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Fig. 1. The band structure of TijgO3;1.
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Fig. 2. The Ti-3d spin DOS of Tij6031. The vertical

line denotes the Fermi level.
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Fig. 3. The band structure of Ti;5032. The dotted
line and solid line denote spin-down and spin-up, re-

spectively.
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Fig. 4. DOS of Ti15032: (a) Total DOS; (b) PDOS of

O; (c) PDOS of Ti.
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PP RIE R ARABE, S 2GR AR
NAE = Expm — Epnm = 4052, HA S EANEL
Fea B9 B R AE, AE 8RR SRR T IR &
ZE. AR T 52V Z (AN FE B DL S Vo X REFE
Z AR A s Bt T 6 MR B Mt AT o5
T RGBT, TR TR R R R R Vo Al
Vo AR E (B 5). X 6FRh&gst a5 1(12),
11(23), T11(124), TV(125), V(234) 1 VI(235), Hrf
SERT(12) R R Ti15030 HEY RIEE.

B5 (MFIRG) TisoOes T2 (R R fr B AL HIr
FEFE, JEERANIEER S BIALZE T1 B TR O B T

Fig. 5. (color online) Structures of different vacancy

sites in Tiz20g4. The gray and blue balls denote Ti

and O atoms, respectively.

Rl TIRATIFE LR, ATLUE X6
Tofr &5 16 A0 7] TR BEAE &, Be B ZE R ME N
95.9 meV, AR T Fil BB, R 1(12) i mA
Vi BIIEEE 9 0.7644 nm, 32l & RE0H 6.0 meV,
SERT1(23) TR PIAS Vo ZT8] ) #E 29 9 0.4842 nm,
HAT WA R BOE R T 14.6 meV, Ui B R G AE
R] (PR A 5 PS8 R ) Ja T 2 ) 1 R B A O, BR
BOB/NEG B EEOR. S5 TTT(124) S5 1(12)
(R AER EAIE — A Vo TR B E R R, EEH
TT1(124) 22 BB A R %0 (53.3 meV) 7 LLE H, 7E
PRI JR S A ) BEAR S I 26 1F R, Vo BISITT B
A RO B RAR & ISR, X — 250 A DA
FTI(23) 145 V(234) 15 . 4544 111(124)
ANGER TV (125) HIERE R W] Vo R R A [F L
BOR R A G R K, G V(234)
FNE5 K VI(235) B vy DAAS AR R A 458, A
DA A 450, BLEKHT TiO, 44 2 Hh (10 4k Bl SR R
T H Vo R W R A 2 (B RS A, AR Vo A
S A R, BE Vo T LR s ik RERTLRE &
SR

F 1 BRGNS TR EZE AE ARG REL Jo FIFRFOIRES TR &R 1S miE
Table 1. Energy difference between AFM and FM states AFE, exchange coupling coefficient Jy and total
magnetic moments for FM (Mgy) and AFM (Magy) states.

Structure 1(12) 11(23) 111(124) IV(125) V(234) VI(235)
AE/meV 95.9 233.1 468.5 789.3 773.9
Jo/meV 6.0 14.6 52.1 87.7 86.0
My /1B 8 8 6 6 6
Marm/pB 0 0 0 0 0

B A A HE & R RE T SR W A R
CASTEP # He i+ 5 58 e 19, Jit BRI {E T 4K 48 Bloch
SE S SR 5 ) RS LT R AT AR R
AN R HC AR AR oy AR T 2K, P T o
HOK JE ] A K 14k Kohn-Sham J7 #2. {H2& KX H
T i 5 ) T R ) — A R SR X T B R
B4 2 A S S AT 2% o 1) B SR 4 LA TG PR
Rea B 20 X HH IR, R AR SR 2 ) AN LR A ELAE
ST A R AR .

4x2x TIRRMLEHIT(12) d, B Vi Z 18] 1
FE BG4 0.7644 nm, HEFIAE x J7 ), 5 SR PE J

BiAR B 2 [ R B AE 2, y A 2 DT AR D, =
1.5288 nm, D, = 0.7644 nm, D, = 0.9801 nm. 7£
TRFFIT 2 J7 AL HEFI A Vi (B BEAS S 1 0 R
R TR 144N E T 4x3x IR R. fE4x3x1
PRFR T, B RS K ILER R A BE B AE o, y F 2
J5 W43 M8 D, = 1.5288 nm, D! = 1.1466 nm,
D, = 0.9801 nm. W] LA H B RSBk B A H B
% 2 18 () B /N B B B Dy, = 0.7644 nm 3 i1 A
D, = 09801 nm. THHERER, £4x3x1
PR R PP Vg 18] (0 SRR BERS 5 AR BERE & 2
[ BER 2 AF = 108.6 meV, M7E4 x 2 x 11K %K
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HIX—HUE N AE = 95.9 meV, 7] LUE HETE B H
T AR B /0 BT KT AR 5 R o S LA AR 2 )
MUAR AR R, HoPE #E S AN Vi 77 A2 SR 4
2 18] R 5 IR TR TEAR A, i B 96
PMETHI 4 x 2 x VIR R TH A RAW] SEPE.

3.4 Ti30064_n (n = 0, 1)%%¢%§§6§§
BAENES

T2 A 4 AT FH A 2R 0 ] 5 5 46 A P AR 2885
KRB AR EVE S IR AR SRR, ]
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FI A, T BB A E AN T H0E 2 8 1 B
g @, Vo P AR R 2 B R AR T B
B AR, Vo BRI I T 251 al 1360 e0, &
AN RBE RE 0 HL T 2 ST Y, 5 R B AT AR F AR
R, RO S I e R I ), G R S ]
ARG Z N RO ERR GRS, T S 45 R A R
B A IRET RAMBEE LK. £ 111(124) 2
& — Vo MEEMER, Vo BT n BB, Vo
FINBIPEAS B 73 A A Vi BT 3K, BRIk 4544
II1(124) A Vg SR B HL T 2589 Jy al al 6369 €,
ZEATRB T GHE R, %0 E A HE
BT RAL S I i F) R L S e, BRI JR) el
Z MG ) T SRR BRI SR AT AR R TR
MRS EIRFS T R Re R AR, AL G i) BHAC i
1 PR AN BE R BB AN TiO Hh R SR 2 18]
BREGRL A I F 32, NI IRATSE T 58 R EHeAc i
VR RIS R AR RE 22 58 P B BR T L.

W REEAHAE AR ) AN T IR
=B HHT. XTSI T1(12) SiE G T1(23), Vs 1
HL T4ty alal 3600, Hra_ REZAIt, AEZ
MRER 2N 0.017 eV, ty RE LI 73 e ikiE
FEe RN S a_ BB, LN RV BEREIH T
iRy al al 1240 €0, FEXFE LT, RG4S
) E AT B A AL, IS Vi BRFERE 62 BT
L7 BROE 5 AN 2 30 B e e 1m) 4% e, 181 6 (a)
Fis, BRIk REI AR S, <J5a_fedt b
T2 B R 2R E MR ¢ b, AR
WEFE B RN 4 g, S5 R T(12) FHTL(23) 44K 527
RN 8 up, WA 1. T E5/ 111(124) 45
FITV(125). &544 V(234) iy VI(235) 7R &, 51N
Vo Ja, Vo KT T4k al al t3%e0, Bt ¢4 fE
ZM ey BEHMIRER 22029 0.028 €V, t4 AELL 11

HL 1 SE BRIE B RE B3 W ey REZR, BN Vi iR
FARER I LT Z5H 8 R al al t2t0el e, H1T ey fiE
G LTI 5 R RO B R (A AR R ),
BEFEA Vi BRIGAE R el b1 TGRSR A £
Ba) (B 6 (b)), R REIAKRMIE, )5 el BEZR
R B R BRE 2R B R t BEL b, A
Vo 77 A SRR I RN A 3 e, S5 46 TTT(124)
GERITIV(125) 454V (234) 145K VI(235) 1k & 77
B BB RANNG6 pp, IR T AR — R IE,
SERTIN(124) Z5KITV(125). 4544 V(234) Al gk #)
VI(235) 5B > Vo IR R, O 7 BE AT LA
Phel — el 77 :URIE, AT BALLel — t2 17
BRIE, M558 1(12) AT II(23) Sk, 4 H 7 R Ag
PAt2 — 2 X —Fhoy LERAE, Bk, 5 A% H Vo
IR R L, B — A Vo KIS M1k R AE R ik
WEFE R & AN HL T B B R A 5, Xt
7E I N Vo W LA R i R i e 2 TR 5 11

.........
....
o

."A
a? t2 a? t2
(a)
. '_‘A N
11 t [ R i+
Il I I I
ti efr ti efr

(b)
El6 TizoO64—n (n =0, 1) KR AGHELFEAHLEE

Fig. 6. Schematic of magnetic coupling mechanism in
Tiz0064—n (n =0, 1).

MELF 53 BT LLE H R AT T3 H Y F R
T =T RIS R A E AL, T DUR
U HiL AR TizgOgs_pn (n = 0, 1) 1K R Vi 2 8]k
GRS A WP FALER. B AR Wang 25 22 S 441 45 A
TiOo H IR HE R RL IR ARAE T 058, (R T JR 38
i 2 ARG IO LB A 45 & B R, Rt
5 IR E A A AR AT DUAE N 4 404 A3 TiO.
WG 2 TR A O LB A 25 4 7. e N T TR
G IR BN TiO, W REFE 1 0 A 1B L, FRATTZE
T Tii50s 7K R ALK T1(23) 1K R 1 1 e 25 15 2
i, Wl 7 AR,
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(a) Ti15032
Fig. 7. The spin density for (a) Tii5O32 in (001) plane
and (b) structure 1I(23) in (100) plane, respectively.

The isovalue is set to 50 e/nm?.
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TFIEREFE T ALK TiOg T Vo A1 Vory B B 1 25 19
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HLF EHE 5 R A, TR I Vo BT R 11 e R A 2
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WG, WERE 2 B Vo EAR 1 6 4 O 11 2p B
HLF DUk, FBRIARE I T 451 al af t3 0 €0
3) B Vory 72 AR IR JR S G R 2 ) (R AR B kA A
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A JRIHEAE, B 51N Vo 7T LA RChE & Jm 38 56
Z RS A B, R AT A BRI TiO, H 4k
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Abstract

Compared with conventional semiconductors, the diluted magnetic semiconductors, in which the cations are substi-
tuted by transition metal ions, have attracted a great deal of attention due to their promising applications in spintronics.
Recently, the unexpected room temperature ferromagnetism has been found in many undoped oxides. These findings
challenge our understanding of magnetism in these systems, because neither cations nor anions have unpaired d or f
electrons. Generally, the candidate defects responsible for the unexpected ferromagnetism must fulfill two conditions
at the same time: (i) the defects should prefer a spin-polarized ground state with a nonzero local magnetic moments;
(ii) the exchange interactions between local magnetic moments induced by defects should be ferromagnetic energetically.
Among these oxides, TiO2 has recently attracted much attention because of its unique properties and potential applica-
tions in spintronics, laser diodes and biomaterials. In order to explore the origin of ferromagnetism in such an undoped
TiO2 system, the electronic structures and magnetic properties of oxygen vacancy (Vo) and Ti vacancy (Vi) in anatase
TiO2 have been studied systematically by the first-principles calculation based on the density functional theory with
the LDA+U method (Uri.za = 5.8 €V). It is found that two electrons introduced by Vo are captured by two neighbor
Ti** ions, and thereby the Ti** ions are restored to Ti** ions with opposite spin orientation. Therefore, the single Vo
cannot induce local magnetic moment. The defect energy level locates near the Fermi level for Vri. Six oxygen atoms
neighboring Vi constitute an octahedron, and the defect energy level is split into a single state A, a double state E
and a triple state T in the octahedral crystal field. The occupation of four unpaired electrons introduced by six oxygen

”

atoms is aﬁ_titg e (subscripts “+” and “—” mean up-spin and down-spin, respectively), and the Vr; can induce 4 up
local moments. Furthermore, the magnetic coupling interaction between local magnetic moments induced by two Vrj is
ferromagnetic, and the magnetic coupling constant (Jo) is 88.7 meV. It means the ferromagnetism can continue up to
room-temperature. The Vo cannot induce local magnetic moment, but it can enhance the coupling strength between
two Vi, which can explain the origin of ferromagnetism observed experimentally in undoped anatase TiOa2, i.e., the
Vi induces local magnetic moment, while Vo enhances the long range ferromagnetic coupling interaction between Vrj.
Especially, for the ferromagnetic coupling between local magnetic moments, we have proposed ‘the second type direct

exchange interaction’ model, which has been recommended in detail.
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