 Cdp O8O
T 2 28— A (1 HLAR A2 31 2011 SE /7 AT R03E 1Y
M ——A) =4 1 Slater 4 2 44 13, £ 3RATHI T
TEZJG, 2012 4F, CdyOsoOr LK B3 I 42
ATAO ) 344 Z 0 R Bl il iA A Slater 42544

S U BN Y o Iro O7 £ 2 2K 1 Pt 3T 1Y) B8 Y
SRR, HJ2 N3 1 B 41, A R 45 46 1) 1o e 2

PEANARV/IN. AT EATU, AMINHELIZ RS Y oIy O 15
PERAR KM, 24K 2 ) ATAO H 48 5 1A A8 £ 25
PERE S5 R (0 S R I, A 2R 2 SR AR K I 1 BHL 2%
7. BB TS RIAE VX, AW ATAO 225
WER R A, VA (001) J5 AN — N Hddg. H 5
ZERRYIININ BT 7 2 W R TR T ), (B R K
ANBUBAFAR /N, AE (001) J7 AN 5 T K/ A
Y, SRR EA 0.07 pp MERIE, [FE 2K E
B A AT 2 B S B S9G4S Smolry O
fE4 THMEE T 24 0.05 pp IR B FIRAT]
MBS TSR R AL, AN IE 240 T,
HUE TSR R T], 2A Re 7F id POK I (45 14
R m -G AR AR 1E RO R A MU
AR EZR /N (R LA, T H— 1R
YIryO7, Taira 5 201U 21X — & R A H 45 2kl
FF, T Yanagishima 55 &1 F5 R IX — 4K R A — A5
i (22720 [T RERRATI A R DA BEAR e UL S B )
-G ARFEAR VL R T [l (ZFC) ANz B IR (FC)
FAY i 2 2 18] BRI 22 5.

1 FIHLSDA+SO +U (U = 1.5 V) iF 5 Yalro O JURARFEBAMRIFIEE R, Hrfr (S) F1(O) 73R Ir T
R BB IERIE, Eror £ B RE, ZEAREREBINT (51 HSHE K [15])
Table 1. The spin (S) and orbital (O) moment (in pg) and the total energy Etot per unit cell (in meV) for

several selected magnetic configurations of Y2IragO7 as calculated using the LSDA+ SO+ U method with
U = 1.5 eV (Etot is defined relative to the ground state) (from Ref. [15]).

gt (001) Bk (111) Bkhh 2-in/2-out IDM ATAO

(S)/uB 0.08 0.10 0.09 0.06 0.13

(O)/un 0.09 0.10 0.07 0.06 0.12
FEtot /meV 5.47 1.30 3.02 2.90 0
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BRI 1R 8 2% 7 s FRATT AT LA B X AN &5 18 2 [R] 1)
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178, WRARIS B AL ORfR, 520 H LR Bl 45
FRRAE U7 T IRATIS 2 1 ATAO AR, HEAT T
LSDA+SO 115, g5 3R 2 (a) FioR, R RIKAN

&JE. P UMUK SE R T 2T AT RERR Y. #5255
W H T ORBRE B HE R, 34T T LSDA+SO+U iHH,
SR E 2 (b) ME2(c) s, WA LUE |,
B OREBELLS, YaolraOF WY M AR AT I
BRAR A Ak, ATHIE, LDA+U HiES BT 2%
B Coulomb HE /% /& | Hartree Fock V3% 77
AL, — RIS, REBREEE U R85 I s 2 1 18,
Hilf 2, w2 (b) A 2 (¢) i, 78 Yalr, 07 1,
RERRBESE U BI3G N B i vk ).

BRI 9 ATAO PR30 45 A6 ANFT A A o0 TS0 AR PE
JT LA AT DAIE 3k 6 1 2 FROR AR 9 B8 7 45 A4 R AL
FIRE AT CH T SR B T B BB A I . AR B [A] R
AR R, ATV FARAREE € = £1 RARid g
TETH O 327 F AT B K X rpr B[R] S 38 A A8 AR TR
NT(0,0,0); X, Y, Z(2r/a(1,0,0) FH R 15 B
R, AR PUAS Lt (e /a1, 1, 1) FOAR L 36 FR ).
R 2R TORREH UL NI R, BT R
2, BIRMRTFRME ST YA L U255 i, H a2
TR I i 7 AR O S H A —A L7 A
PR B =A L s IX oK. i AL FH Al = AN L
R FAR (L 2H5). JU > U, ~ 1.8 eV
i, B ATAO REZSHII Y oIra O I FE AR AR FE AL,
MU BN, FRRRAE T A, SR R LT AH
A WNER 2 Frl, 78 L AL B A AR AR SRS A
G RAE T #EE. vTLUOEH, XRAMHER RE
—ANRAG A (R WS R [15,16]). 4
U MR KIS, 1 % /& Mott 82444, ATl U 1R/
%, R RIE T E B A, 751X NHAR 5 1k 43 it
gE L IR 244 B A AN 4 A ) A B
IR (BARDHE WZE 3R [15,16]).

®2 WHEARRN YolroO7 FEM A RIHAZE s TR, RBP4 G Jope = 1/2 W TR (N FIA REH AL

) (51 HZ7E 3 [15])

Table 2. Calculated parities of states at TRIMs for several electronic phases of the iridates. Only the top

four filled levels are shown, in order of increasing energy (from Ref. [15]).

AH r X,Y,Z r Lx3
U = 2.0 eV, ATAO(Mott) ++++ +——+ +-—= —+++
U =15 eV, ATAO(Weyl) ++ ++ +——+ +——+ — -

K 4y R A SRR, LU 41
(A A RAR R, 5 425 M A AT
FEBRTUS N e =Y v qor, JOKAES

WENE, Hrh g = k—ko, 0; /& Pauli %545, 3K

<

it oi AELRVE IR, T LATE RS AR, TR AT
ML ERERAE = /3 (-9
537 RERRL T8 o ) Wyl J7 R 50— 14,
AT AE XA FAE (FHEAH) ¢ = £1
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A YR RIREUZ Berry 2R 4>

C= 1/Fdl~czd)\.
21

MR Stokes 7 B, IX AR E0t A& P & il TR 55 1
Weyl /i 1) Rl faf (10 A0 R0 oo S (50 A 1 AL 5 — A
Weyl &, XA 4k 7R RMBREON 1, ROV ETE
IRMEGAK. MR RGE 2 = 0FIFLS, BT
BIRBNESRERAN TR RTHE D FIER SR
LS, WK 3 (b) Bras. an SR A 1R 3 823 A v
Ak, 055 TA Weyl i 50 1A TR A ) Weyl
R XA B AT Y ) 4R R RECA %, XA
ERZH MR RIS 2R, ZAEiE
W T 3R ASE PR BEGUE B — A PRI, XA Bk
IS5 LI B R T A —FE, B — R A S LB,
WL 3 (c) B, EXASTF IR 2 BOE R A T
HR I Weyl giAEIXSRIE IR
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Gap

E(ky)

Chiral edge state

Projectd bulk spectrum

Momentum &

(b)

3 Weyl L& BINEHA (a) FIHERIK R Weyl 4,
V3R A A1 LK X LT A — A 1 i T (b)) 0 R T R T
BRAE AR LT RE HO\ k), HTHRRAGIERN
Wk, e A — % B FAERREE; (o) B iR
RIMEMBPAKI, FRIA—A Weyl mith ik, &TH—
ANFAER R 1 Weyl 5 (51 122 3CHk [15])

Fig. 3. Illustration of surface states arising from bulk
Weyl points: (a) the bulk states as a function of (kg,
ky) (and arbitrary k) fill the inside of a cone, a cylin-
der whose base defines a one-dimensional circular Bril-
louin zone is also drawn; (b) the cylinder unrolled onto
a plane gives the spectrum of the two-dimensional sub-
system H (A, k) with a boundary, on top of the bulk
spectrum, a chiral state appears due to the nonzero
Chern number; (c¢) meaning of the surface states back
in the three-dimensional system, the chiral state ap-
pears as a surface connecting the original Dirac cone to
a second one, and the intersection between this plane
and the Fermi level gives a Fermi arc connecting the
Weyl points (from Ref. [15]).

T U = 1.5 eV, YaIraO7 i Weyl ,m@ﬁ:iﬂ
#(0.52,0.52,0.30)2m /a FIE BIXFR L XL ]
PARE e — AN LT, SEO7 R AEAN 0 AT — X T
PEAH 1) Weyl 55, Et (0.52, 0.52, 0.30) 27/a
(0.52,0.52, —0.30)21t/a. FIATEU = 1.5 eV}, X
AN TR N 0.52(4m /). W LUE BILE (111)
THIAT (110) T A 4R OR3P B 3 K I, 31X 2 37 oK I
BB AL XA L B A AN F TR Weyl A,
W 4 FoR. WRFEEET (001) 77 MFTH, F5E
FA I PIAS Weyl s 22 #8522 7] — > i, BT AFEIX
AN B A R MRS 8 SR

/ faiw NN#11

)]

4 CBRARIA 515 ] YolreO7 19 (110) M 1 £
T A& BL R B oK O, B A B0 5 O A A Y T DU L
LSDA+U+SO w53 B ka4, K P RS2 T
128 ME T T E U EA R E WA ERES, b
THI TR 12 (110) 3R NS B TAEAR I R Weyl sUR 5%
KR, TS B (111) R i BB FAEA R
1 Weyl sUHERZ 1 3K, 20 i AR F A F 1Y
Weyl sU7EX LeTh bR A (51 HS7 30 [15))

Fig. 4. Surface states. The calculated surface energy
bands correspond to the (110) surface of the pyrochlore
iridate Y2IroO7. A tight-binding approximation has
been used to simulate the bulk band structure with
three-dimensional Weyl points as found by our LSDA
+ U+ SO calculation. The plot corresponds to di-
agonalizing 128 atoms slab with two surfaces. The
upper inset shows a sketch of the deduced Fermi arcs
connecting projected bulk Weyl points of opposite chi-
rality. The inset below sketches the theoretically ex-
pected surface states on the (111) surface at the Fermi
energy (surface band structure not shown for this case)
(from Ref. [15]).
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DUHIR Weyl & 8. N T IHERmA, WE—4
W& (110) & A 128N BT EZE. XANEEH
REAWE4 fon. BHRERTME LRI
R TRIN, B LSRR £ 2 AN 3R 1)
%, PR 5 4 B A (110 TH A 2 K. T (001) T
BA RN RRTE.

1 ATAO [ REAE Y N KR4 By v B A0 A s
By M, UMLK, R RE &8 (UR
/N —Weyl 4@ (U ~ 1.5 eV)— Mott (U > 2eV)
U GAREA AR, 0 R 4% R U B AR A R A
Xof B H Rt T LAAS B e 4 A 5 4 1 SRR R A
B, anfE 5, R LT ORIR U SR, SN2 it hn
NG . MAMEESA KT FHE R, e R AR 58
&g, R R IR ECE BT O R B A S iR T
Sl LA B Ry B B, T 503 L FL T ORBR R B BT
LA B A R 1) S50 mT DAL I 21 517 SCHE B 1A
7] (I AH.

Ferromagnetic metal

5
>

Collinear
moments
(large field)
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M />
- —~
S wn Non-collinear
= i
é = metal
T E=
YOS y
1
z r T T y T T T T T T 1
0 0.5 1.0 1.5 2.0 2.5

Coulomnb U/eV

Bl 5 ket @A (A2Y207) FIAHE: ik
TREK, HOIMNIESS (51 B2 3CHR [15])

Fig. 5. Sketch of the predicted phase diagram for py-
rochlore iridiates. The horizontal axis corresponds
to the increasing interaction among Ir 5d electrons
while the vertical axis corresponds to external mag-
netic field, which can trigger a transition out of the
noncollinear “all-in/all-out” ground state, which has

several electronic phases (from Ref. [15]).
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PRI 2. 24 I (7] J5g 8 R FR B3 25 TR) 06 FR PR 43 4T
W, 0 AT AR 193091 b8 LA — A4 k)
0 # LB/, Bl CraO3, BiFeOs, ‘BT 6 43514
1073, 10~4163=051 Fr DL 33k B A 4B H K 0 B4
B — bkt i A 1061,

FAR MR N e G AR 25 S T R SR AN Y
TERIWEFT, M LRBCR ISR T RERR. V12 &0
B TS MR b AR p TR &R, BT H
T RBRHERAR /N, 11 HLAS R ARG ). 3d A0 4d i i e
&8 TR A R OR I LT OREE, (2 e H iefhiE
MAER/N. MES A TRNERAEFIRK
[ HL - ORI 8 [ e PUE RS &, (H2 e AT R Re i &6
TR, By LAIX 6 4 Joi 4 75 e AT VAR A S P Fh 48 2%
i [67].

A e aititid, 5d 78 & B A58 B e iEf &
FIAS ] 2008 (1 B 150 BK. BT DA 5d i V% & @ A e
FEF IR Axion L AR EAEM B W 5 R, 78
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IR AT AB2Oy, B AL i 4 8 251t B AT 2T
B DG THT A 9 29 5 8. A EE TR S S5 R YD 5d AL
EY, RO G A SV ER BYIET, I
MBI, FIEEATH T T AOsy 04 (A 6+
% J&: Mg, Ca, Sr, Ba).
#3  HERHEERIN AOs2 04 MEEHIE R, ME Nt
Y2107 MR B, H Os—Os fil Os—O KA TR
BHIEAB() Os—Os Al Os—O [ (3] E 2450k [17])
Table 3. Theoretically determined lattice parameters
of spinel osmates. Angle denotes the Os—O—Os bond
angle; Os—O and Os—Os denote the nearest neighbor

Os—O bond length and Os—Os bond length, respec-
tively (from Ref. [17]).

Os—0O—0s Os—Os Os—O

/) BK/A BK/A
CaOs204 98.5 3.07 2.04
SrOs204 94.6 3.12 2.05
BaOs204 103.1 3.28 2.11
Yalr2O7 129.7 3.60 1.99

R G5 H) AOsy Oy I [ RE R Fd3m. R4
B LR A S B SR, B ABRATIE R T FOR
FASE A5, THEEURR YN 1 SRR
SHECIAIR/N, R 3 T LDA4SO 4R, &

AR I At LR 7 V2R SRR 45 i A e P B
PR 2R AN R R BE 5 T A2 e R AR E 1 DA S oAt AT
Re M AR AR GE A AN 118, BT A B4 SRR R i
LR H AOso Oy 2R B, AFE XS, FRATTHAE
YolroO7 W fn s # BAHNAE TR 3, nTLLE R AN
JR X Os—O AT A1 H BOR B2, 3X MR
1S FRATT AT LU 35 AOso Oy B HL T 25 44 3 Ho ] BA
BT HRE B A AE.

AT it H MgOs, 04 1 HL T 25 8, KB
BIRA RN R SES. LT RN T/EEEN®R
Ca0s204. RE CaOsy04 T REU HIMEHIE AR
5, {H &0 DUE E e =48 R G0 I 5 2 Ee g
SrolrOy M2IX PRI 4 RGP BRI, 53—
Os—Os B K L Yo Ira O7 H 18 I—Ir UK AT, B
PATE CaOsp04 HIHLFIRHK U EE Yo Ira O7 HH /).
ML R, CaOs,04 FTHLFREBEU £0.5—1.5 eV
Z 8] FIREER AT G5 Yolro O —HE, 2R i AT 4544
1) CaOsy04 H Os 2 5 B LT P . (H 22t
A E B THE, BRATRIE YolroOr AR H & HS
& (010) 77 1A BBk G S A2 CaOso 04 I3 ES, T H &
SHPRSHIREEZRK.

T (a) i (b) {| (©
0.4 0.4 1 0.4 1 !
0.2 0.2 1 0.2 7
> > > 4
2 ' < : > 1le
> Er > VER > F
0 0 0 0 0 0
g g 1 g 1
& = &
—0.2 —0.2 —0.2
—0.44 —0.4 7 —0.4 7

Y XW DL

Y I' XW I' L

Y I' XW I' L

6 VAR CaOs204 MIREW 451 (a) LDA+SO; (b) LSDA+SO+U, U = 0.5 eV; (c) LSDA+SO+U,

U =1.5eV (5l BZH3CHk [17))

Fig. 6. Electronic band structure of CaOs204 shown along high symmetry direction: (a) LDA4SO; (b)
LSDA+SO+U, with U = 0.5 eV; (c) LSDA+SO+U, with U = 1.5 eV (from Ref. [17]).

CaOs204 ] B8 7 W B 6 r 7=, f£ LSDA+
SO+U (U = 0 eV) ik R AEJE, BT RKIKU
A LAFT T RERR. A T HRBIHERA 0 RERR KD, RATTHE
A7 ELIHXAT 1100 x 100 x 100 IR 5. 5 F X ke
—/NEH R RS R, TR AR AN [ (1 Ok
BAl: U = 0.5 VAU = 1.5 eV, B4 RERR

43 H)H 0.01 eV F110.08 eV,

Fu A1 Kane O8] 4 H — AN J1405 ok ) By L A5 s
S AR ARG R BN Gk, ANATR I
X T BLA A O ST BR B B A Ak, 3 S T B
FF AR F 4025, I FLH R IL R v A & R 5 109700

— M (mod2), X B M = (Zk Ni>/2, T N, 5
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FEIS [A) SO ANAE f i B B AR RETT S PR 4L 2R
i A1 I Os J5U T 1 JR A 85 2 S0 A8, Os 11 5d
BB 2 BIR 92 0 37 B 5, DR L e BUTE ELFROK BE
i 2 eV, ORI A REH £ EZ52 t Os [ tog 14
B — AT A 44 Os Ji1, frbh—30F 24 5%
tog PUIE. WIAIX 24 5 toq i HP 4 LT 306, JUHEA
PR A AR RE BAT R IR AR 117 Os 7E2R it
ZERIIK) CaOso Oy H A& +3 41, PTLAIIR K S22 %%
A, AT 20 2% i R TR I 4 2615 2 R S HR K. BT A
AT ABIF TT 4 2% 2217 (10 T PRk 70 A Fedh .
XF TR A 4 H ¥ CaOsg 0y, AN (8] A AR

REAT HR R TIR. MAEX, Y, Z &, W5 LeEReH
HR 2% B TR, SIANI SRR TR TSR U
FUELN, I, X, Y, Z sURRET I TR A 6.
1M 55— 751, BB AR AR Y L R AR R
S, S5 RN APTH. F RN T U = 0.5,
1.5 eV a4 6. FrLixt T U = 1.5 eV ki
1143510 = 0, A RZEBELZE, MU = 0.5 eV
i, 0 = m, KR4 T Axion AR, X4 LAk
RH A A 1) P R L P L

%4  LSDA+SO+U it # 18 # ) CaOs204 K 4 1

7 tog A FE N H) S AN AR R TR, Kb L A

(-0.5,0.5,0.5)21/a; Ly N (0.5,—0.5,0.5)21/a; L. A

(0.5,0.5,—0.5)21/a; L~ (0.5,0.5,0.5)2n/a (51 AS%

SCHik [17])

Table 4. Calculated parities of states at TRIM for

Ca0s204. Only 4 empty tae bands are shown in

order of increasing energy. L, denotes 2m/a(—0.5,

0.5,0.5), Ly denotes 2m/a(0.5,—0.5,0.5), L. denotes

21/a(0.5,0.5,—0.5), and L denotes 21/a(0.5,0.5,0.5)
(from Ref. [17]).

Ls Ly L. L

U=05eV ++++ ++++ ++++ ————

U=15eV —+++ —+++ —+++ +-———

P+ 48 2 A RN 7 38 248 2 4R 2 () i kYR S R
SRA IS T FHR 48 Axion 4144 1)
AR T DL 4 8 A Mott 4 AR R AR 1L 7L, FRA1
MU PEM T —RAHE. £U &T 113 eV
Z [A]E}, CaOse0y4 A& =4 Weyl -4 J&. &) Weyl

N S D eI G T & T TN - RPN
U 18, Weyl sl 3 i & A& A, 2t

1M 4T JF — > B A2 Bl Axdon 48 2% 14 Il Mott 4 2
&, SrOsyO4 Fl1 CaOse Q4 —FEE A FAIE BT, A
YoIraO7 —#f, SrOs, 04 Fll CaOs, 04 i HL T BE
SR PE B AR A R I T BAH B (W 7 ).

Coulomb U/eV

7T RMARENY (AOs204, A = Ca, Sr) HHE
(51 HZH3CHk [17])

Fig. 7. Sketch of the predicted phase diagram for
spinel osmates (AOs204, A = Ca, Sr) (from Ref. [17]).

I Ja ATHE R T R ORI
BaOsyOy, b iR 42 A0 4 & W] 5 i 52 ) 1 & 1
R 45 K. 5 CaOspO04 M1 SrOsp Oy A —FE 1 J2,
LDA+SO WS EBAETD 8% Jur = 1/2 W HA
1] FF M7 4-2-2, 110 AS A& 2-4-2. 1X /N4 J 5 Pesin
Fl Balents 9] {1 45 2 — FE. Xt F BaOsy 0y, %2k
] A AR I e Al 28 0k, 9 H 2 oK A 2 Bl A /D
M) A A A OB I k. BT RBU 2
J&, BaOsyOy R H G, (H27EEH1 U il
FEl N, 7E BaOsoOy H %A K I Axion 46 2% 44 #5 Al
Weyl -4 J@H.

4 Slater 42 % Kk NaOsOs

HISCAT 4R 1 5d I I 4 J& S8 A P ey i R TR
SRR N E A 1517 A 5d i 4 B A AL
L RE I IR 4 A8 AR I AR L 51 T NN DRV,
FLAE 1951 4F, Slater $& H R ERHLT 2 151k R K
A4 SRS RARAR 3], B TR A BRAR, TR R e A
TR, T EUR R B b AT P A, BT R
A BN X di /N AR B — 2. fEAm I IX L A, g
WRABS R W 8 B, AR R T WY
B & B A G AR AR PR Slater A5 R34, IR %
— 4 SRR RSB A S AR AT T DL IX
NS MERE. (HJ2 = 4E) Slater 8 AR E1IEH 5L,
X7 A = AR P oK AR AT AR B 2%, il
T AR, AR MERE ORI HTE B, 7R A AR A
1E ATAO W5 M R I € UL, 38— =48
Slater 442% 4k CdyOsoO7 B A3 35 P\ [B8:44.71]
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99990009 =

71-;/0, I I nl/a
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K8 Slater 4 hn i BEHERENEK, KLU
SERBE, A BN X G/ — % Be i AR A BLIH X g S A2k
BEE, TP RERR, L& R AR AL

Fig. 8. Sketch of the Slater metal-insulator transition.
As the temperature decreasing, antiferromagnetic or-
der appears and doubles the unit cell. Band structure
is split at the edge of Brillouin zone. Metal-insulator

transition is occurred.

2009 4F, Shi%F IH] B & BB AR & T
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PR, AR XS AT 5 I B 45 R, NaOsOg H 45
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JET, TR Os-O J\HIA, Os B3 21 )\ T4 & K37
NaOsOs 1 B FH il 6 72 i R B )8 AT 0, (H2
FE410 K, KA T @A gAEFAR, maiiiks
RAMAL. Fioh, FEERRE RN, HEH A PR ih 2k
ANTHE 28 L B AE ik, Ui AS R — A
AR IR E S R R E A A
TYESARAR. TE 410 KB, Wi ER AT R AR
XA LA AR R B KRR SR LA
i FEE N <2 R -2 R AR AR R R — B R TR

R Shi ST E T BT 451, BB AsLIR g,
RARR I, RABRML T 2 A 3 1) 4 J 2 2 A 2 A8 T AR
JE. BHHER N R G HE FUIX A AR, 1 FL RS
S B EERE X

TE% P AR ZE N, FATHRIH A S L
TP T 38 7 92 R PR WIEN2K 1731 3 - sz a6 il
3100 5 R 25 K 5 0, AR R T 1 N AL bR, 45 SR
5 PH). W T LAE (A TR S5 R S
MEEIEERE.

N T EEZERIEEARRRNE S, RATE okt
F LDA L5 T NaOsOs [ L T 45 8. I Ei 3¢
Jirik, Os G540 T O )\ Ttk 2R KM ShnE
L. Os 1) 5d HUIEESZLN e, Fl tog HUIE, FKTH L5y
A 1 3 B2 Os-tog $1IE. LDAEAL R i 5524
B (e B 9 (a) BT, IX 5 Sea 4 JEARFE (72,
WIHTSCHTR, XT5d JtER, HREPUERSE BN
K, T H 5 E US4 5d R R AR T R HT AT N
PIEEPERR. LU0 SrolrOy () Mott 56735 B9 ApTr, O
J& Weyl 45 )@ 115161 AOs,0, 52 Axion 4244 171
FIT LA BE 5 FRATTAE v 5 i 45 A D B e L TE R
A1EH. K9 & LDA ALDA+SO 5 15 3 1)
NaOsOs IREFT 2544, MWEH AT LLE i, LDA + SO
HE RS 5 B2l LDA f 25 Sk EL AR AR /N,
Ui B X AR R ) B e SE RS B IR A K.
X JE H T NaOsO3z H Os S +5 47, B 5d3 HEA; tog
AN, RIONPE B, I B RPUER S
TER B — 88 %, 75 2dit a4 G
Bei. FTLLY SrolrOy4, AsIrsOr, AOsyOy4 %5 5d° 1
AANE, A IERA X NaOsO3 [ 5 500
Fh.

#5  HRLAS IR T AR TSI E NS L (51 B 225 30k [18])

Table 5. Numerical and experimental internal coordinates of NaOsO3 (from Ref. [18]).

Bkt (18]

SR (72

JiF T y z z Y z

Na 0.0392 0.25 0.9910 0.0328 0.25 —0.0065
o1 0.4919 0.25 0.0885 0.4834 0.25 0.0808
02 0.2940 0.0428 0.7046 0.2881 0.0394 0.7112
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LDA i+ 58 B 184 (b) LDA4SO 515 2 (1 #E
(51 BZ%30Hk [18)])

Fig. 9. Band structure of NaOsO3, shown along the
high-symmetry directions: (a) LDA; (b) LDA + SO
(from Ref. [18]).
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Fig. 10. Electronic density of states (DOS) from LDA
+ SO +U (U = 2.0 eV) calculation, Fermi energy EF is
set to zero: (a) FM configuration; (b) G-AFM; (c) C-
AFM; (d) A-AFM; (e) D-AFM. The black (red) line is
for up- (down-) spin. For AFM configurations, spin-up
is the same as spin-down; thus only one spin channel
is plotted (from Ref. [18]).

THEOR G 2ok 3 Os i 1. BT Os-5d
H1O-2 p Z B HZRAAE, (615 O hafi 5 — & B
Fi. AHJE O BIREFEIR /D, AT LLZBE AT, BT )
W7 BEPE R AR T 5d £ 4ok U AR B 5
SrolrOy /BalrOg &5 M4 L R B TE Rk A6 A 43 2 H e
B P 35 (5 10:15,16] 1 SO T AR SR A ) e L R A
MEAER. {HZ NaOsOg [ IE B R H AR /. 1X
WM — ATV T B FePE %A A0 BAE e
NaOsO3z XAMAR PR/, g5 Rk 6 sl
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#6 JLSDA+SO+4U (U =2 eV) it HA R MM AR S G Os JRT H 1 FERLAE (S) FMBLERLE (O),

Hh G R RERE I S BE B E OV E AL (51 AZE 3R [18])

Table 6. Spin (S) and orbital (O) moment (in pg), as well as the total energy FEtot per unit cell (in eV),

for several magnetic configurations, as calculated using LDA + U+ SO method with U = 2.0 eV. Etot is

defined relative to the G-AFM configuration (from Ref. [18]).

T Y G B I B R C R kM A TR el D B = B
KA/ eV 0 0.243 0.186 0.282 0.205
H EREHE / pp 0.94 0.22 0.54 0.29 0.20
MBI/ up —0.11 —0.01 —0.04 —0.03 —0.03

M6 TR LUE B, LR 1) K /)N Bl A e 2
AR AAR K, 31X U B Os b 1) i R A 38 g e, B
NaOsO3 F1HL 1 BA IR KRR &I, JA T H A5 2
MIRERE A2 0.83 up, /N T 5d3 # AL S = 3/2 HIREHE,
SIS PR BN E R A A B A 2.74 .
X T Y R A R, G MR A 2 - P il B A )
AT LA B -4 B IE 1 B AR T R LA
{H 2 X I 25t 00 A0 7 3 B A S RE AR AR AR AN B
2/ E R T R GO R M — A
GARTIfE, BT UMRZE 5 BRARAE [R] — N5 R B i A 1l
PR SO A G R AR AR IR e gk Rt — D
ik T NaOsOs #2& Slater 4214 18],

TATHER 0 45 B 5 4 eI iE sk, 36 E AR
I [ 5% 52 56 = ) Calder %5 (7] (1 o7 -7 B 5 45 SR AIE
ST NaOsOg MIREREZS & G R s i, i BLARATTR
W, HRNEMAEEXMERTAEE Os B
WEFE 9 1.01 pp. IXEegh RS AT TR 45 1 —
U8 B HiE T NaOsOs & — 4> =4k Slater
LA LAR.

BATHAARA R ET, GERA
f)NaOsOs A& M — 4 4k, H 545 RiEm 7
NaOsOs A& — > #1 B 1) = 4k Slater 46 25 k. Fe ]
O FE 8 25 BLBE o SR BeiE sz, A T8 — A =4
Slater 4824k Cdy0s207, NaOsOs H A5 5 & HL 1 &
IRGE RIS HEAEFY . NaOsOs $2 4L T — AN AR5 i
(7 &, ATk B0 7T =4k Slater 48 4R I PE .

5 4 &5 LiOsO;3

Bl B msdidEEBANY S HE
BB 5 1518 2013 4F, LiOsOs # %2 il
I HE RN T 48 1k ek e i 7 O
LiOsO3 fE T, = 140 K kKA — N5 Az, i@

Tk A O DA R XS 2R AT S SR 5 AT DU X —
ST FES LIS FMMBA R MG, BRE
HUS TR/ X LiOsOs #E4T 778 17791, 4R,
LiOsO3 "8k v 4 i PEAZ 12 IO ML ERATS AR S N B
H1: 1) LiOsOg [ &5 H A28 AL IS 2 A 7 6
FPARAE? 2) &)@ H T IR BE ORORE e
AT 4815 LiOsO5 H 1 F A B 7 75 55 T 5
(140 K) T RefiA e HEF1 2 ) FH 2T JE 35 R0 ~F T
LA AT VASP 8081 FRATTHR 5T T LiOsOs [
S J Bk L ) B AT 2.

11 LiOsOg [&5H R & K
A R3c; Hgtth, WM GRS AE Li, Os f1 O
BT KA AR Li B TS WAL 5 M Ak (5
H 2% 3k [19))

(a) B R3E; (b) &R

Fig. 11. Primitive unit cell of (a) PE and (b) FE
phases of LiOsOs3. The green, blue, and red balls are
the Li, Os, and O ions, respectively. d and —d corre-
spond to the displacements of Li ions along the polar
axis (from Ref. [19]).

LiOsOg [ & i A 45 #4 (1 22 18] B & R3e(H
SCHRZ N AR), a0 & 11 (a) Fr s, LiOsOs fE
T, = 140 KN R A — DL A, 25 18] 45 # 4
A2 B R3c(F AR Z N BRHUAT), X — 25 F A A2
R T Li B 7 AT A B B A A B
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d ~ 0.46 A(B 11 (a) K G F7 k) RL, [ A1 Bl
FEOBTH— AR, BT SChg i fik 345
(a =506 A, ¢c=13.20 A) ] AL T 4k AR

IR 5 AR R, TR B EPUE R A LT
RIPT HATFE AR, R 740 TR A AAAE,
A LR AN SR AT S AR AR AT

F7 e O 1R A R P AhR RSB I [76) ek (51 2% ek [19])

Table 7. Atomic positions (in primitive rhombohedral coordinates) in PE and FE phases. The experimental

results are from Ref. [76] (from Ref. [19]).

JiF Li Os e}
REL R z y z x oy oz x Yy z
i L AH 0.25 0.25 0.25 0 0 O 0.8798  —0.3798 0.25
BRHAE (FIR) 0.2149  0.2149  0.2149 0 0 0 0.8855  —0.3842  0.2557
BRHA (S25) 0.2147  0.2147  0.2147 0 0 0 0.8785  —0.3837  0.2627

HRTE) UBREIE L (GGA) T, FATHHE T
LiOsOg Jiii HAH BA A % B AH B 7 45 4. an & 12 e
71, M R R ANk B A 1 LiOsO5 8RB 4 B AT A,
—9——2.4 eV R X ] 70 [l 1 75 25 B 2 R YA T
O-2p HUERITTER, EAh Os-5d BUE A — /N4
DUk, Li AR E T, B TSR ES AR
KT UL L. 458 E, Os J& A& O FE i 1E )\ i
4, DAL Os () 5d 38 B LAY 6o, F e HLTE. Os Y
5d B 7E S A B WK, A B IR KB d i B 4L,
M H R LLE B Os-tog 32 B4 A 75 9 K TH —2.2—
1.2 eV e IX [A] N, 1] Os-eg $L38 32 Z5) #i 75 oK
3.0 eV E. IEaIE 12 Fros, LiOsO3 i fL A BL K&
BREAH I B SR AR 22 T L, X S ARSIk A R
BaTiOz N, HiE A2 LiOsO5 2542
) = B A

WIHTFTIA, 5d M1 & IR KM H B A,
XF SrolrOy, AslraO7, AOsyO4 25 5d5 HL 1 &
G5 1) R 435 A RIRG J5 A  E f j  (8,9, 1517,
R AT 7 GGA F1GGA+SO Mg,
B 13 Fio, 9K T Os-tog FLIE 145 58 4 L6 1
o, A B e SE RS A SN0 LiOsO5 L4514

GECIRAR /DN, 3X — 85 NaOsOs B AL 018, 78
LiOsO3 1, Os LA +5 M e A2, KA
5d3. A Os-tog FUE MY H 62— NMUIE A, I
I BEPUE RS & 1) — OB, TGN i
WA meeds. KA T 5d° kR, AEHIE
T LiOsO3 1 5 5% 1 L.

H o BEAE — 2 5d i U & 8 A AL W R
& & e HOE B8 110505 i Os—Os
K /N F NaOsOs3 1 Os—Os # K, [ I LiOsO5

B RPEU N /N T NaOsOz 1 LT REL(U ~
1 ev) sl gt Ah, AT I A LiOsOs % K 1
A LA B H Sommerfeld & (v~
6.1 mJ-mol~"K~2) 5 524 bl 13 ) Sommerfeld
AH (v ~ 7.7 mJ-mol LK ~2) {EH AR 4 70 [ FE b
YL 1 LiOsOg H (1) HL 7 ORI AN o,

20 I
(a) Total PE
B! FE
|
10 + |
) M
0 ! ;
0.4 L (b) Li-s |
|
|
- 0.2 - |
>® |
% 0 M S nn J——
E sk (c) Os-5d !
< I
n
o |
A 4 b |
M | ]\\w
0 | |
10 | (d) O-2p :
|
5 |
|
0 L /’/\'lll\}j\ [
—10 —5 0 5

Energy/eV

12 LiOsOg B HLAH (3 th) DA RER AR (0 68) A%
B (a) BIOEEE; (b) Licls BUBMARRE 16 (o)
Os-5d IAE AT, (d) O-2p LEMSEE (JI8Z2*%
SCHR [19])

Fig. 12. (a) The total DOS patterns of LiOsOs3 in PE
(blue) and FE (pink) phases. The partial DOS of (b)
Li-1s, (¢) Os-5d, and (d) O-2p states in PE (blue) and
FE (pink) phases, respectively. The Fermi energy is

positioned as zero (from Ref. [19]).
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Fig. 13. Band structure of LiOsOs, shown along the high-symmetry directions: (a) GGA; (b) GGA+SO

(From Ref. [19]).

40

e |  —8— 0
| [EE——— 1 |
T 20'%355 E 7AfLi+OEEE,
s ] &
< \ ey PE g /
By .
g or FE “®a Eﬂmm a@® FE
£ R ' R ' A
5 : 7 A !
q:) —20 } ' D/D/f/ : \A\ '
LE ol A ' 'y asa
X /A/ X \A\ v/
N : e
! . i . !
—100 —50 0 50 100

Displacements/%

Bl 14 LiOsOg HEHAMH (46), Li & Fhik () L
K O BFALFE (G ta) X RLFI S B 28 (51 B 2% 30k
(190)

Fig. 14. The olive, blue, and red curves represent the
potential-energy changes with respect to O displace-
ments only, Li displacements only, and the coupled
displacements of the Li and O ions. The total en-
ergy and displacements of PE states are set as zero.
The displacements of corresponded FE states are set
as 100% (from Ref. [19]).
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TR, SIEEG b B ) 25 # AH AR IR D 140 K
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LiOsO3 71 HL A8 1 7 2 [8) {0 B B9 R 38 (> 3.5 A),
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B T A2 A 5 3 4 37 18 B G H AT 2 A7 110 5 i (891,
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Bl15 JRAAH LiOsOs 4310 (a) [110] #kIE B (b)
[210] LTI, ZE754 M\ 0(H ) BLE 0.3 o/A3 (L16); (c)
2k FEL AP IE Fl KD L 5 AR A [1T0] TE L, = AR IR
A& 1, 3M5 5 Li T FE —0.004 (#) B
£ 0.004 /A3 (41t0) (5] HSH Lk [19])

Fig. 15. Partial electron densities contour maps for
PE LiOsOs taken through (a) [110] and (b) [210]
planes, contour levels shown are between 0 (blue) and
0.3 e/A3 (red); (c) charge density difference between
FE and PE structures for Li pair 1, 3, and 5 through
the [110] plane, see text for details, contour levels
shown are between —0.004 (blue) and 0.004 e/A3 (red)
(from Ref. [19]).
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R I HAB AR 7 2 T K. 2R b Ui TR
1% 428 LiOsOg H 8k PRI B iR 2 B VA 1.

#8 WEHTZIMOERREEER (3 HBET

ik [19])

Table 8. The distances d; (i = 1-6) and coupling pa-

rameters J; (¢ = 1-6) between ith Li ion pairs (from
Ref. [19]).

AR 1 2 3 4 5 6

P d; /A 366 506 528 625 661  7.32

Ji/meV ~ —42 -0.16 -19 -—-0.17 -0.06 -—0.27
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Abstract

The spin—orbit coupling (SOC) in the 5d transition metal element is expected to be strong due to the large atomic
number and ability to modify the electronic structure drastically. On the other hand, the Coulomb interaction in 5d
transition is non-negligible. Hence, the interplay of electron correlations and strong spin-orbit interactions make the 5d
transition metal oxides (TMOs) specially interesting for possible novel properties. In this paper, we briefly summarize
our theoretical studies on the 5d TMO. In section 2, we systematically discuss pyrochlore iridates. We find that magnetic
moments at Ir sites form a non-colinear pattern with moment on a tetrahedron pointing to all-in or all-out from the
center. We propose that pyrochlore iridates be Weyl Semimetal (WSM), thus providing a condensed-matter realization
of Weyl fermion that obeys a two-component Dirac equation. We find that Weyl points are robust against perturbation
and further reveal that WSM exhibits remarkable topological properties manifested by surface states in the form of
Fermi arcs, which is impossible to realize in purely two-dimensional band structures. In section 3, based on density
functional calculation, we predict that spinel osmates (AOs204, A = Ca,Sr) show a large magnetoelectric coupling
characteristic of axion electrodynamics. They show ferromagnetic order in a reasonable range of the on-site Coulomb
correlation U and exotic electronic properties, in particular, a large magnetoelectric coupling characteristic of axion
electrodynamics. Depending on U, other electronic phases including a 3D WSM and Mott insulator are also shown
to occur. In section 4, we comprehensively discuss the electronic and magnetic properties of Slater insulator NaOsOs,
and successfully predict the magnetic ground state configuration of this compound. Its ground state is of a G-type
antiferromagnet, and it is the combined effect of U and magnetic configuration that results in the insulating behavior of
NaOsO3 We also discuss the novel properties of LiOsOg, and suggest that the highly anisotropic screening and the local
dipole-dipole interactions are the two most important keys to forming LiOsO3z-type metallic ferroelectricity in section 5.
Using density-functional calculations, we systematically study the origin of the metallic ferroelectricity in LiOsO3. We
confirm that the ferroelectric transition in this compound is order-disorder-like. By doing electron screening analysis,
we unambiguously demonstrate that the long-range ferroelectric order in LiOsOg results from the incomplete screening

of the dipole-dipole interaction along the nearest-neighboring Li-Li chain direction.

Keywords: Weyl semimetal, Axion insulator, Slater insulator, metallic ferroelectricity
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T T EYNERILEA R F1 R A

fER MEFIHANRBRAEAEATARN O SRIUABFE T EO Rt b, it R 2R h e d
SR EAEMWE AT ANEELS L, LRI TRAZRY AW EGHRREER. HARNLERA,
It HEBBEILF R T B HENL A HET A LA —F B, £S5 GH LT REART I EH A4
e, Plie@d it EM T AREIRA T TIARE Weyl B AT B3 LME LM THETHRGHHE, @i
KA H 7 R A AR E R R AT IR B SR A T AR R e T XKL H =T
ERETFME, ARETE—BREFLFLRGEEL L, KMELRAFNFFAMHGZXEES. TUMR, i
HRELBHMEFRRETRORELEE.

AR AL T H ML GREINR A G R £, SR FRG— L E T R RERTNGE, A TRBRYGS
FHAFERAFRS T EAEFHESERIR T FET KRELFHARKRFE MG SCED-LCAO % % 7
FVABA T AR T Al A m e — R A, BB AEi s g ik e 2 A B A A AT R 69 2 4
F Ao RIE R G A MU TF -k R @ S SRR AR KA A 5d iR 4 B R4L4h . A Rashba B % HLil 48449
B BET.SUTFEFHBM R AHITNG. EMNA L, B Z R F, T A FANS T E 326 T, s ER
HH A K.

(F RS AT ERFHLPS HEF, ABRF £49)

AEFRIF TS FEMR ZHEBR-EFFR 5
T S MBE R AR ETRL T
AT Wa 4!

(PHEBFEERAR KRS, MR ED R ER LR E, #08  230026)
(University of Massachusetts at Amherst, MA, USA  01002)

(2015 4E 8 A 17 HYLEI; 2015 4E 9 A 11 HILBIEEHR )

57 mg AN A2 M B TR AR AN [, B EAR AR YRGB IR T BR T A TR AN, I A AE A 1 T AR T AR
(Higgs amplitude mode). 7£ Z4ETEHLT, B TAAAE 120 R ZL A2 AL il s TR A, A i e 798 /2 —
ANBE T AR GBS RO A T — A I R AR 3 A 20 I — RR BT AR I AR A T e
(15, UESE T A kg T B PO INE . AR B, FRATIRI T — R A 1 BUE 7 T A EATA 4B A (superfluid)
B SRR AR (Mott insulator) B F4H78 & (SF-MI QCP) Btz () B A & A0 28R B M M A X &, B3h
PRINE) T A5 W W e A 5. R, BATAA T —Fhan ] P AT S KRR MR R P BIE TR
156 R 45 1) ZE IR M . R 28 (retarded response function) 515, Z7EEBEEWAMZ LS RL#ET K EMH
Gy T B HURR X — R SRR B SRR T B AS AR G 1 R N 1) G K R K, SRS R FE BB R AT R
T35 A\ R IS 18] SR IBG bR 50 3R AT SRS 8] (SEAIER ) 0 2 R Y. K% 38UE 7 5 R T —4E SF-MI QCP Pz i 3%
- AR (Bose-Hubbard Model), £ SR E W RE LB IRAH T, kg g A2 f 4 RIZL, (H2ES) R
SRR RN 2 FRD S 38 M) 7 R 50 ) R 38 e, AT W LUK 381 A ST ASE P 0 2 PR SR 6 1) S . ik — B B AR A,
ESRF A A, F 2 F AR T, AT BRI LIRS 5.t T 7] DAEE G di g Th B VA S 1 R S5 IR
AU 2] SF-MI QCP, PH A A% i SL R i B i i SL b AT BRI, e /AT 195 e, [RIRE (0 7 A% i SR 4R
VIR AAAE T BT A SF-MT QCP BAE ARG ((2 + 1) et U () IR A1) METIR R R84,

KERIR): LRtEmapy, B, AR T, SR Y
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AT BT 1 D AL A /7B 5 A IR BE PR R T

M. LR ABREEE T, RENFRBFSEHAR

A LA — ANl 7 ) S5 0] (] 2248 A8 U (1) B %%
TR,

U (r,t) = Wo(r,t) e, (1)

NIRRT, 1252 H375 7T CLAR RS B A 5 3%
1 (R B0CH IR (B 3) M s 8o k. T
REMRBEYEL I U (1) BE - & 25 B in s h [,

oW o |2 ,
L[, w7) = K00 S — K E‘ + K3V
— @2+ U (2)

WUR RIF 2 & d g, W (2) N B2 51N HLRE
Hyaz s A, Bl o/0t — 0/t — iep(r,t) LA
MV — V —ieA(r,t), H (¢, A) NHWLIAHIIIY
e, (2) PO T I A B — 300 K A T
RGN E 518 T R ] () S G 7. AT
1 2 OR B 303 5C T 18] i = X S 3000 K, A
FERLE RS, K — 0, Ko T4 FHURZE Y
RN FERX ARG O T, FRATTE = B R g AE
TR - O RRME, B IEIR 2E A,
BEI, FRATRRN Ndz i 9 D + 1 4ERXS 1R U (1)
W, D NRG S 4L

IR A& r, U AR, BAZr >0, %
REHB 7 LU B 1 Fros S4BT 28 V4 BHIE 7 I T2 AR,
I PSR (F) = \/r/U > 0 (RIREEN, B
FIBL N 0), B RGLALT U (1) TR S 1 A,
R B 572 BN W F I R AR 57
18 BBk T, RS Re 3G & S b Tk 3 B RHE
WA, RGP ARAE — A S5 ALK& AH S B o g
PR ) 2 48 1@ A% (Goldstone mode), X W8 it /i
SHRE TR T —J7 I, W &2 ERE
Rk V&, fal SR TH SR B BT T Ky, K
IE: 1) Rg BA MM AL, K £0 H
Koy = 0, WHRTER I (S A1 — 8 IR
SRR, 2) RGERABBLEAZNE, K, =0
H Ky # 0, MIRRERI N — A A F 1R R
B —2r AR AR A, FRAT IR FR A i
f5 (Higgs mode) Pl BLANE V7GR, %5 5 1F
WA TR S & B A A BAEH, BrbA a2 —
b LR S SR RTERIN K T AR T

-r|¥|24+U|¥|* with r >0

Goldstone

Imy

K1 r>0RRSRFEARRSGRE  DIRRE (EE) A
TERERR A R AEHE (Goldstone mode), T2 [A] A (41
) S RS A AE T (Higgs mode)

Fig. 1. The “Maxican hat” potential when r > 0. The
transverse degree of freedom (blue) gives the gapless
Goldstone mode, while the longitudinal one (red) gives

the gapped Higgs mode.

VORLT PR O A M ) R R AE T R AR A
AER 5 el g 735 A% 30 35 € R R SR S W B o A
XS A A, R WA e O S R
R, B0 RAE E RO FRBRIN, ARYEE 44 1%
AR - AL (0] RGN IS8 A S L
DG RAT PR, X SRR R v e g5 A LA AR
Tl A A I RS R RN R B TR
R G RAER R A M TR 1 (R0 R R AR

R OBRSHEA G REERK LLE

Table 1. A comparison between the superfluid/ super-

conductor “universe” and the real universe.

A /A PRI
Wi RS AR EAE
P& Lk

i i A Eiiics TS

] A I SI2 ) SRS 2R 0 HhOWL I S A £ A A
WA A2 A, 3 REAR IR AT T %
AR - A A% L ) A /R AT B BE A 5T A B
fi. %t Bardeen-Cooper-Schrieffer(BCS) # 314,
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(Bose-Hubbard, BH) #i 7 [10],
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RSN, Bt e TR E L, Ra A TR
A (superfluid, SF); M40 BAEH I £ 20, R
g0 R 38 R R A T TR B B R A8 2 AR (Mott
insulator, MT) #&. F 4R R A L) RE1E
U H/NBIRASAL I, 2400 H B H 8 I 3 SR 4 2%
RS AR. 2 B HORL T B R 1 S B A
b, SEIRAA A Ky — ORI - 4225 Rk Y
(2) 3R, Horh w37 R B 0TI K AT b (R 3.
Rtk RGUMILH 1R F - 27O PR DL i e
A, FRATTIG IX — KRR (1) A AR RUFR 2 AL -
TR A AR B IR AL AT (superfluid-Mott insulator
quantum critical point, SF-MI QCP). K245 T
THEIETT Ak BH ALY HIE R n = 1 P A
I AH .

FEIRETSCHI 8, 4T SP-MI QCP iz i) BH
B RF 6 A M TS AR R SR TR SR 1F . BT BT
J& T &7l A X8k, e b IE R N 3, =
RN T =4 BHBLAL, IR 35 37 b B m) DLk 1
Tff M 48 R TP B A R ST S — S T
F KT fr o 7 (B a0, SEE6 SOk [12,13) 50 5l 44
H 7 =400 R 1 5 =48 Ak AR
QCP BT (1) 7 4 kL1 PO INIE S ). T 7E b 1lig 57

0.9
8§+ 06 NL
S 03F op MI
o L5 ‘ ‘ ‘
—1.5 —05 05 1.5
- (W-U)/3
~
3
SF
,,,,,,
6 1 n=1
—1 —0.5 —9 0 g 0.5 1
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2 BTERRZIIEAIN C4IET R% L BHE
R LA AR B LA B IR IR AR B (/B (P e ST
RN, MIRRSARFALES, NL RoR#EBIAS (T
[/]); 41 4k% 7~ SF-MI 8# SF-NL AHAS 28, AH AR 28 2% i
WA R E IR AR E TG 5 R (QCP), AL T
Ue/J = 16.7424(1), pe = 6.21(2); 172 P o 5 € i
KFRT n=1 HEHAEPE, T ZHL LR
G, F g = (U—Uc)/J ERFRGESHAF QCP i =
(AR BB E SR [23])

Fig. 2. The ground state phase diagram and finite tem-
perature phase diagram (see the inset) for the two di-
mensional Bose-Hubbard model on square lattice (1],
SF represents superfluid phase, MI represents Mott In-
sulator phase, and NL represents normal liquid phase.
The large blue dot on the tip of phase boundary (red)
is the quantum critical point(QCP) with emergent
Lorentz invariance. It’s location is Uc/J = 16.7424(1),
fe = 6.21(2). The (blue) dashed curves specify trajec-
tories with filling factor n = 1 in parameter space used
to detune the system away from the QCP. For system
along this trajectory, we use g = (U—U,)/J to charac-
terize the deviation from QCP. Adapted from Ref.[23].
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T R M IEIE, AR A AR SRR DR e 2 3
FEPR Y A AR (14101 fH R AR,
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IR 17X R KRl i T RE T B R
B, XA W6 BT AR SR i L R RSB T JE AR R 22
5, UESSAE YER T Im S M, A R R AT T
R LR " A W N R B b R SRR I R S
i b BT R AR 2, PRI — A I B 52 SO HERE
UEAb, f5 B BB J7 1%, BATETT LLE Rt gy %A
TR i AL B (MLAR R FEY). ARSI 1R B it
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function).
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KA, eA T A M TS AR AR AL AT BEAFAE
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BN = 2) KW, %55 S R E 1) R S LE /N
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xF By B f B BB AR B S AT N R G B B S AT
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R, AL AT LA s b A

Imy z (w) o A2V Py (w/A), (4)

XH vy =067170 (2 + 1) 4 U (1) HXHE M
IR B FE L (correlation length exponent) [26:27],
EXRGHIE A RiWMEENg = (U -U)/J. [
I, 7€ 2R G e B bR BE A A e B I AR A | g] 1
Mott 48 £ 17K (1 BE B, 84 M & 2 g BB R &
4t (g < 0) KFIBEE A5 B2 B e 1SR B i 55 20K
lg| = —g i Mott 48 AR B RERR PE . I Az
FERE, A o |gl¥, BIRGEREEAR LA I 5 miibi& T
T BHAHERENE, (4) XTI Sep(z) RET
s 5 3 PR AU SF-MI QCP, F5E L,
FERTA (2 + 1) 4EAXHSIE U (1) B8 IR i) &
Tl S AU, A AR R B fE R 8L R HCHS H 1 pR
Eitipay

BESHEICHIE, AT 5 E R
H Dsp () AT M Dsp(z — 0) oc 2 TR IFAE
KA N EAEE T — D & dgp(z > 1) x
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Fig. 3. The solid line represents universal scaling pre-
dictions for the imaginary part of the universal scalar
response function, while the dashed line represents un-
known region. In the figure, we show two possibil-
ities: the dashed curve with resonance peak means
the Higgs mode is detectable (one may also imagine
multiple peaks in the crossover region), while the fea-
tureless curve means the opposite. The dashed-dotted
line depicts prediction of 1/N perturbation theory (1,
(Adapted from Ref.[21]).
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525, ettt A2 T 2 S A P A 2 T AE A ]
J7 M JESEHR, B 73 8] 77 7] 5930 (spatial winding
number) E%, RUEAL 7 BT

TR 22 FRATTIBE % 180 11 47 2L s 8 v DA e Y 2% A2 AR
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(a)

0 Imaginarytime B
(b)

Kla  (a) —ZEdi BRCT R BUR R B, G
V6077 1w, iR g R (8] 5 ). R RS TR T A
SRR ANR AR T SR E n; (b) 5T UAERL 5 bR B B
(e AT R LTI 3 e ) 5B T L 8 S Y i
SR S oA, T (SR AR S B T — SR T R A S
2. FEMT —RmIERE, MR TR LT A 2B
(W 32R); RIRNAIT B &B (A tEL). EHEH%
HARLARREFF G, AT R B, REEIR RS E X
E fi i b, 3% B SR IRATT UG AL I i AU

Fig. 4. (a) The path-integral representation for the
partition function of an one dimensional lattice sys-
tem. The vertical axis is the spatial direction while
the horizontal axis is the imaginary time direction.
Dashed lines are unoccupied states, while the solid
lines are the occupied states with their thickness as
the occupation number n; (b) a local update defined
in the configuration space of the partition function.
Periodical boundary condition is enforced on the spa-
tial direction. The blue solid line represents the initial
state of a particle worldline. After a local update, the
A segment(blue solid) of the particle worldline is re-
placed by the B segment(red dashed). All the world-
lines remain closed after the updates. For convenience,
we use smooth curves to represent worldlines on lattice

system.
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G(0T,0) = T-(b] (11 + 07)b, (1))

= > n(i,m)W(e), (12)
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n, A OB I R R ERUARR A 1/n N7 InEs
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0 Imaginarytime B

(b)

KI5 (a) —%Ed i b fA i bk ok B B AR AR 40, BRAN
RER (8] 7 1), g R R AR T2 4, SRR A RN
FLF 43, Masha(M) A—A4bf 55, i Ira() H—4
b, 7 AFRIG AR5 (b) 58 AR SRR MR H T
AR P23 ) _L B R SE T, W SR RO ST — 2%
3 A A BRI RL Tt AR, I AE Tra i T — IRJRICE
WG, AU T A EER I AL, WP T a6 R 4E 5
PRS2k, B — 0 BRI AR AT LLIA D R 0 a3k Tra B35 I5 e
J& Ira ZEAHRE AT AE

Fig. 5. (a) The path-integral representation for the
Green’s function of an one dimensional lattice system.
The vertical axis is the spatial direction while the hor-
izontal axis is the imaginary time direction. Dashed
lines are unoccupied states, while the solid lines are the
occupied states with their thickness as the occupation
number n. Masha (M), a b operator, and Ira(I), a b
operator, are the head and tail for a worm respectively;
(b) a local update defined in the configuration space
of the Green’s function. The blue solid line represents
the initial state of a particle worldline with defects
Ira and Masha. As an example, a local update moves
Ira from I to I’, and creates the red dashed line as a
new part of this worldline. Each local update can be
considered as a random walk of the worm head Ira or

worm tail Masha.
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> M IR ] A E SRR R ORIBGES R, AR F,
LR e B D) — N —— i L )
il SR I ——— (¥ 2 2 B 00 R 5 5 T R
[ 4 SR Ik bR B AE QR AR ek

+° quw
Ci(r) = /0 (;—KJV(T,w)ImXR(w), (13)

b 3 e ST LE RE I TB) B G BR BN C i (1) =
(K(1)K(0)) — (K)?, & BN N (r,w;T) =
[e—wT + e—w(l/kBT—T)]/(l _ e—w/kBT)' 1EIXA
T, RE TR SCHKRR 4 C' (1) AT LA AT AT — 15 P
R R RS T B ok (ARG T T WL SCER
(21]), PRI FRATT 75 2 e 04 i) R AR i T AT E 25 5 1)
R I ) B B 20 2 A L W) 72 R 50 1) R 5. 4807 BT
DAIE Y, G SR R I 1) S IBG o HIORS ff mT 0, 84 B
28 H R e S R 50D o A6 A M — i ). {FL2 SRR
BT RN R P RR G B R IRE K
BRGRE, DSAFEIR/MERIBAAEF N Girt iR
78, IXAFASAEEE THE B S S Bl A AT E 4 )
G AE. BUE T E A, AR R (14) L
Bk, B

N
A
Ckﬁﬂ::E:E%uV@%wﬂhmmdwﬂ, (14)
j=0
XE 5 o# T R, B AT S
Aw HEPRFERE. BERMT3Er 500N

M BN B, W) EsXn] DUS Ry R Rk =K
Aw

C=—NX 1
UNX, (15)

Horh C 2y MR B] SCIR R BT LI M x LR, XN
W] S B 450K 0 S 1) N 1 4R R, T N SR8 Bk nt
RLE) M x NFERE. R RATE W, M =
N, HRE N N— A SRR, Bk ar DL —A
ERZHEET X A N = T 'diag(A\1,--- , An)T,
XH diag( A1, -+, An) AE BIASEAR A BRI X6 £
B, A2 S50 AT AT DA B Bl e R B e AR
C Wit X, B

2T
X=-——N"1lC
Aw
oM 1 1
= —T 'diag( —,---,— |TC. 1
Aw lag(/\l’ ’/\N) ¢ ( 6)

PATTH — > Bo B AR 2 e 3 B X — S HR A7 A 119 17
BRI =1, N = 100, BT 5w 5
B8 0.01,0.02, - -+ TAAE ) 100 /S . A4 AT LA
H N [HT 8 ANALEE, B 6. o] WAEE 144
KR #A I/, Bl T%. i REAUEH (16) X
KA oL bR B, B4 R C A BETT LUK B4R /N
Guitiiz, R4 NP T 2 1AM E 1)
R Z 5, ¥ 78 B A 24 1 . eR B0 X HR R 2D v
w ks, AR T HENES. Bk, BEN
FEAT REHA D B2 — A E L (ill-posed) [ 17] .

100
10~ F
1072 |
10-3 |
104 |
10-5 |
10-6 |
10-7 |
10-8 |
10-9 |
10-10 |
10—11

AAENE /e R AR

0 2 4 6 8
FERAMIEF

K6 MWEBs =1, N = 100, HE 15w N5 BS
0.01,0.02,--- , 1, X B L T XA T AL B N
T 8 ANAAEAE, Eh AR AR K AEAE S5 FAHXS AAEE,
Hrh e KAEAE 9 960.549

Fig. 6. The largest eight eigenvalues of the kernel N,
assuming 8 = 1, N = 100, and 7 and w as discrete val-
ues 0.01, 0.02, ---, 1. The vertical axis are the eigen-
values normalized by the largest eigenvalue, which is
960.549 in this example.

N T SRR A, BATT G A 4 ) S
BONAAEE TP . vk, AT TR
Z 07 Pl R A AN L B, B
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T R HA) R DU X, BRATTEOR e A H A R KL
(objective funtion) /M, B

N 2
M Cz — Z - Ninj
=y i= SAF(X),
i=1

(17)

(17) X o, N C; RIINGETHIRZE, X 25 T
KNSR, F(X) F& 51 AT RENT N R EU7Z 08, IF
HESRIEE. FHs b, R =00, B =0,
AR C; MG THREHR —FRTER T, H
b R B AU AERI e (16) 2045t R IE ARG S
R, BTN AR A7 A, T B A A7 A2 R 2
BV, NBEBRATHR Z S ANARF S I X L
k. fltn, 7ESCHR [34] Hh, 1EFE SR B AT LA

N—1 N
F(X)=Y D¥X;11— X, +) AIX?
7j=1 j=1

Forb B — WU S 000y Ak 7 X R LR AR
L B A 0 KB A, T T X g ks AF
Hwrk TR EEEE, BISRE AT AR X, E
A DL 2 A K v M B U B — & BRI D, AN
A HE; SR JE AR B 1 S B R 3RS — A EAL
FIREME X, AT SE B — > BB TE . BRIk, 20775
R B PELT R I 77 (method of consistent
constraints). 1% 1% A AL SCHR [34) H153] T
A am iR 6. PR e AT AT RASE 1% 07 32 AN
C i (1) HER IS I [A] () G 3B Wi )97 bR 2 Ty (7).

5 A A B T WL R

TEIX — 35 R AT 28— e 50 T 75 A% 1S 11 485
RoodEE ESCAER T, SCER 19 e H T
SF-MI QCP BT 7 A% 182 i LI 4. 32 SR &5
Rl 7. IREAR, £ QCP I, BIU/J < 14
I, 2R G I B B B AN BT R IE—IX R
ARG T EAEALNE BL7 - 2O FRIE) 1)
MRS, MAEHCRBEEE QCP IS, BIU/J > 14
HU/J — U./J = 16.7424 1}, RETFFUHTTIH 1%
WL (KL - O RRIE), 5 BRI, LE e
B0 3 (AR AT 2 350 4 vp HH L T o A5 R R
(R FLIRIEE ;T A TR T 2 1% R G — AT R
e BE TR T, BT LA AR e Ffr o 7 £ 1l A2 A5 6 20
BG5S, MRS U/ J A5l LLE

H, A% T AR PR R R AR SRR I 5 A T B
AR/, X5 R T S 2

16.5
0.12 16
12
14 U=10
3 0.08
=
K
0.04
O llllllllllll
0 2 4 6 8 10
w/J

K7 i d R S B AR AT S 4R 77 VR SRS B AN TR 2 4L
U/J T 38w B e S 8. U/J 13 B 2 R UE (1)
i&T QCP; b, AT HEhrh iR, B & — %%k
MR — 1 WEEET/J = 0.1, R4, TEMRHE
I A R SR P S R L IR U B U/ SRR BT I S
Uc/J = 16.7424 T3S (A EME K E SCHR [21])
Fig. 7. The imaginary part of the kinetic energy re-
sponse function for different U/J (along the trajectory
(i) in Fig. 2) obtained by worm algorithm and analytical
continuation method. For comparison, each curve is nor-
malized according to the area under itself. All curves are
measured at temperature T/J = 0.1. When approach-
ing the quantum critical point at Uc./J = 16.7424, a
sharp Higgs resonance peak emerges at low frequencies
(Adapted from Ref. [21]).

B NG = ¥ S Sl D PSR g st T
Oy B B A R R bR BE A (4) AP AR I HEE &
g HILE 74 ML RIEAE T QCP ik
O E M. FESCHR[23) AT E R T e
ITQCP W &%, HeRWER (). M TAMEZ
B RGE, N T T R IR bR B A (4) KX, AT
PTG AR B W/ A(—g), TR A R
(A(=g) /)Y Imy g (w/A). ML LS F AT,
= 2k AN TR 2 B0 W) S R KRR S it 2 8 A v AR
Jett T &, JF HAEJEAT 38R B2 S R AE i AT
TR 1 % 2200 [l ) A TE — . X TE— T E
TR ZSH A W EIRQCP, I — 4
HEEMAWSEH TARERTREZER 2+ 1)
2 X 1 U (1) I i DX 3 1 < 3k g 2 g 4 R
Dsp(w/A), WE S (b) s, WEEH &2k, A
RIL, fEwg/A = 3.3(8) iz, mi i ek £ &
LT — /NI A A% T iR 9 HAE w/A~15
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BHEAFAEE — AN IEA R I I 70 5 m (AR -
WK N — AT 6. 3K HLA T I 75 b LR
g f s SR 5 S STk EARM . i, SCRR [22,24]
TESUER & (2) i & SRR B 05k DL BUE
fEMTIE S T AT G B N wn /A = 2.1(4), T
SCHR [25) W A5 FH R %50 A T vk DA BUE @ T i
ARG AL B N wn /A ~ 2.4, XREAFRT7E
38 XERAIE T AL 7 5450 M ml SE . TR,
TE 4k 1) SF-MI QCP P 3z (B s AH Hh, A5 4% 37 B
SR T WL, ELE 5 —J7 T, BATTAT DAE 2 L4
U P 5 PR gy & Rl — MU E R, FITEZ R S
W b TR A e — AN B O R A58 I

3.0
(a) lg] = 0.2424
osl sol —— |g| =0.0924
~ —— |g| =0.0462

~

[A(=g)/J1*/3 Imxge(w) /T

0 " " " " " " "
0 5 10 15 20 25 30 35 40
w/A(—g)
3.0
2.5}
2.0
N
3 1.5}
&
© 1.0}
0.5}
O " " " " " " " "
0 4 8 12 16 20 24 28 32
w/A(=g)
B8 (a) HAAMS, RAZHg = (U - U)/J M5

G2 1) W) S BRSO RE L 8 0 SR AR RE S, E R AT AE AR R
ZTLHE N E A, Eh g fHE TS -2 b i
(i) T QCP, W itk B Jy T8 bR BE i (A 7] 2 ) i
IS B R 55 (o) AR B (a) 3BT B 0 5 L3R AT 1
32 (K0 7 BR $RE B P (w/A). A W FL R I (1 o7 B AE
wi/A = 3.3(8). HhZkmiRZE i LK (a) B %A HI 2RI
HETREER (KRB S R [23])

Fig. 8. (a) Collapse of the imaginary part of response
functions for different values of g = (U — U.)/J along
trajectory (i) in the superfluid phase. Inset: original
data for response functions; (b) the imaginary part of
universal response function @gg(w/A) in the super-
fluid. The Higgs resonance peak is at wyg/A = 3.3(8).
The error bars come from the spread of collapsed
curves (Adapted from Ref. [23]).

R, N IR B A B TR 2 i 7
STBCRF (critical defined excitation) (7.

6 H o AE P HY R A S AT IR &

Ha b, RS — BT AR R DU K
W5t SF-MI QCP Bz (1) FAthAH, 51 dn 5 4r 4a 241
T 26, TRATDXT B REM SR S N I SR B A,

Imy z (w) o AS_Q/”¢M1<%),

L, (18) s AR AR BE A (4) U5e 4 —#F,
ESE M A G N R, B Sy 5 Pep BT IR

(18)

e 9=0.2576 ——
9=0

20T

1.5

1.0 |

[Ag)/ T2/ Iy (w) /T

O 1 1 1 1 1 1 1
0 4 8 12 16 20 24 28 32
w/A(g)
3.0
(b)
25 |
2.0
i I
3 15
5 L
1.0
05 |
o , , , , , , ,
0 4 8 12 16 20 24 28 32
w/A(-g)
K9 (a) BAFLGAPARES g = (U - U)/J R

S 1) W) S R S0 KE PR AE 5 0 SR AR RE S, 7E MR AT A AR R
ZTLHE N E A, Eh g fHE TS 2 b i
(i) T QCP, Wik B T 37 b 2 Wi (K AS (7 2 5 v
52 bR BN #; (o) R /e P S bR BE 190 45 SR 3R A5 1
V6 1 7 PR KRS 3 D (w// A), A 4% 7 S 4IR s 1 o B
wi/A = 3.2(8). LR Y LR 0 2% 2% il 2k 1) =6
SRR (RS HE S [23])

Fig. 9. (a) Collapse of the imaginary part of response
functions for different values of g = (U — Uc)/J along
trajectory (ii) in the Mott insulator phase. Inset: orig-
inal data for response functions; (b) the imaginary
part of universal response function @yp(w/A) in the
Mott insulator. The Higgs-like resonance peak is at
wp/A = 3.2(8). The error bars come from the spread
of collapsed curves (Adapted from Ref. [23]).
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R AEmEAARMPEA X T
AZEZ SN TS b DA s L o (17 e S
Y AETERLF - 2 UK R B, R T Rk N
Oyip(x) ~ 1/1og?(4/(z — 2))0(x — 2) '8 £ = 4
R, Syp(x > 1) b2 KEH—NMEFE (X5
FRAH I L — ). TR RERR S HEF & 2 A —
00 530 e 7 B PR R S, AT T R AR AN
. OOUHR 23] A I R E 9, R AR E
FEZ AT — TR AN SR IE, B ALE
TEwy = 3.2(8) &b. 5 EFLAR H 1 75 A% Hir L PR 0 AR
bl 12l IR e fr e vy 5 06 B 2 L IR A 4 B3
{55 A R SRR e A B AR — L AR L
SR, BATTAT LAFR 2 A i iR g, AL
ik [22,25] b BRI T IR IR 45 4. B
— 3, SCHR [23] IR IE T A BRI LA AR 2R
LR GG M. (R, XT BERF A G A AR A R
UL, AR B B B AR A 2 A8 7Y EFIE TR
(1, T A B b IR AN 2 LA A . BRI, 31X
S SR I 2 5 A7 TE MAETE G180, W RAZAE S, &
I IR S D B T (iR

T %

FET A v o, AT 7 S (B Bt 1 2 R L -
TR 2 G 5 1 AH AR i BRI (19 A A DT 11 e B o
T AR B — R 5 TAE 5 2N B v 5 5 T
AT —BMHFES KRR B M ZERERE 77
TEAIE LR e S 1 H R SE IR IR S pR ) T v,
WA T B AR AR 43 3R R 1 e R R AV EUE R T
TEFRHAR. I X P EE 7, BATTAT LA e VR H
T AR T B3R KB R AT 5T, SEBKT - i
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i 8 AR AT ZE A0 B AR T B S [R] (SR AR (1) iR
N7 PR EN

XF A A, SO R EIR AT T AN
S R G B RN B oK B RS 45 B e S
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{14 B I 7 DX 4D 33 P e 92 R B, T e
BRI ) R0 R AE AR AT () iR 0, FRATT B AT
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SPECIAL ISSUE—Recent developments and applications of computational physics

Higgs mode near superfluid-to-Mott-insulatortransition
studied by the quantum Monte Carlo method”

Chen Kun'  Deng You-Jin*

(National Laboratory for Physical Sciences at Microscale and Department of Modern Physics, University of Science and
Technology of China, Hefei 230026, China)
(University of Massachusetts at Amherst, MA 01002, USA)

( Received 17 August 2015; revised manuscript received 11 September 2015 )

Abstract

In additional to the phonon (massless Goldstone mode) in Galilean invariant superfluid, there is another type of
mode known as the Higgs amplitude mode in superfluid with emergent Lorentz invariance. In two dimensions, due
to the strong decay into phonons, whether this Higgs mode is a detectable excitation with sharp linear response has
been controversial for decades. Recent progress gives a positive answer to this question. Here, we review a series
of numerical studies of the linear response of a two-dimensional Lorentz invariant superfluid near the superfluid-Mott
insulator quantum critical point (SF-MI QCP). Particularly, we introduce a numerical procedure to unbiasedly calculate
the linear response properties of strongly correlated systems. The numerical procedure contains two crucial steps, i.e.,
one is to use a highly efficient quantum Monte Carlo method, the worm algorithm in the imaginary-time path-integral
representation, to calculate the imaginary time correlation functions for the system in equilibrium; and then, the other
is, based on the imaginary time correlation functions, to use the numerical analytical continuation method for obtaining
the real-time (real-frequency) linear response function. Applying this numerical procedure to the two-dimensional Bose
Hubbard model near SF-MI QCP, it is found that despite strong damping, the Higgs boson survives as a prominent
resonance peak in the kinetic energy response function. Further investigations also suggest a similar but less prominent
resonance peak near SF-MI QCP on the MI side, and even on the normal liquid side. Since SF-MI quantum criticality
can be realized by ultracold aotms in optical lattice, the Higgs resonance peak can be directly observed in experiment.
In addition, we point out that the same Higgs resonance peak exists in all quantum critical systems with the same

universality, namely (2 + 1)-dimensional relativistic U(1) criticality, as SF-MI QCP.

Keywords: linear response, quantum criticality, Higgs mode, Monte Carlo
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JUFTS PR, RIUEERG . &8 1% 35 7T 78 As-rh i
M Ga-H1 BT 1) GaAs(111) R M Fa € fE1E, BB
A RAIEH T A KK AT R R I
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14 x 14 x 1 f) Monkhorst-Pack ] K 55 W 45
Petb e sibn iR H Hellmann-Feynman 7733/ T
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KM, 4 GaAs JZHIE 5 8RR L B8 AR ).
GaAs HZJZEERCN 14 A, [R5 4% 3 BB
4.0 A(thHfk GaAs kg H BN S 13K). N T
R GaAs FERXTRENS  BEMGBUREIR, AR 1 x 1
FIRES I E 1 x 1 GaAs(111) R L, AHR Y
B ST E 43 31 3.5% A11.3% (J:F vdW-DF it
AT BIRES e A% A0 R 3.86 A, 4.05 A).

GaAs(111) & 1 A As-h Wr F Ga-H W P
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() v BT T 0o e 0 s A R T AN [ R A S TR
I AIEFE 7 P R W T RS O O T T RR, X
TN (B0 ) 72 As-HP TR 254, 610 4 Si(Ge)-
AsGa; FHRHE, X F HAE Ga- Wikl 1) 25 1), f@iid
N Si(Ge)-GaAs. [FIBE, X T4 HAG)Z 115 O 7 7
FRIEN Si(Ge)-HAsGa F1 Si(Ge)-HGaAs.

3 HERAMETIR

3.1 GaAs(111) REREME. #HE LA R
B4R

Bl L5 7RI IR AE As-rhkT [ 1 (a), (c)]
HGa-H i [ 1 (b), (d)] GaAs(111) FH I
K. N 1 FTR, GaAs R FREM . B IE A R i
RIS A 4K JF B3R BT 3R 1 7 W) AAAE AR AR (buck-
ling), X5 HBIFIRE (free-standing) Y 45 14 2K

L LA TR L AR R BAR R R A5
SR WK1 ATH, B G S GaAs FER A&/
PHESE 2.50—2.58 A 2 [A]. #FEFSi, Ge, As, Ga
JE A AR W 8 111, 1.25, 1.14, 1.36 A 3]
XU S GaAs FEREIAFES L BEE .

(c) (d)

1 WEM. BEIRTE As-HR WA Ga-H T GaAs(111) K
RAC R (o) BEMGTE As-H T 4544 (Si-
AsGa); (b) HEMTE Ga-HWITHI 454 (Si-GaAs); (c) #
JSTE As-"F T S50 (Ge-AsGa); (d) B 7E Ga-H T
IG5 (Ge-GaAs); BiEE T, EECARHLE, TEy
ML O SiET, EREN Ge i T, 2EHN As 5
T, AN Ga i AZ(A) NEEK . #% 1) buckling
18, di AR IR S GaAs(111) KM [H] 1 2E =S

Fig. 1. Top (upper panels) and side (bottom pan-
els) views of geometry structures of silicene and ger-
manene on the As- and Ga-terminated GaAs(111) sur-
faces: (a) silicene on As-terminated GaAs(111) surface
(Si-AsGa); (b) silicene on Ga-terminated GaAs(111)
surface (Si-GaAs); (c¢) germanene on As-terminated
GaAs(111) surface (Ge-AsGa); (d) germanene on Ga-
terminated GaAs(111) surface (Ge-GaAs). The blue,
purple gray, green, and magenta balls depict the Si,
Ge, As and Ga atoms, respectively. AZ and d; rep-
resent the buckling of silicene/germanene and the dis-
tance between silicene/germanene and GaAs(111) sur-
face, respectively. The unit cell is indicated by the

solid black lines.

KA GEH TR G 7E GaAs(111) K
M 455 Be (By), HE X Ey, = (Egaas + Eaga —
Eiot)/N, HH Egaas N GaAs 2 JK I f8 8, Faqa
A free-standing FE 45 (86 5) I RE &, Fior N E
ERBIREE, N ARG ) 1R 5. Rk,
4h 4 e 2 IR HE free-standing fE I (86 45) ICE T
GaAs B KRG I REE. WIR 1T, 45450
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5
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N\ | 22
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Q
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L

B2 (a) Si-AsGa [HLT-REH; (b) Si-GaAs HLT

WAL IR REL, L1 bRTE I REAl 2R A A T B o TR

~

L

Remvs

GaAs " Wi TH b8 9% 10 E. 3 5 H Uk 450 10 E.
(4.649 eV /Ge) AL ik, R HAE GaAs(111) |k
{10 1) 2%t 2 P AT 1.

K1 M HIETE GaAs(111) REEMMMR M EER. JL
28 Ec M By 59 BEEM S £ 8E; di NEES . B
15 GaAs(111) R MRS do AWM. #1E 5 HIR
TR RS, AZ AR 8 F) buckling 8.

Table 1. Calculated cohesive energy (Ec), bind-
ing energy (Fp) and structural parameters for
silicene/germanene As-
GaAs(111) surfaces with and without H intercalation.

di represents the distance between silicene/germanene

on and Ga-terminated

and GaAs(111) surface, and da represents the distance
between silicene/germanene and the intercalated H

atoms. AZ is the buckling of silicene/germanene.

E./eN  Ep/eVv  di/A da/A Z/A

Si-AsGa 6.075 1.37 2.50 — 0.7
Si-GaAs 5.391 0.68 2.55 — 056
Ge-AsGa  4.580 0.56 2.53 — 114
Ge-GaAs  4.654 0.64 2.58 — 0.8
Si-HAsGa — 0.19 3.82 222 047
Si-HGaAs — 0.21 349 178  0.61
Ge-HAsCa — 0.18 3.86 228 0.75
Ge-HGaAs — 0.21 359 191 095

E/eV

E/eV

(c) Ge-AsGa [MHTRET; (d) Ge-GaAs HIH THEH;

&k

He v

Fig. 2. Calculated energy bands of silicene and germanene on the As- and Ga-terminated GaAs(111) surfaces:

(a) energy bands of Si-AsGa; (b) energy bands of Si-GaAs; (c) energy bands of Ge-AsGa; (d) energy bands

of Ge-GaAs. The Fermi energy is indicated by the blue lines. The energy bands with m-orbital characters

are indicated by the red lines.
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JE AT 1.
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gk, HIE 700 T 3 8 19 Si, Ge 5 Ga, As
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. SEE, M. H% 5 GaAs R 1H 54
KF|3.493.86 A, XI5 CaAs F i LA
91 van der Waals{EH. Ut4h, 78 As-+ Wi b
FEMG. 4606 S HJR TR BE S o ) A~ 2.22 A (Si-
HAsGa), 2.28 A (Ge-HAsGa), 1fi 7£ Ga-H W i -
178 A (Si-HGaAs), 1.91 A (Ge-HGaAs).
ZEFHE TF42 75053 A, Si, GeJi 74745
MoA1.11 A, 1.25 AR As-dr i B REMS. 454
SHFEZE FREBELLS, Gei T 5HE T ¥&
K 30% i A, JRF IAIE s FE A T L ihvig 5

van der Waals ¥ 2 [8]; 1] Ga-H Wi I ) 25 /1%
PRSI AN LE X B R T 2 FK 8% A A, @
EMEIEH I, XN ERFFEREAs, Ga JiTF
LG PEAS A S B (As, Ga HL G A 43 51K 2.0,
1.5). As JirHtithm, 5 HIE-FHIE R RS,

B3 REEMG. HETE As-P BT Al Ga-P I GaAs(111) &
TSR S5 (a) TEMEAE As-rf 7 0 b 086 )2 9
45k (Si-HAsGa); (b) #EMGTE Ga-Hp Wil &2 10 &5
) (Si-HGaAs); (c) M #E As-H7 W b 208 2 1 451
(Ge-HAsGa); (d) # M 7E Ga-H Wi FEGE M4
(Ge-HGaAs); FHEET, £ BV R, £ EREE
g5t WAL O H T, HAl R T R E 1 dy
RFREME . #0555 GaAs(111) KA (0 FEB; do AAFRHEE
W BN S H R T2 8] R

Fig. 3. Side views of geometry structures of silicene
and germanene on H intercalated GaAs(111) surfaces
before (left panels) and after (right panels) optimiza-
tion: (a) silicene on As-terminated GaAs(111) sur-
face with H intercalation (Si-HAsGa); (b) silicene
on Ga-terminated GaAs(111) surface with H interca-
lation (Si-HGaAs); (c) germanene on As-terminated
GaAs(111) surface with H intercalation (Ge-HAsGa);
(d) germanene on Ga-terminated GaAs(111) surface
with H intercalation (Ge-HGaAs). The pink balls rep-
resent H atoms, and the color codes for the Si, Ge, As,
and Ga atoms are the same as in figure 1. The unit cell
is indicated by the solid black lines. d; represents the
distance between silicene/germanene and GaAs(111)
surface, and d2 represents the distance between sil-

icene/germanene and the intercalated H atoms.
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Fig. 4. Calculated energy bands of silicene and germanene on H intercalated GaAs(111) surfaces: (a) energy
bands of Si-HAsGa; (b) energy bands of Si-HGaAs; (c) energy bands of Ge-HAsGa; (d) energy bands of
Ge-HGaAs. The Fermi energy is indicated by the blue lines. The energy bands with m-orbital characters

are indicated by the red lines.
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(a) (b)
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(d)
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FHEIZEM  (a) FEGTE As-FRIBTTH 11 3 x 3 4544,
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Fig. 5.

panels) views of geometry structures of 3 x 3 sil-

Top (upper panels) and side (bottom

icene/germanene on the 3 x 3 GaAs(111) surfaces with
[(c), (d)] and without [(a), (b)] H intercalation: (a) Si-
AsGa structure; (b) Ge-GaAs structure; (c) Si-HAsGa
structure; (d) Ge-HGaAs structure. The 3 x 3 (unit
cell is indicated by the solid black lines) structures
in (a) and (b) recover to the ideal 1 x 1 (unit cell is
indicated by the solid orange lines) structures in (c)
and (d) after H intercalation. The color codes for the
atoms are the same as in figure 3. The buckled Si

atoms are indicated by “+”.
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[ Jo] 01 A R 45 4 2) G4 2= P A KR S P e A
BIREMIRE L x 1450, X WMAURT “As-H i
THI P 0470 2 e O AR U M R Rk 6 45 Dirac HLF
PRI X — 4510 BAT &

4 %

K FH % P v bR B 1 58 — P SRR S
%, RL RGBT T HE #0GE As- P il Ga-rh
Wil x 1 GaAs(111) R LM B F458. 4553
R, TR BRI ATAE R GaAs R FR T AAAE,
TE R RE TH B 45 SRt — DR R 7 LS at i & 1 T 47
PE. ORI T REM . B R 5 GaAs R IHAFAE L0 B
YER, H Dirac HEFHEFUBOIR. bt — PR %
T EG K RE . B Dirac FL TR 7 .
S5 R, As-rh T I 00 S04 )= B 08 AR 4 Yk B
I B )5 Dirac LY, 117 Ga- 0 W T 2046 /= 1 2L
R B, FE I T 5 T P s A 2 fb 3 R
T 7 HATEY BN, AH OGS W A BE K 1
3 x 3 GaAs(111) R L33 1 —PRE. A3
(RVRIF 0N ek I B I 7 e T A R I P 1 8 A
FHERAEFE S 3 K.
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Abstract

By using first-principles method in the density-functional theory, we clarify the atomic and electronic structures
of silicene and germanene on 1 x 1 GaAs(111). We find stable structures for silicene and germanene on both the As-
terminated and Ga-terminated GaAs surfaces. The structures of silicene and germanene are similar to those of the
free-standing ones, which present a honeycomb-hexagonal geometry. The cohesive energies of silicene and germanene
on both As and Ga sides of GaAs surfaces are comparable to those of their bulk structures and/or those on Ag(111)
substrates which have been widely observed in experiment, showing the possibility of synthesizing them on both sides
of GaAs surfaces in experiment. The corresponding binding energies are in a range of 0.56-1.37 €V per Si (Ge) atom,
10 times larger than the usual van der Waals interaction, showing the covalent interaction between silicene (germanene)
and GaAs surfaces. The band structure calculations show that such a covalent interaction induces the absence of Dirac
electrons for silicene and germanene on GaAs surfaces. We then explore the method of recovering the Dirac electrons by
using hydrogen (H) intercalation. It is found that the intercalated H atoms are chemically bonded to GaAs surface, and
the silicene (germanene) shifts upward distance from GaAs surface increasing from 2.50-2.58 A to 3.49-3.86 A, where
a covalent van-der-Waals interaction transition happens between silicene (germanene) and GaAs surface. Moreover, the
distances between silicene (germanene) and H atoms are 30% and 8% larger than the atomic-radius sum of Si (Ge) and
H on As-terminated and Ga-terminated GaAs surfaces, respectively. This shows that the interaction between silicene
(germanene) and H on the As-terminated GaAs surface is obviously weaker than the typical covalent interaction, while
on the Ga-terminated GaAs surface, it is comparable to the typical covalent interaction. This difference is induced by
the difference in electronegativity between As and Ga atoms. We further find that the H intercalation recovers the Dirac
electrons well on the As-terminated GaAs(111) due to the weaker Si (Ge)-H interaction, while it does not on the Ga-
terminated GaAs(111) due to the stronger Si (Ge)-H interaction. The results are confirmed by performing calculations
for silicene (germanene) on larger GaAs(111) surfaces, i.e., the 3 x 3 GaAs surface. Our study provides the theoretical

basis for the preparation and application of silicene and germanene on semiconductor surfaces.

Keywords: silicene, germanene, Dirac electrons, GaAs surface
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ETHERTFHEEHENE—ERE
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gAY RERED WV hmY  EErEYY
DD AT A YDA
L) (PERERARRY, hER SRR TE S EAERE, #IE 230026)
2) (hEBFEH AR, B7ER SR TRENNAH I hO, £IE  230026)
3) AR R AU A T S AR TR R, L EHTEVEN 08544)
4) (P EBEEHE AR K, MEE B O, BYgHES L, A8 230026)

(2015 4E 7 A 2 HYKE; 2015 4E 9 A 3 HIREIE A )

B 6 T SRR A A (B Bl R R, 845 H AR % B s BRI AL TN AR R I L RR AT
RIEERENE R ARSI AT, B R T HUE 20 b T L N AR I v, v DUR S 3 5 H 7 5 i S
BANERR LR E PO ER S G, BRI LB R IR & AR SCHEAIN A T — K h ERPF R AR R #
G R E SSRGS A B RMETHE R 7 P0E 2B H 5 — PR B 534 Atomic-orbital Based Ab-initio
Computation at USte. KEMMIRSE LR H: Z8 M BRI AET MR s 0 HAT 280, WU TEE
1000 A5 76 45 1R 22 G0 FL 7 5 A6 R0 51 45 K (ORI 75 LA 901 30 0 A RO 5

KBRIR: VR, BUERPUE, TR
PACS: 71.15.Ap, 71.15.Mb

1 5 =

STz K HE [ (density functional the-
ory, DFT) 158 — Vi J5 38 7 VA2 B SRS W MR
BE AR AR ) SR S U AR A BOR B EE 2 B
FHilBGHE LR RIS K R A BUE FE e, R
FHRZRERH RS BTN R ERERT
HL RTINS ) I AR AR P AT . T X
W&, AT AR AT T B S
JEAE 1) R, 28R4 RORPRAIR T G I 4 =) 2 4H 7
W, ETRGE T, F R A R

% T Kohn-Sham Hi¢s 2R (9 55 — Pk i 7 4
M TH o, IR T HE A N A A LA R
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o, JR T BT AH 1 H ke s T TR B sk
A% RS H K, R 7 UIE AR SR
f, PR AT DAAR 47 3 5 R o SRR R 2 A A A
2 Bl e bR T O(N3) WISk es &k, filtn,
Lin %5 451 S5 005 R & 10 W 140 A R0 ik 5% 4 SR 3 7
% (pole expansion and selected inversion), F|H J&
SRR 2H I R WU R R M A, TT BAASE SR fi# Kohn-
Sham FFREMIFREEIESE] N@ (o < 2), Hb N Z2F &R
R TECH; =, TR AIE B A B RRE, X0
AL T ) SR L L anAE T AT Bk Fe A
BNy, AT 2 IR 0 25 R, FE A B PR s T
T AR R PR

FEB A 5, MR I e s O & AR 47

* PHEHE BT TR (HHES: 2011CB921200). E 5K B AR} 354 (ftkdk 5 : 11374275, 11374276) Fl i [E R} 2 B iims 14 2 3 b

I (B 2K) (it#ES: XDB01030100).
T WE/E#E. E-mail: renxgQustc.edu.cn
T @fE/E#. E-mail: helxQustc.edu.cn

© 2015 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

187104-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.187104
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 18 (2015) 187104

RET I, MEUE R T REAE T HEESY
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BAEHE R N T MO DET o B0 & ik 1. H
J& 51 B R AN ), TR R 2 A 3 AR B
by DR F J5 25 FRDA Bt PR A R] RS AR M, I HLBR2H 0
BN ZZT ARG ER K. Chen, Guo, M
He (CGH) #2H 7 — A £ 00 A LN DFT i
g RatRem i, i m i -1HiE
B, fE CGH FEEHA MM 77 R & b, 3RAN
P EBERAR R B TERE AR E, ANE
TR T — K — MR B A, A
“Atomic-orbital Based Ab-initio Computation at
USte (ABACUS)” ML 53 g 1 LA R 7 3 iE
SN N ek 8, TR AR AL 11 I 2 2 1
D7 R e AH R P A A BUE T A
HERYEIE R A R B X P T i, JRATTHEE
{1 7 Unified Pseudopotential Format (UPF) #%
AR E A 02 UPF A% 202 55—k — 1R
i E A Quantum Espresso 31 [ 34 (1) b5 dE R
o XA U 35T DA 2 FhoRUE, anhl H 35 4=
B Opium M /5 2. HETE ABACUS SE8L T
Z ARz R, Kol TE AR (B ) %
JEITAL (L(S)DA) T~ LB EEIT L (GGA). GGA
KH 2 Perdew, Burke, fil Ernzerhof (PBE) #2
1119 GGA-PBE #Z i 1. g4k, ABACUS 5231
T H Grimme $&H ) DFT &5 6848 (van der
Waals, vdW) 1&1E (DFT-D2) 101, [AlR, FoA1E7E
RIEHE @Bz oh, thinZefhiz g 17 5 Gx kgl
RAGAE G B LAE 4R, fE LDA Fl GGA J2[H
I, ABACUS W] LA5e U FILI FE 3~ 5 1) T B L 5
AT 233 J1 205

FEIZ G SO o, AR A G 1 32 B A
S SEIL Thae, R AR ORI, BUF,
2t — S A F

2 ABACUS & JF &/

HAT/NHE B 2006 F 82, WEIF IR K IE 75—
PR B A ABACUS. AT Ji REsh B ~F 1T 8
SVENT, A6 BP0 0 T S48 R A B R
s, SRJE AR LREE A E O R Tk T HUE R T UE
MIREFP, AT LARIREE FERCR B R &, ABACUS

FEB C++1BEFME MK, R kKRB —EL
HAE R P BCP TN FE R L BT AT R
AR — R R, AR AR
117538 AT Y5 AHG. 54, ABACUSH & T —&1]
PAFH SR AR il B R 5 BB ARy, 354 13611 474
4.

H Al ABACUS B FEZ D) Retuds: v LLgATH
TEEH EEIEAR (BRI ILL i 7 E i) THRL R
TE AR LA S o T8 D15k B B bR BT
PLIE#% LDA 803 GGA, &7 DL AT (0 &l Ae 7
E1E1 DFT-D2 KAt sz it 5. ABACUS R
FA AR~y 1 0% 45 R0 ) S0 30 57 2% A, T DA i A X
FRYE AT HELIH X ) b RO RRYE S FARr 285 B2 0 B4 DA
LTI FRAEREAT 73 A, FTRAAL B R T fisli % k
HIEBL. SR AR Kohn-Sham J7 F2£ S % 42 L 50
B R (CPIHEAR 2 ) B B AT (BE
JRFHTESEA); fr % VR A F I 252 Pulay
mixing A Pulay-Kerker mixing 55 &2

3 BRFBENHENA

3.1 EH T #HEJR F #i& # Kohn-Sham
iz

3.1.1 HE[/a

FEES —VE IR BRI, PR Tk e s
PO LA, A 2 3N T2 R A, ER A AL 3
KIRSE S A R FH 2 R R, ST R
SRR, A . T EUE R OB A, B
T HE A HR N DL R T A S TR R R R R, TT
PLRME SR S vh S B o —J7 1, BUE IR T 3E
EATRMAREE M EIE P BT DL BRI 2 126
. — ROk, — AN EF I EUE R 30E T DL R
1 IR E S Bkl R SRR T X, B

Ou(r) = fric(r)Yim(7), (1)
Hrf = {10 m, ¢}, TR N 1B T A6 47, 12
MIEMBNE, m W E T, (&% E I EBEPUE
FIEH . RS AR 0 00T LR s R e R
FHEIEM S SN, ’
¢nk(r)
1 ik-R
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¢u(r—77 — R) RJEM R TANEF 1R T HUs.
¥ (2) 48N Kohn-Sham 7 2,

{ _ ;L;VQ + Vext () + Vi [p](r)

VDl foonlr) = 2urbnlr). )
] DA B R R R
(H —=S)C =0, (4)
, H, S5 3R g st s 50 PE AL SR, C
fiEW: R £, BI
Ho = (6, H | 6,).
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C= (cnlaCnQa"')T~ (5)

Jike (3) i, AL S o i LB O LT
ZRE HLT IR SZ 14135 Hartree 35158 #e G .
TR A EIRIEFETTRE, T S A e R
ANAZ B IR, e rp e B A B 5 B B AR R
JR BRI R B AR 85 (W3 ) SR 488 7, Hartree
FRAZHORIRH) FoFE. ERANTIFEF+, shEE
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B R BB, L8 Hatree 35 VI (r), 22 #5665
Ve(r) AR VE(r),

VIe(r) = V() + V¥¥(r) + VE(r).  (14)

LTI 1 950 A 2 S 3 () A A0 B = o BR 23 (V.
X, BATRT SR A S A A A% S LR )
(B HLsRA), B

Vit =N gu(r) V(i) (). (15)

FE S 23 AV A% RUBORR 23, RS 2 i RORS 40 R ok
E. SEBREEAE A, AT DU 1 R P T A R
T E SR A% R UK 4 R, 217 R T T BORS
3.1.4 K #% Kohn-Sham 7 42

ey S e R R R PR AN S B i, R OR R
SR ARG B AR AE A T R (4). 3 BLAE I 2 B A
XA TT V. RATTHE 2010 48 5 b [J B2 Bt 9 2%
O R K AR RIS A AR, SR AARATT B 1K
— K e 1 R S0 PR R IR O KR B R O AR SR A 2
14K #+ £1 HPSEPS(High Performance Symmetric
Eigenproblem Solver) 9] SZHL T 45 B4 AR AH 7] 5
FR i ROFAT SR, K 7T LU SRR R 2= 3] 1000
ANEF. B A AT VR 5 4R A O(N3),
N 2k T A2

B Ah, FATHE 2011 4 A1 55 46 7 5 B 1) Lin
Al Yang &1F, K ABACUS Al Lin & & K8 £ 5 iR
J7 AL BEVE SR 100 75 7% (Pole EXpansion and Se-
lected Inversion (PEXSI) technique) [ £ &2 k.
M7 VA B SR AR e B AR A A eR L, T 2
LR B R, LN R R — 4 RGN
O(N), Z#ERG NO(N'D), =4 2% N O(N?),
BKTHRAKON) F3 . XAEIER S — AR
TETIATE . £ 51 Scalapack 555 M AL FE T 1)
HATERAF VA MZE T, TR i
RIS ITVEA W ZE AT 3B — B e 1A
FIIFAT, A THEPOKR AT RIT, ARG X R IT S
B—TUEAT IS S R IFAT R R B IT 2 S,
— JE A R T R R R ) ER A B RT AT AT,
P SR IFAT SRR LU By g e 2 LT M.

3.2 RTEBEMSGE

AT 52 21, AL 10 R 4Bt 412 a1 B,
B — AR T PUIE AR AR 7 PUE AN BRI B B AR Y
A T RIER 2Ry, ABACUS $24t 1A

TCERMIBELLE SR, ] DURE 75 5 O
YSCfE. ABACUS B —EERUEN T A, T
R4 2010 4 Chen, Guo I He $2H 7% ] 528
(. %5 REI R T AEGE— S R R G0y

LR GRSk dE N
EFRAMEI T S, 708 ] DUS
Su(r) = fric(r)Yim (7). (16)

Horh 2 R L IE ] 2R UL ZE R BRI R A
FIR:

(17)

0, T 2T,

f l(T) . {Zq Cqul((ﬂ‘), r<Te,
" =

jilqr) R ER VR IR R, q WIEREESH 2 ji(qre) = 0,
Hrr. BB mPIE AR E. 2 B L FEER I
FERBRBCRM A TR FEE M Z W, —RENE
LR — B A B i, T HL e B A A B
PSR

FRATRE SCT 3 R S P00 A Sy R R
HIPRHE,

1

8§ = Fn;<wn‘1_15|wn>) (18)

Horp oy, 52 P RIS 5 RGIAILR,
N, FR R W RBIOSH, B P HRAFIER
(AR B T B TR K,

P = Z | ¢M>S;l/1<¢l/ |7 (19)

X ¢, REUE R THUIE, S, &A1 &5 .
A2 ) B PR TR TT B /I v HE R B S A5 21, S Y
BUEYEE N 0 3] 1, BB 0, R HUE )5
FENIE K B 2 AR EE T 525 R G0 i R 207K
A5 R AR R AR ]

TERACIE R, BAT—HBEHL I BR DT ZE /R 55
B RE o} THIR, BT BAGR K EIEAS ] —H
ABUAEEE R S /. SR R AR
T A IR BATRIA F B 1 XUR T dimer
IR NS RG. EEFEREIE, 2 5
TERIRA 2 H IR o ). B2 FoRBA @ T
FARZIE B B RE 1S B B BUE S T HE.

N TR E, ABACUS o475
AT TR IR FUE. B0 R PR T DL P R
NI F Bl B AN EUE f B B AR R UIE B
H. 24— EMHuEmi s bls, i mdie T
BIFEAMA. 2R MPOE 2 — R SUE 1) A
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b, B DR R AL FEIX P (A, BeAlTe
i — K R Gk ek BOR b — 2 S R pE A
T BHAE, 58 R MEIE S 35— R MHUE IE X,
M PRIERE— SR B EAN 5 E— 2152
) SR AN TE o5 4 TR R ) A R R RS e). R AP
BRED AT 15 BIF S0 75 1 B 1 2R 4.

FIR XA T %, AT T — RIV1E R,
AT 2 T AR L (0 25 S, ul B IRAT I B R B
T8 AG E AN AT RS AR B AR I AR AT, FRAITHE
BI1E /R T SiytE DZP#UIE WA 1A R 4. 2B Ak
L ZH 1) 30k WK AE B ALK ME N 50 Ry, BUIE BTN
10.0 Bohr. ATk B 5 A AN A 8 K (3.30, 3.78,
4.25, 5.19, 7.08 Bohr) 1) Si dimer NS % R4, Si
) DZP LB & 214 s, 240 p M1 AN d R HLIE.
BAV PG = A X e - 5 — P R — A s Rl —
MpBiE; B PR —As, — AN p M—AdHE.
LR, Wik PR — D A A A BUTE R RO
(1), FATR AL FIE L = — 5 %, AR
T AR V20 T LA SRR BE R AN K

1.0

Si-DZP(2s2pld)
0.8 1s

0.6

0.4

0.2

BT HuE

0

—-0.2

—0.4

0 2 s 6 5 10
P /a.u.
Bl1 SiytE 2s2pld HUE AR A B %

Fig. 1. The radial wave functions of Si 2s2pld orbitals.

B2 Bon T AR I BUE T i Sk 41
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RSP T B SR A B 25 2R Xt T Si WA 4
14, DZP S T HAT 2% W B C 2R 0 P il
Beai R, BATKEITCHR IR THALE 7720
K, BHE> TR AR RE S IR [E4K (1
B AR BRI AR L S5 5 g R T EEA MR [ AT
JRAESE. B2 4 R AT BLAE STR [9,21] FR k2. I
G R R AT T A B A R Bk AT
PR, — BORUL, XF T HL 7 454 AR 4l R K T

5%, DZP A R A e B, FRATT I 4058 B 14 hn
FAKH T L RGHUIR S P RIS, (BT EES
e 2 1K

25
—=—S7 —v—-TZDP
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Fig. 2. The total energies of bulk silicon as functions

of lattice constant calculated by different basis sets.

3.3 ABACUSHITAR

BAVEARF E TR ABACUS 28 T 3471
MR E T E R, BAR ABACUS & — 2 LU= ik
B RO 5 — MR S, BEIE | AR
G A T E I BE. X PR R B A AR
7 A A SE I IEAT AL,

331 AEMRX AL EHAT

X TR AR R, R A v A RN Y bR
IR, RGN T3 K A0H £ Kohn-Sham 77 1% (3).
TEXT 5 — A LW X S b 2 Ja T A3 31— k 2,
XFFAFEN k&, J7 R (BRI, By PLAT DAXT &
MIAT. XA RAERR T IWILE TR 5 5E B, FE
FR V1S 1) K s 5B R BRI AR K AR
4y BN AN A F Y POOL, A POOL [A i #E4T 11
B, B N ASPOOL KI5 45 Bk k. Xt
Tk SR AT B AT R AR I R i R T
SEPL. TERIRPUE S B T R OKM Rk
H X M A BB B, BT CABRATTE I IR B X ke
ROEAT AT
3.3.2 “F@E T

X T AT B X B R — A kAL, 723K f# Kohn-
Sham J7 2 (17 3k F2 o, 95 Je — L4 B & 7F 5225 [A]
AR 23 ) f {8 B oA a0 A7 B R R A
ABACUS XAl T FFTW ¥ #F A 2l FFTW %4
B B R R, SCRE AR U i MPL AT, &L
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R AR . ABACUS W 3% A 16 F 47 19
FFTW, M2 17X 84T FETW [ IEAT, XA
(1) 47 Ak AT LIS 75 7 {5 25 1] ~F- THI 9% 1) 23 A B3 5.
TESZAS[0], WA o Je AR T B R BT 75 1 RE AT
{ELRD G R K /0N, 5 380 52 2 ) B = s A A S R 8
B AR (FET) ¥ 7 S8 J5 iR 48 15 BT FAZ S0 B
R R G 2 07 1% FRT #% 1 %14y, S FFT
[R5 2% (8] AT
3.3.3 FEmAHGHF4T

FEAS B R T IE SR, B T AT R R
Jey 3 AR I TG, R far 25 B DA S SR D7 HR I I Ry I A
(1) Tt 75 L S R A% AR A 19 8. BB S SS
(A% S AR oy, THE R RR, A& BV P R RE I 13
Gy WFIR JUAN P B 5223 (8] 23 (A AR 136 4,
ABACUS FH T FET HAT BRI 43 (0 5225 [a) k5
A SEILT N S A (A SR B FEAT, THERR A
A DLR R HE .
3.34 Ak

S T HUE R PR R, 7E SRR B AR (R
TR, ABACUS @ i i FH /4 5 HPSEPS H #21i
FEREXT M AL, HPSEPS B O Si8l 1 R 9
7. B HH 2D Bl o 10 75 5K, B R R 1 B 45 4
Iy AR Y AL ES S b SR JE E— 2D IR AT SR A
7E ABACUS 1, 2D $e 1l 4 Z 7EFE LG LI 5
HCH). R 4% 18 HPSEPS () 2R 30 5 % I8 5 H
XI55 1 2D B, SR SR RE o fE B BC BB — 4> 2D
B ZRAETHEAERE R, AN 2D B RIS 2
Ao BIME B AIBHZAE R o2 AT . 48—
A~ 2D B3 21 & B A RE o5 B A HPSEPS £2
L SRR AR R R AR A A R A B 2

BATFE R T X 5 A FEWS o 4. BLAE
ABACUS HA B @ AT 8RR I T 58
FE ] 3 T ERA S T B A &R b R s, —
AP o ABACUS SR 179 35 70« #4) G 85
R A AR R B K e B PR T SR 1] AR Ak i 2%
TEB 3, TR T IR A R AR O B A 16, 64, 128,
192, 256 F1 512 4™ Ti JiF 175 f Z HERL (hep) £544),
FIT % e Ak BT > 100 Ry. BT R 4 =) 3 it 2 41
N DZDP HH, A EFH 18R FAUIE, PiEe
W42 4 8.0 Bohr. FATH T 16 Mk 470
B 3 TR geit g5 R EoR, £ RS0 T 256 NET
(R FIA BT 4608) B, 4% S0 & T E
Ty, AR (A B D, EEEE RGN SR,

K SRR A3 RS TAD B i 40 IV e MG, TR A A
B[] N3 3, g0 5 9 = S, 25 R oK,
TERGIRKII XS AL 7 485 7 i), 5 LR R
- H 38 22 0k £ Ak B B I )38 4 R B, BT A
THE IR, QR F 2 E R RS, v LA
PEXSI &7k,

1000 [ T T T T
[ —— A IR
200 F —*— xtHfitk

[ —A— )

600 [

400

ST /s

AR

£ G 0. Y

200 i

C1 L L L L L L 17
0 64 128 192 256 320 384 448 512 576
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RGRNIIAAL

Fig. 3. The times to construct Hamiltonian matri-
ces, diagonization and total time per electronic step

as functions of system sizes.

4 WBFEHEE

HL 5 ) T SR B — R SR B o SR A R L,
FARCLHE BT P s BOR M R 2 BER L A
FEESE. H SO 4 142 ABACUS A fiifa g 40
WA 78 A1 SRR AR A AR MUAAE 6 bR 3, 5 SRR 4
ABACUS i {s F 1) H £ %65 2 TR 5 1T FL A7 3 38 4
TiiE.

4.1 HEZEERS

FEFEZ BB AE LT, & 2l B EisA
(177 1K 3K filf Kohn-Sham 77 #2. 1 %c N — D ¥ 46
1ty R A 85 2 HH R, AR SR A Kohn-Sham 77 1%, 13 2
T AT R, SRS R R R R M O, FROOR
fi Kohn-Sham 77 72, B2 %y H A0 HE 17 25 5 A3\
Y HEL AT S8 B ) 2200/ T 45 S RBIUE. AR T
FE B ISACRI R R o, I A5 2T AT R, &
AR E B mi v 55 A USCBIGH 2, 3 1 2 i - 5523
N T RS E SO T R, — R R i
iy 25 FEE R N PR 85 T AU &, RS B VR 5 e AT
AN PR R AT . H L e
VB& 754 plain mixing, Pulay mixing %!, Kerker
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mixing ?Y Al Pulay-Kerker mixing *% %5, L EJ{
FhJ71#R CAE ABACUS H 45 2 S8 F i fiff 547
#1—"F Pulay mixing fll Pulay-Kerker mixing P #
RETTIE.
4.1.1 Pulay Hi%

i Pulay mixing H771%, EAFEAE HIGE
AR — R G ) 5 N FLAAT 5 B i, P HL AT 25 FE B
RE R[pin],

R[pin] = Pout [pin] — Pin, (20)

Pous AEBED I i HH HLGT 3. BB AT R A A
HELAT 25 13 po SR 2 BT N A5 BN LA 2 I — AN 2%
Ry

N
p?rllpt Zalpfn (21)
TEORAE HLAH 3 B S 1E, 2R V2B R B o 6 50 2
H—A 51,
N
Zaizl. (22)

XA AR RN R AT L S TR R R
B/, B (R[p™ | R[pP"]) /. X BBRATH
O — AN

p?rf)t = [Zalpm] ZalR[p:n} (23)
TE SUR AR A3 5 2 18] O BB B AR R N
Aij = (R[p]]|R[pL]), (24)
R 4332, v DA B A I 2 A RN
> (A
=2 (25)
> (A
kj
Hrp, A7V RIRIERE A RIS, (BB HT R AR
HHOES m B, W m + 1B BN
Pt = Py + BRI, (26)
XHE B REMEERASSH T4k,

Pulay mixing & — PR 4 1 B fap 25 BEVR & 77925, —
FREAE 10 AN FEF- 205 70 A5 3 mT ASEE I FL A7 2 PR sk

4.1.2 Pulay-Kerker 5%

XA RAE A R A R, e R ik
AR S AT KR T A IR R AR Tk

N

A FE A 2t B H ey 8 R R 9 AR i Sl ) A7 .
Kerker 1] 7£ 1981 S H& H AT LUK H faf 25 15 7k Ax o 9fe
N TRAL R R

|G
NG =1t
H GHNRGMIBIME R, BT, REERH
for 5 FE AR A, TUAL AR B R 2 IR —/NER 43 B R
RE, XA DUA SRR B B IR G LR, N
PRILSIGE E. 8 Kerker B35 5 Pulay 1R & 51445
A S R AT LS 2 Pulay-Kerker Hi frf %5 & 7R &
% ol

(27)

Pt =i + MG)BRIp]. (28)
HAF ABACUS 2245238 1 Pulay-Kerker mixing [
e, X T — 2 BR e @ik R, i Sios 215
FRKWFEF. T4 ABACUS HEUE R T 5
TER I EH 200 Ti /74K R0, 43 5048 H
Pulay 5 Pulay-Kerker H fif 18 A 5 7% 1 U SIGHE &
TG, g5 R 4 Frow, Ak bR R R i AR
B, PAKFR LR B RS LT AP LT T pous

SN pn KX RZE, B

Zm | Pout(ri) — pin(73) |
Nelec
7 227N LA A M AR, Nelee RN FR LT B0 2
ATE BN T 2004 Ti 7 HIE R, 7E4EH Pulay
TRA R SRE I, g IR ™, WSUR TS, 3
40 538 RSB P v (PR B 1 48 Pulay-Kerker
TRE I, H A 2 AR 12 20 I3 T 1076, ISIOE
AR ER R m. X T KR R, Pulay-Kerker
S A

101

; (29)

—a— Pulay &
1072 F —e— Pul-Ker {E&

#1073 F
104

10-° ¢

107()' -

0 10 20 30 40
R

4 75 200/ Ti i F €8 ) B Pulay 1 Pulay-

Kerker HLfiif 2 5 VR B 77 VU SIGH J5E 56 L

Fig. 4. Comparison of the charge density convergence

using Pulay and Pulay-Kerker mixing methods for a
200 Ti system.
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4.2 HETEEHEE

TR R AR 5 T30 10, TSt
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T, A0 MR I TN R S, 7EAR
KRR bt 2 T S, BT 5 Sl e o
OB, 3 P AR i Ik 2 1 7 v e PR R
HEAT M. X T4 RS AL, H b p T L
RSB T R 2 T OB e (£) 55— AN O
B op(t) 2, B

p(t) = pat(t) + 0p(t) (30)

p(t) 2 I 2 U B BT B B2, pas (£) A IR 20 JL 1

HAAr 4 B I 2 0. (R B, ¢+ i I 20 1) W A 4 2 ]
PAZR IR B

p(t+ dt) = pag(t + dt) + 0p(t + dt). (31)

B I 2 1 Ji - R A R 2 AT AT DA S o B
K, T Op AT LA B 7 iR 2. H A A A A
fif 7 12

1) fal F A

R AR 22 1R s A AN K, FTEL
i L SR E AR B NN T P A e
i N LA T

dp(t + dt) = dp(t), (32)

2o — RFAINNR, FATRIXS T — M 454 5t 74
THEL, HAy 2 3 1) B 7 Fl B R AR I %

2) —BradfE

e A SN 1 e A o T B
ST N — P s, R R E T,
— WS ABL FR) 5 vk P 3 S S A ) R A
LA ENSY

Op(t + dt) = 0p(t) + [0p(t) — Op(t — dt)];  (33)

3) —kradfE

WA R TR E A B R =S TR
LEAERERSY

dp(t + dt) = dp(t) + a[dp(t) — dp(t — dt)]

+ Bop(t — dt) — dp(t — 2dt)], (34)
Hrh R E o M B AR I 20 BT hr B ok E . VR4
H%Z WCHR [26].

X Tl AT, A RS LS B
FE 1) B A A R W . AR T 5 FR AT B T

ABACUS fit & 4 2244~ J5 1 I BIUHE A (Mg2SiOa)
S5 FIAE 2200 K 173173 J1 22 05U, JURNAS [ 4
EITERIROR. B REARER 2 7 T3 )12 i A L
A KON 1 fs; AR R — 20 78 )tk
IS A 55— AN HEL T 20 AR A o R N R e
FERIARRTHRZE, B (29) 2. BATRILEM > F3h 7
PR, AT R B i ESCR R
T W sAEE T k. T Tahi 1S )E, 1§
FH T B4 (B D7V, W06 i fer 2% B R Be kG 3] 1072
A B4 B 7 %, 006 v far % B2 RE 08 K 1 3
1073, RIS S0z

101k —a— A
—— —frE
" e B
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Jﬁ(
ﬁé 10-2 —=
S
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0 2 s 6 s 10
SFEIIEL
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Fig. 5. The initial charge density errors in MD simu-

lations using different charge extrapolation methods.

4.3 Smearing H1E
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KT B S BT B 0 R T R LLAS B A A i B A
s g B, iR Sesiod #E.
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So(z) = %(1 _

erfz), (36)
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o, SR E AL mE 7 HiEE TR, BE C, H,
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Fig. 7. Comparison of the density of states of a model
protein calculated by Quantum Espresso and ABA-
CUS. The energy of Fermi level is set to zero.
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Fig. 8. The structure of a DNA piece containing 12
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base pairs, 788 atoms after structure optimization.
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Fig. 6. The total energies and maximum forces as

functions of structure
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Abstract

With the rapid development of supercomputers and the advances of numerical algorithms, nowadays it is possible
to study the electronic, structural and dynamical properties of complicated physical systems containing thousands of
atoms using density functional theory (DFT). The numerical atomic orbitals are ideal basis sets for large-scale DFT
calculations in terms of their small base size and localized characteristic, and can be mostly easily combined with linear
scaling methods. Here we introduce a first-principles simulation package “Atomic-orbital Based Ab-initio Computation
at UStc (ABACUS)”, developed at the Key Laboratory of Quantum Information, University of Science and Technology
of China. This package provides a useful tool to study the electronic, structural and molecular dynamic properties of
systems containing up to 1000 atoms. In this paper, we introduce briefly the main algorithms used in the package,
including construction of the atomic orbital bases, construction of the Kohn-Sham Hamiltonian in the atomic basis sets,
and some details of solving Kohn-Sham equations, including charge mixing, charge extrapolation, smearing etc. We then
give some examples calculated using ABACUS: 1) the energy orders of B20 clusters; 2) the structure of bulk Ti with
vacancies; 3) the density of states of a model protein; 4) the structure of a piece of DNA containing 12 base pairs, 788
atoms. All results show that the results obtained by ABACUS are in good agreement with either experimental results

or results calculated using plane wave basis.
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Fig. 1. Ground-state phase diagram of the 1D con-
ventional ¢-J model obtained from DMRG. The phase
diagram consists of four phases: metallic phase (M),
superconducting phase (SC), singlet-superconducting
with spin gap (SG+SS) and phase separation (PS).

For original figure, one can refer to Ref. [7].
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Fig. 2. Effect of density-spin interaction W on (a) density distributions (n;), (b) spin distributions (S?) in real

space, (c) structure factor N(k) for the density-density correlation function, and (d) structure factor S(k) for

the spin-spin correlation in metallic phase (n = 0.6, J = 0.2). The inset in (d) is expanded near k = 2kp.
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Fig. 3. Effect of density-spin interaction W on (a) density distributions (n;), (b) spin distributions (S?) in real

space, (c) structure factor N(k) for the density-density correlation function, and (d) structure factor S(k) for

the spin-spin correlation in superconducting phase (n = 0.7, J = 3.0).
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real space, (c) structure factor N(k) for the density-density correlation function, and (d) structure factor

S (k) for the spin-spin correlation in phase separation (n = 0.4, J = 3.6).
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Abstract

t-J model is one of important theoretical models in the study of high temperature superconductivity. Recent cold
molecule experiments indicate that ¢-J model can be simulated by ultracold polar molecules. In the simulated ¢-J
model, besides long-range dipolar interaction, density-spin interaction has also been introduced. In the present paper
we study the effect of density-spin interaction in the one-dimensional extended t¢-J model by using the density matrix
renormalization group method. We choose three sets of representative parameters, which correspond to three different
phases in the ground state phase diagram of ¢-J model, to calculate the charge and spin density distribution in real space
and the structure factor of density-density and spin-spin correlation functions. The results indicate that the nature of
the system will not change if the intensity of the density-spin interaction is small, however if the intensity is large enough,
the system enters the phase separation, in which the character is quiet different form that of the phase separation in the

traditional t-J model.

Keywords: ¢-J model, density matrix renormalization group, density-spin correlation, phase separation
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