Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

TESER (Cr, Mn, Fe, Co)IBZXITi0 RAMRNDNIE—14 REEM R
IOE R HEH RBEE R LFMHE AL TR RAR Kum
First principle study of influence of transition metal (Cr, Mn, Fe, Co) doping on magnetism of TiO,

Wang Shao-Xia  Zhao Xu-Cai  Pan Duo-Qiao Pang Guo-Wang  Liu Chen-Xi  Shi Lei-Qian
Lei Bo-Cheng Huang Yi-Neng  Zhang Li-Li

5] Fi{5% B, Citation: Acta Physica Sinica, 69, 197101 (2020) DOI: 10.7498/aps.69.20200644

TELR T2 View online: https://doi.org/10.7498/aps.69.20200644

IS View table of contents: http://wulixb.iphy.ac.cn

AT REBOGEBR  HAN S

Articles you may be interested in

I 2 R B AP TI02(101) 1 19 i

Modification of the photocatalytic properties of anatase TiO2 (101) surface by doping transition metals
YrH2EdE. 2017, 66(6): 067101  https:/doi.org/10.7498/aps.66.067101

Ag-CrlLBLIZnPH BRI B 1 AR R G LA T
Photoelectric properties of Ag and Cr co—doped LiZnP new diluted magnetic semiconductors

YIFR2EA. 2018, 67(18): 187101  https://doi.org/10.7498/aps.67.20180450

— B AETiO, B LTS5 S e A o

Study on the electronic structure and photocatalytic properties of a novel monolayer TiO,

PIFRZEAR. 2020, 69(16): 166301 https:/doi.org/10.7498/aps.69.2020063 1

CeMOZENIABIRTIOL WY HL T 454 5L R i

Electronic structures and optical properties of Ce—doped anatase Ti0O, with oxygen vacancy

WIFRZEAR. 2019, 68(3): 037101  https://doi.org/10.7498/aps.68.20181946

(Cu,NJHHBIKTIO,MoS , 5 [T 45 Y HL T FISESAPERE 2% {12 P HSE06

Liu Gui-An

Electronic and optical performances of (Cu, N) codoped TiO,/MoS, heterostructure photocatalyst: Hybrid DFT (HSE06) study

YIFRZEAR. 2018, 67(23): 233101 https://doi.org/10.7498/aps.67.20181520

— PR T AT SEN-PI B 2R Zn O R FL T 45 A R~ #

Electronic and optical properties of n—pr co—doped anatase TiO, from first—principles

YrHE2E4R. 2019, 68(1): 017401  https:/doi.org/10.7498/aps.68.20181531


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20200644
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.067101
https://doi.org/10.7498/aps.67.20180450
https://doi.org/10.7498/aps.69.20200631
https://doi.org/10.7498/aps.68.20181946
https://doi.org/10.7498/aps.67.20181520
https://doi.org/10.7498/aps.68.20181531

#) 32 2 3R Acta Phys. Sin. Vol. 69, No. 19 (2020) 197101

TEEE (Cr, Mn, Fe, Co) 437 TiO, ®41% 32y
% —ERERERAR

BEAY FEHY EEREY X EF®RY
XD FHEAD  FPL4D2) kLAt

#E D

1) (PRI IF YIRS HE A B, BRI AR S se s s, 30 835000)
2) (FEKEY AR, BRSSP E K SSL 0%, FI5 210093)
(2020 4£ 5 A 1 HYzl; 2020 45 5 A 29 HikEIENH)

KT LR RB A TiO, & 15 237 A5 2 M Bl P S HC g 1k 1) S DR AF AR 4130, Sy 1k e G )it , AR SR
R T2 RIS T B GGA+U F¥EM A R Tipg5X012502 (X = Cr, Mn, Fe, Co) HR 2 R K 62 1k B
7788 — PR R AT IE . BT T R R SO G 1 SRS R, FU S HE I R RS D AT R RS AP R
i 2 R B Tig 875C10.12502 H1 Tig 575Mng 1950 PR 2R R 45 2 S R Tig s75F€0.12502 1 Tl g75C00,12505 P4
ik R R G R EEE; BRER R E T RIRGRENE, Rk IR FE 2L SR ITR (Cr, Mn, Fe, Co)3d i
FHOE G AL T JH E 0 O-2p & B g ¥, S8R R 77 A G 0 10 5 BRRE 1  18 240K R i OO 3% 1 &k

AT LIRS, AR TR T X AT L' A W L

EFR: TiO,, LA, BEME, Yerrk iR
PACS: 71.15.Dx, 74.25.Gz, 96.12.Hg, 74.25.Jb

1 5 =

TiO, fEh—Fh Fa g 2 K, BARE MY
A=, TowE AL 2 @il 8 400 I 4 )8
TG UM 1 0 K AT L R R S A (dilute
magnetic semiconductor, DMS)B!, DMS #] LA [a] B
I FEL 1 F 732 30 R L L AT ™ A A
ICTE FL i L 25 R R A 1) 46 T LA V%
FERIR A, TiO, 45 = FhfbAl, 5 BiEkT-
A | A 20 AR R KA AH, Hrh 8Lk TiO, B
a1z Pl 2001 4, Matsumoto 55 6 IR FESL
5 Faz K o DU R Co 8 A Bl B
TiO, Wi, KAt T T, ¥ T 400 K 1) DMS #1 K},

*ER HRBIERES (S 11664042) 95 BhAYIRAL
t BIEVEE. E-mail: suyi2046@sina.com
©2020 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.69.20200644

MR EPR EAOR 1 oh I8 48 T R B¢ Tio, #Fot
P, SR T TRz O, T LA, 12T
FEH KT TiO, WL AT T R BT, SR i
FREEE RAHAREE, T B R gE vl 3 LA =R
1) WEPE AR B B HA, n: S28 BRI
PULRE Ni B A TiO, 94AKHKLT 1 FA AR AL 7 1%
¥ Co B A TiO, Kb+ rh B 4551 IR KB 2
AR B T A 5o B B vy, 3K U I R P A U T AN A
HE; 2) BRI THI90R, W Mn $84% TiO,P N
$B2= TiO, [ Cr $4% TiO, M Z553K: Ti; ,Mn,0,
WERAE R T RIS A TP P, N-TiO, A R 1Y
WEMERIET N-2p 2%, Cr-TiO, K ZRH Cr3+2ky Curie-
Weiss-type(Ji& BL -4k Jr 89 ) #4935 22Ok IR
3) ARAEARFNIB AR R PR WA B P, 1 Xu

http://wulixb.iphy.ac.cn

197101-1


http://doi.org/10.7498/aps.69.20200644
mailto:suyi2046@sina.com
mailto:suyi2046@sina.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 19 (2020) 197101

S WA S0 bR S S Bk IS VR S Fed i AR
TiO, i As H, dl It x BF AT SN &I R ML 3 5
BRAEEAT ) REAH R RE PR GARRL T, PRI DG T4k
T A 1) SR R A7 FEAR B 43, H2 R e F 5%
FASRAIN Ty 2ok P 42 8 4B 2% Ti0, 23 1 L % iR 2k
T 15101 O SOR 3 P 42 )8 JT R (Cr, Mn, Fe,
Co) BB A TiO, KM 5% H @4 B>k R . L4k TiO,
YE R AL AL P85 Sk s ik 5K, F M 1972 4%
Fujishima F11 Hondal's) F| ] TiO, #E17 T GA# K HY
RN, PLIF T SeMEAb R s e P 5. 5k, 24
TiOy HATRRRENERT, 26 RS ERT, ik
NI e f 2 B IERE R 1Y 7 2404, DT
A% TiO, HL 2545 I 5 me) HO A A PR RE 17, H AT
W, w252 BRI V. BT, AR
SEEL DMS (52 BRI I, SRS T il HLR RGP 1)
SR S HE AL

i, AR ESEITR X (X =
Cr, Mn, Fe, Co) #7480 TiO,, JF X HH+
Sk KL RO M A T 5T S5 1He, DL EE
s HOCEATE T, JFiE—2 TR % 7 A B
) Sy eI 4R AT AR B0 B AR B O B OE MR
DMS iz BN PR 1% Hr 2.

2 WEFHREHEPEA

PL TiOy VE N ARAEAA, Hoas [ By 141/ amd,
FEABUERE A TiO, F & 44> Ti S F1 8 4
OB T, Mt E N a = b= 03776 nm, ¢ =
0.9486 nm; o = B =7 =908, Pl 2 x 2 x 1HY
TiO, M HAE A TR AR TC R B 4 HL T 454 521
AR, BAR — AN 4R TER X (X = Cr, Mn,
Fe, Co) J&T#E&M TiO, N —1 Ti i1,
ZRUSEIIN 12.5%, TR Ti g75X0.1050, MU,
BTG AR 1 s X (X = Cr, Mn,
Fe, Co) J5i ¥ #1E B e TiO, & g A0 AV B 1)
Ti J5i 5, DA/ INMB AR 32 i M S 800 Y 52 el
Jr s K1y 6 iR B9 H T ZH A 5300 A Ti(3d%4s?),
O(2s22p?), Cr(3d°4s'), Mn(3d*4s?), Fe(3d%4s?), Co
(3d74s?). AT TSR T 2 72 sRPE 19 Materials
Studio 2017 i) CASTEPRO2U R 5E il 755 245
BRI R T CBR B 3T Bl (generalized gradient
approximation, GGA) "] PWO1 52 5 JCHK bR 45
BT JUTOLAL, - TEIWTRE E,. o 380 eV, HIA

K5 (SCF) 4 1.0 x 107 eV /atom, 1 FLIHIX K #%
BHUERN 3 x 3 x 7, BFEF3Z J1/hF 0.05 GPa,
N EmMF RN 0.0001 nm, FrA H A ARLEMRIRS K23
[P HEFT. T RAGSN GGA FikIT e 45
Fa RS AN 4 S A A BR TG B, A SR AR A
b S 30 3.2 eV /Iy, BRER F GGA+UR32
FRRIMEG R, SR ITE UEK
6 eV A, S ICHER Pt Ti, O JRF1 UES
B, Uriza = 4.0 eV, Upo, = 5.0 eV, HIILITHE T
RN 3.201 oV, 5 5CB(E M) S8R

K1 FiMREE (a) A1E TiOy (b) TiggrsXp 10500 (X =
Cr, Mn, Fe, Co)

Fig. 1. Structural models: (a) Pure TiOy; (b) Tipgr5X5.12502
(X = Cr, Mn, Fe, Co).
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Table 1. Calculation results of system parameters before and after doping.

A B, Epy/eV

Expn/eV AE/meV  2%Integrated spin density/up

2*Integrated|spin density|/up

TiOy(2 x 1 x 1) ~7457.281

Tigs7sCr010502  ~T727.549 ~20572.796 ~20572.767 29
TiggrsMng 1950y —7063.942 —18797.713 —18797.674 39
TigsrsFeg 10502 ~7158.347 ~19034.057 ~19034.017 40
Tigs75C00 10502 ~7253.848 ~19269.779 ~19269.689 90

3 3.316
3 3.668
4 4.296
1.667 2.056

—6600
—6800 | @
?{ —7000 —7063.942 eV
: —7253.848 eV
Ei ey 7158.347 eV ‘
% _7a00 | "TAST281 eV —7158.347 ¢
&
—7600 r
—7727.549 eV
— 7800 s . , ‘
Pure Cr Mn Fo o
doping doping doping doping
10
o™ mess 4200m
L 87
~
=
B 6 3316m 3.668up
& App
B o4t
= 2.056p5
2+ 3pn 3B
1.667pp

Cr doping Mn doping Fe doping Co doping
El 2 (a) TiO, BTG R R ML A, (b) £ 8B4 TiO,
KR A BRGSO
Fig. 2. (a) Binding energy of TiO, system before and after

doping; (b) spin net magnetic moment and spin density
mode of the doped TiO, system.

4.296, 2.056 ug), AL IE4)JEITTE (Cr, Mn, Fe,
Co) $4% TiO, 1K REF & WARRLAR, ML, H
Hi Cr, Mn, Fe $4% TiO, J& 7= A i ig 4 He g n]
WL, AR X =R R R B R BRI 5.

3.2 BREREEERESH
P T P A ) R e A P — R AR 5

TR S B O A o B R R, R T Wang 45 1271

Cheng 55 | Sasioglu %5 29 f1 Fukushima %5 [0
AR TR B 203 07 Al 8 T IO A B R R 1 s LR
s To = S8 SO Ky MR R To
R A R R LR, A B R IR RGN
BEEASPIRE R 22, mILTHE 1S Cr, Mn, Fe #1 Co
B7% TiO, MUFPA 2 9 Ji BLIR BEARIK Ry 224, 301,
309 1 695 K, HIKFEiREHEIREE, b Cr 842
TiO, 1R FR 1 J& B B SE R fH 2970 230 K 247, if
AR S E TR 2N 0.02%, Co 7% TiO, &

Z ) R R SR E KT 600 K, RITTA L5 RS
Fukumura 2% BU F Salmani 45 B2 #5286 (KA —
B, NIk 250 T ke AR IR & T &R

3.3 BHRAIGERNETEMEREEE

Kl 3(a) A A E TiO, i 7 B, H 1 CBM
(conduction band minimum, CBM) /R R4/ JIX,
VBM(valence band maximum, VBM) & /R /1 47
T, S AT 3-8 eV REmXEN, #r
HEHE 4> FEAL T —6—0 eV AL X [ Py, 1 4y
R SRR RE, B BE A T i T . 38 5
GGA+UBIE, AE TiO, I B2 A 3.201 eV,
I H A — B B 3(b) IARLE TiO, &%
K, VBM 5 CBM ¥/ iy Ti-3d 5 O-2p & 44k
i, Hod Ti-3d 2% CBM & F %R, 0-2p &%)
VBM # ¥ FAE ], CBM JiE I 8 Fermi i 29 4
3.2 eV, SR G HE e B e B . AR B A i
] b F ) AR B X RR, JC A e kIS, Rt
fiE TiO, MAREKREMEM L.

Kl 4(a) & Cr 2% TiO, 1k % 1Y BEr 24574 &
Xf b FAE Ti0, 1R R AT L& B, spin up(H EM]
) WBIET B Y 3.201 eV FEH 2.344 eV, [A]
BHA LT 25522 B2, Won & m M, Xl
HL BRI LR, I HLH 0T U BRAT 2 24
e, P A R AERIRAT 2 51, LI AA v
9 0.692 eV; FEEE spin down ([ il F) GEH &
LRI IR A SRR, UL A 2 S
PR ME T BB ] b A R R 25 0 B Ak
PR, ULHZ B AR R = T e, H—F iRt 4
JEPERT, —Fh s P AR T, S SR 4
J& R 25 AR Rl L & R R BN
0.692 eV, ML hgfm KT 0.692 eV B}, Atk
ST O, XL s SO S S B
AR T LA W B 2 P e RS ST, AT R T
BRI 5 e, 08 R T O I i

197101-3


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

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 19 (2020) 197101

Energy/eV

DOS/eV-1

Energy/eV

Bl 3 ARMETiO R FR: () AEHFIA; (b) A8 B
Fig. 3. Pure TiO, system: (a) Band diagram; (b) state dens-
ity diagram.
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Fig. 4. Cr-doped TiO, system: (a) Band diagram; (b) spin

state density diagram; (c) enlarged view near Fermi level.
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Fig. 5. Mn-doped TiO, system: (a) Band diagram; (b) spin

state density diagram; (c) enlarged view near Fermi level.
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Abstract

It is still in controversy whether the transition metal doped TiO, will generate room temperature
ferromagnetism and where its magnetism originates from. In order to solve this problem, in this paper we use
the GGA+U method based on density functional theory to conduct a first-principle study of the magnetic and
optical properties for each of the systems of Tijg75X( 12509, X = Cr, Mn, Fe, Co. We calculate the ground state
energy of each system, on the supposition that they are ferromagnetic or antiferromagnetic. After comparison,
the ferromagnetic state is speculated to be its ground state. The binding energy and magnetism calculation
results show that Tijg;5Crg 19509 has the best stability in all doped systems, that the transition metal element
doped TiO, system has a net magnetic moment, and that the doped systems are ferrimagnetic. In comparison,
the net magnetic moment produced by Cr, Mn and Fe doped with TiO, are substantial, showing that these
three systems have good ferromagnetic properties. The Curie temperatures of all doped systems are above room
temperature, which is of great significance for the electron spin to retain the information in dilute magnetic
semiconductors (DMS), and also greatly helps with the practical application of magnetic materials. The analysis
of the energy band structure reveals that intrinsic TiO, is non ferromagnet, Tij g75Crg 19509 and Tig gzsMng 12504
maintain semiconductor properties, and Tijg7sFeq 12509 and Tig g75C0g 12505 exhibit metal characteristics. The
doped systems produce room temperature ferromagnetism, the main magnetic source is the transition metal
elements (Cr, Mn, Fe, Co) 3d electron orbit induced polarization of the surrounding O-2p state spin electrons,
causing the systems to produce a net magnetic moment and be ferromagnetic. The absorption spectrum of the
doped system is red-shifted, which shows that the doping causes the range of its absorption spectrum to extend
to the visible range. At the same time, in all the doped systems in this article, Fe and Co doped TiO, have the
best light absorption intensity, and the magnetic property of the Fe doped system is the strongest, which
indicates that when the system is ferromagnetic, the spin up and spin down splitting will occur in the local
magnetic field, which will change the electronic structure of TiO, and enhance its photocatalytic performance.
The calculation results in this paper are of theoretical significance for preparing TiO, with curie temperature

above room temperature by peing doped With transition metal elements of Cr, Mn, Fe, and Co.

Keywords: TiO,, electronic structure, magnetism, optical properties
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