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W, HETUREA G BB MR v T MR AR, 78 8T B IRMAIRES R, SRV 2 s BB HEZE T
{10 55—V S B T B B A U ik, RN R] Ni B2 Y ZnO EIRAR A 73 550 B AL AT T LA 5 A A AL AN
RERTFA. ZERURN], Ni BAc oK, TR, 15 4000, 7R A E VR, B2 ik o U, IOk
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Nifif, B0k RAELAN AT WG IX RO &
ERERILR. ATk A &R L T REA R
—ENHER S EME.

2 BEMHEASITE T E
2.1 IBpRE

HARZnOME RN AN TP B0 450, B T
P6yme 73 (BB, SRR CF,, K SHa=b=
3.2342 A (1 A =0.1 nm) 2, ¢ =5.1901 AP, #y
HARB I ZnO MR — A Ni i T & H— A4

(a) (b) (c)
1
(e) Zn16Ni;O16
Fig. 1.
(d) Zng.9375Nig.06250; (€) Zn1Ni;O16.

2.2 HEFE

B Rk R AR K FH % B vz s B (DFT) ~F 1 %
R RS RE B 35 77 (Cambridge sequential-
total energy package, CASTEP) Fibit5. A2 # %
e K H Ceperlev F1 Alder $2 H ) Ja 4802 B i 4L,
V5 B AH [ B 38 50 H 1 ) S8 432 ek B AR R B FE 3R
VISR ME, TR BB R, R T %
T ER, 7~ [R] R AH ELAE B SR AR IR 5 (Vanderbilt) 2R
iR, 2T BIRMAGIRS T, RSN TIE IR
Bafl 2 5 eae 45 AR &, AEREAL I8 Hubbard
ZHU (FEFRe) kR s AH AEH, o8 LDA4+U
T WUgzn = 10 eV Ugz, = 0 eV EL
Upo = 7T eVEL Ugni = 7.1 VIO Hy 2 % 35
LTS 90 BN Zn: 3p®3d104s2, O: 2s%2p*, Ni:
4s23d8. THE P LR BEE . BRI RE
Ty TSCSSORG B B 0N 2.0 x 107° eV /atom; {EF7E
AR F LW IAEE 0.5 eV/nm, W JJA RIS
0.1 GPa, A Zm#50.0002 nm. HE KM BT H
AR A AL B, - 35 48k BT i 1 BN 340 eV. FI W5

(color online) Constructed doping models:

Zn JFZ T B3 500N Zng 9722 Nig.02780 (3 x 3% 2),
Zng.9583Ni0.04170 (2 % 2 x 3) Al Zng.9375Nig.06250
(2 x 2 x 2)iBH, NifEARFHTEEDHN
1.99%—4.50%(FH Ni J& ¥ i AH X R 7 o1 & B LA 5
FERERE SN FRE). ATHAE
F M R BB RETE (FM) R RETE (AFM), 181
T =S 2% Ni-Ni A [A] 8] B8 1) Zng 875 Nig.1250
(2x2x2) HMBAY —A Ni Ji 4 Zn J5 167
B E, H 1, 2813 70 AR T — A Ni i 195 2%
frE. FAh, ME—A Ni i 7] B e o A & (0.5,
0.5, 0.5) ) Zn16Ni;O1¢ (2 x 2 x 2) HPEAL, i
MBI 1 iR,

Zn Zn Zn
O o
Ni

Ni Ni

(d) (e)

(MFIEA) WEBEER (a) ZnO; (b) Zng.g722Nio.02780; (€) Zng.9583Nio.04170; (d) Zng.9375Nio.06250;

(a) ZnOj; (b) Zng.9722Nio.02780; (c) Zno.9583Nio.04170;

HAR RIS BAYBNER, Pra 1 8 g ks A
Wi 2 ik R 5 BAT ICBRRE TR, — 57 B e A
L, A—FETEkEET .

3 HRET®
e R &1 R E MR B RE ST A

XHH5 A G BT A R R AT U g5 A AL,
b J5 1 S M 2 5 AR RN S R B S R LR T 35 1 P
TN, ARB A ZnO I d A% A S 45 AR A
AP RELE 2% A, WIS E RS
B, THEAAH NiB & JE Zn0 1 @ik S 505 T
WPE RSOk G SR M R B, NidB AT ZnO 1R &
AR —E R, NisxEl K BRER
AN, R TR AT A, Ni2t 32N
0.072 nm, kb Zn?t & 12£420.074 nm /18] 25
TR/ BINE2T BB B2 K Zn2 ' 1), B¢
R PRRURR . THREE R S i 4 AR & 20 A
SCAE A Mulliken 7750 HE T 908 WL 70 A0, 25 RK

W, B2 AK R Zng.9722Ni0.02780, Zng.9583Nig.04170
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H1Zmg 9375 Nig.0625 0 B H, H LT 2HAS 4s23d8
Ni2t B T s S HUE A d A FIE HL ] 5 72 2 FE
I +2, BRI PR Ni 4B 278 ZnO F L& R
+2, Ni ANi? T B 7 A7 1E, 15500k [18] 5256
SERATT 5.

FRHE SCHR [24] AT, 24 Ni OB 8K IR B 15%
W, SRR R AEFAR. 2 B AN B 44k
0—12.5% X — U Bl AT #R 5T, /2 A Ni 148 44k
FEANHE T 15%, 5 44 & (M) 45 0 5 A 2 K AR A AR,
T R AR S PR E 1) ZnO SN TT A EET 25 R [ 23K

A Y RE By A2 R R WT IR 15 2 e 5 FE P
B, A DARAESS 0 ZnO R R 45 F Fa e P
sz, B f3RIER RN B2

Et = E7,0:Ni — Ezno — UNi + 1Zn, (1)

ﬁl:'j EZnO:Ni y\le glﬁz}%l:)ﬁﬁg/% E‘ ‘%lw ﬁlé%, EZnO y‘j
5B 0K & KD F I R 45 2% ZnO 8 MK R s
RE &, pni W NiEFRE (GEA) &R MHNEN 751

1 e Bk AR = B g M po 735 N Zn
R0 O JE Ak 5 35, Ak 5 A0 T A4 R 2%
TR S K. N T AT pgn  po, HIEE
187 2% A N ZnO W 2 K R pizn + o = Hzno,
1M HACS 3 po < 10, /2, pizn < piza(bulk), FEFE
an il 2L AR R R AR A po = po, /2,
FE 8 B T pizn = pzn (bulk), Hofth fh 22 3
DA BL RGP G RIER AR ). £ E AKX
T, pwzn = pzno(bulk) — Eo,/2; 158 8% M4 T,
o = Ezno(bulk) — Ez,(bulk), HH Ez,0(bulk),
Ez, (bulk) #1 Eo, 73 A AHUE ZnO, Zn F1 0 4311
MAtE. EEANEEZGT, BRERTRTE
BRERTHE SRR L s, WRIATUEH, &
SR T FIFR B 2R R ITE BCRE U E B AR T,
Bk RaE MR, BAREBRK, BRI
Rel s, BAOHE, SARsE. 5, AR
Ptk Z 1, ZnO 1 Ni BAJE BR 45 2% 505 7 48 44 7 X
BN, B RIIERREZE A K.

F1 JUTERRALERR Zny_»Niz O (z = 0.0278, 0.0417, 0.0625) & MHH S
Table 1. Physical parameters of doping systems Znj_;NizO (z = 0.0278, 0.0417, 0.0625) after geometry optimization.

e a, b, c/A Vv /A3 E/eV Et/eV
Calculated Experimental Calculated Calculated Calculated
ZnO a=3.285 c=5299 a=3.234[221 ¢c=5.190[22 49.981 —4294.27
B, Zno.or22Nip.02780  a = 3.295, ¢ = 5.318 a = 3.241 18] ¢ = 5.205 [18] 49.953 —4274.64 2.36
B4, Zng.or22Nig.02780  a = 3.295, ¢ = 5.318 a = 3.241 (18] ¢ = 520518 49.953 —4274.64 2.54
T4, Zno.9583Ni0.04170  a = 3.295, ¢ = 5.316 49.902 —4264.68 3.21
B, Zng.o583Nig 04170 @ = 3.295, ¢ = 5.316 49.902 —4264.68 3.45
B4, Zno.o375Nio.06250 @ =3.284, ¢ =5.312 a =3.24014 ¢ =5.200014 49.625 —4249.63 3.78
BEE, Zno.oa75Nio.06250 a = 3.284, ¢ =5.312 a = 3.240 141, ¢ = 5.200 [14] 49.625 —4249.63 3.95
B4, Zn1gNi;O16 a=3.324, c=5.414 51.625 —4463.38 3.61
B8 ZnigNi;O16 a=3.324, c=5.414 51.625 —4463.38 3.78

3.2 fEHLTH
FRHE SCHR [28] AT %0, ZnO 2= SR FH L I 7
WREEATE AN
agnl/® =0.2, (2)
X ag NIFIRFER, ag = 2.03 nm ), n, N TE
FAbIE S . F 2 A EAR AR (2) X T 451
ﬁiﬁfﬁ ne = 9.56 X 1017 cm_3. Zn0,9722Nio,02780,

Zn.9583Ni.04170 1 Zng 9375 Nig 06250 HE LA JE 73
BIZIH1.12 x 102, 1.68 x 1021, 2.51 x 102 cm 3.

SEILRIA, B UK S I ZnO AF B R T R
Wl PRI, 520 R A T A AR R, X
FEREHT S5 70 AT AN 8 L A h 3RAS 2 — DL

3.3 HETFHIERURSERARGEEZRTRR
FORGE 5

fEHFHREKBRERS T HES
th ZnO, Zng.g9722Nig.02780, Zng.9583Nig 04170 A
7Zmo.9375Nio.0625 O 18 L ¥ =L B i &5 74 70 A1 Al s 25
R (DOS) /A 2 F1HE 3 Frow.
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K2 (MTER) BEirgitsaai  (a) ZnO; (b) Zng.g722Nio.02780; (¢) Zno.9583Nio.04170; (d) Zno.9375Nio.06250

Fig. 2. (color online) Band structures: (a) ZnO; (b) Zno.9722Nio.02780; (¢) Zno.9583Nio.04170; (d) Zng.9375Nig.06250.

40
Zng.9722Nig.02780 up spin
Zmn.9722Nig.027s0O down spin
20 Zn.9583Ni0.04170 up spin
! N
30 . ;é%}\
2 OSL
a
Zn.9583Ni0.04170 down spin
—20 Zn.9375Ni0.06250 up spin
Zn.9375Nio.06250 down spin
—40 . . 1 . I .
-5 0 5 10 15

Energy/eV

3 (MTIRG) BRAERSEE LI
Fig. 3. (color online) Total density of states in the
doping system.

H &2 (a) 7] LE H, KB 4 Zn0O 5 R H
LDA+U J5 6347w BRI B J5, K35 4% ZnO 7 B
5 JE Ey 218 3.40 eV, 3X 5 3CHR [30] S256 45 R — 5L
THHEEREN, KB ZnO K H LDA+U K J7EH
W T B A E .

H K 2 (b)—K 2 (d) 7] LA i, 324k R 7 R
B BE 4y 91414 3.06, 3.02, 3.00 eV. K LDA+U J5

%, BT Ni-3d PUE AR, NiBeE, BaAERKHS
FHE 53 AT AR R AR S ] B RS BT IR
Wi, BRI SR EMIE RS LB TR ST
FR 2R T R AE e 43 2, B e 1) L B HBL R i e
T T AERE R B BT, 2 T I B e
BRI REBRETH, FBBRERTH
T, BB EBOR, BRI R, S N A
B, B 2 (b)—(d) FIIE 3 AT LUE Y, i TR
Ty R RS, A4 s THS L 7%, 35 Ak Rl B AR
, MAFBRERR, Tl B L PAR. iHE
SRR, BT ARRRE T, BAE R
A HNIiBREBK, SRR R HRBRAE, X5
SCHR [21) SEEe S5 RAHFF &

3.4 EENIERSN

OB A PR A B AT RN AE R T B BE R
AR ZE T Ni$s 2 Bl K, Znggr22Nig.02780,
Zn.9583Ni.04170 1 Zng 9375 Nig 0625 O i 1) 77 B
AR IR Z: 1) Ni @38 574 Burstein-Moss
3, % S W W AR R T m) A B, AT Y
BEUIN B8 2) R A 2 (80 FH EAE FH 72 A2 2 4R 80 B 4%
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JOR B S gy ) B B A, A B A L X
R EMZES, 0T BRRAIRET, il H
FIfEH/NTE %, NIk B, 50k R0 W
AR

Hi &1 3 AT DA, By 820K & b BT T 1Y
R BOK T A e LR T4, Bl i i 4t
R BARNE, BICOKRREEEN T e i, A

4
3L (@) ——7Zn 4s up spin
—— Zn 4s down spin
9 Zn 3p up spin
B —— Zn 3p down spin
Tor
>
& 0 %’—
S
a -1t
[ —— Zn 3d up spin
_92 L —— Zn 3d down spin
—— O 2p up spin
—3L —— O 2p down spin
_4 1 n 1 n n 1 n 1 n 1 n 1 n 1 n 1 n
—10 -5 0 5 10 15 20 25 30 35
Energy/eV
4
(c) ——Zn 4s up spin
3 —— Zn 4s down spin
—— Zn 3p up spin
- 2r —— Zn 3p down spin
‘> L —— Zn 3d up spin
3 —— Zn 3d down spin
8 0 L0\ —
: o
1k
—— O 2p up spin
-2 —— O 2p down spin
Ni 3d up spin
—3r Ni 3d down spin
p— 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

4
-12 -8 -4 0 4 8 12 16 20 24

Energy/eV

HN B . MR RERR, A B4k RE
L 2 4 B AL AR E, Nids 4% ZnO L 5 25 70l
ARG 100%, 3X 0 152 T A il 28 25 7 N 5B 2
Mt - AR AR A .

TEHT BIERARE T, THEAFH ZnO, Zng g720-
Nig.02780,  Zng.9583Ni0.04170 Al Zng 9375 Nip.06250

I 73 A % E (PDOS) 4347, Wil 4 Fik.

4
L (b) —— Zn 4s up spin
3+ —— Zn 4s down spin
L —— Zn 3p up spin
2+ —— Zn 3p down spin
F —— Zn 3d up spin
n 1+ —— Zn 3d down spin
% r —— O 2p up spin
~ 0
N -
o 1 N
E _ O 2p down spin
-2 _ Ni 3d up spin
—3r Ni 3d down spin
74 PR IR I NI NI PR NI N U N I N S
—12 -8 -4 0 4 8 12 16
Energy/eV
4
3 M (d) ——Zn 4s up spin
i —— Zn 4s down spin
oL —— Zn 3p up spin
n —— Zn 3p down spin
> 1Lk —— Zn 3d up spin
©
o
20\
D_‘ :
-1F —— Zn 3d down spin
—— O 2p up spin
-2 —— O 2p down spin
3 Ni 3d up spin
B _ Ni 3d down spin
_4 PR NI I IR I U NI I TN NI NI I (I NI I U NI N |

—-12 -8 -4 0 4 8 12 16 20 24

Energy/eV

Kla  (MTDEE) MSERES (a) ZnO; (b) Zng.9722Nio.02780; () Zno.9583Nio.04170; (d) Zng.9375Nio.06250

Fig. 4. (color online) Partial density of states: (a) ZnO; (b) Zng.9722Nig.0278 O; (C) Zng.9583Nig.04170; (d) Zng.9375Nig.06250.

HE4@) T LEH, TH DT ESEE
HB A BRI, B B, K B AR ZnO & A WL .
B4 (b)—E4(d)FE H, O-2p& MINi-3d A& H
S = 1 U R = 0 T Nt 5 S S
EERE TR EAMERE, BBl B
7AW AR, ZnggereeNig.27s0,
Zm.9583Ni0.04170 M Zng 9375 Nig.06250 WEHE 5714
2.04244p1, 2.04148pup M 2.04067up, HF ug N
IR BAAR R AR B B4 2. X5
SeIG g RAR B A LT BRE RIS
SCHR [14] B ERR THE S B AT & ARPE SCHR [32] Hik

TE AR, X & 15 2 A R A SR T Bk i 1 B Ry
fE. fEPBRE BRI FEE I (2.78%—6.25%) N, Nis
HEK, R RN, XEHTHEN B
RN, B4R R p-d A5 TSR 208
X5 RKKY AH B4 g 1 B8 AR 75 & B30 Ny
9% ZnO G SR Y5 v O-2p 45 Fl Ni-3d 75 HL 711
THAEH.

TH 545 1 Zng 9583 Nio.04170 1) 15 B JiE &
AT E 5 frs. HES LG H, BRERT
RVHERE 2 AR A 1 N R AR AR ) O LT
FRoTHR. X 5% S MERMETE.
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5 (MFIEE) Zno.oss3Nig.a170 HHLHIE H e B
A

Fig. 5. (color online) Spin density distribution of
Zn0'9583Nio.0417O supercell.

3.5 BREREEREDH

T EAT A [F 2 8 AL NS ZnO 1)
AFMAIFM SR E. BREEZ ZAFE = Eapm —
Epm (Earm N AFM B e, Epv N FM G REE)
RSN 2 Fis. NiXB ZnO 14 & i) S e
532k [36]) S TR A5 RA RS

f 2 2 &N, 2445 2% Ni-Ni 8] 5 i J I, 178 &R

Zm 14 Nip O i R R RGO, AR R Znp 4 Nip O 3
R S Bk R M 2445 Z% Ni-Ni JR) BE 583 i, Rk R
Zm14NisO162 Fl Zn14NisOq63 RN, 15
SRR, 2045 Ni-Ni [ PE i N, B34k R usE
K A5 Ni-Ni AR RO, B4Rk /A — e W
¥, BEAE Ni-Ni A1 PR 3G K, 45 7% i 2R W IS T 55,
HE ZRA K. HF i elgs B DMS & BER
JE (Tc) AT IE AR R N BT

kgTc = M?E, (3)
Kb kg NI IR 2 E L, To NAHF K DMS & B
B, AE R 48 7 AFM 5 FM 2 [8]
MaeEz. MG, AEBCK, To #K. ¥
AE = 37139 meV 73RN (3) 2, tHEAF B
ZeAR R R B 43 N 370 1390 K. 5 4s B
B, 45 4 14 2 Re % S I R PE 1Y 8 B U P82 7 5 3 DA
FLX GG =R R T B A R AR

9,

F 2 ARTHAER SN S ZnO K AFM 1 FM & B8R B feE < Z S
Table 2. Total energies of AFM and FM, difference between total energies of AFM and FM, and total

magnetic moments for different double Ni-doped ZnO systems.

Material Epapm/eV Epnm/eV AE/meV  Sort Dyini/nm  Total magnetic moments/up
Zn14NigO16! —33621.647 33621.187 —460 AFM 0.3249 0
Zn14Ni20162 —33621.558 33621.595 37 FM 0.5604 3.99999
Zn14NigO16%  —33621.557 33621.596 39 FM 0.6136 3.99994
: PR 0 A7 ke 38 -§(BE — BY — hw)d3F, (4)
3.6 HFBEERMIZBZEIE ZnO KB E
ARl er(w) =1+ Epo o0 de (5)
e 0 w2 — 2 ’

6B AE A 5T AR R, R S R O R
Wi i, BB B e(w) = e1(w) + e (w)
KR, Hhe(w) = n?(w) — K (w), e2(w) =
2n(w)k(w), n(w) M k(w) 53 5 22 7= 91 5 2 F005H O
BB eo(w) W AR H THE o5 95 25 A0 FE o 4 25 0%
BRE AR PR TC R AT 25 e (w) AT DAR S HLFEERT AR
F5E X LK Kramers-Kronig A ¢ RoRH. T
FoAboG 2R, R R A o (w) S FTH &g (w) F
eo(w) HEFFH. A AHESEBEAT IR, R4
5 ASCHH A KK A

c 2 2
)= 533 |, o Mev )

aw) = V3 [\/2@) + ) - a)| . ©)
X BZ AFE— A EWX, T MAbs CHV 73 hlE£oR
FAr A, RN R R R, kNI R, o Flw
I3 AAIRS YIRS I FAIZE, po ARALIE L,
| Moy (k)| AEhBBGTHEM TG, BE A1 EE 5358 S
WA R ERARNERE . LA O R R T iR Re A
SERA o AT AT OGS 73 A B B AR
EHFHREBRERES T, itHESHK
2% ZnO, Zng.9722Nig.02780, Zn.9583Nig.04170 Al
7n.9375Nig.06250 5 2% 7 & B W W6 38 2 A7,
K6 P A 67T BLE Y, £ 30K 320600 nm

117401-6


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

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 11 (2017) 117401

TEHIN, NI AR, 350 RIRIOE IS 2052
B XEm R P RS, S50k [39]) B2
PR RO ZLR2 0 A (I ER TH S A R .
K, THEA R T RIBRS 24K &R ZnggNiO16 FIRIOE
WA (K 6), 544K & ZniNiOqg BT IOE 1E K
AEER IR, SR [20] 1981 7RIS TG AT S5 A2 1
SEIGAE R, IXAE LT Ni AT RE S (] BR 45 2%, {H3CHR
[20] B T 3X— i, I NI B A58 Zn, BAER
WS 73 A0 5 SR [21] 45 RARTT. 45 3145 R
XBETEAN]8T 2 NI 48 2% ZnO SBREALTTIA — 2 /)

HILZENME.
15000
ZnO
~ Zn.9375Ni0.06250
£ 10000 Zn.9583Ni0.04170
o .
= Zng 9722Nig 02780
2 Zm6NiOsg
o
-
o
2 5000
<
O PR T ST T S N
320 360 400 440 480 520 560 600
Wavelength/nm
6 (MFEM) BT HIERIRE NB2&E1/5 ZnO

RO 7 AR
Fig. 6. (color online) Absorption spectra of pure and

doped ZnO at electron spin polarization state.

4 % B

AAEH T BIRAIRES T, HE — MR
) %F Ni 5 4406 ZnO HLT- 45 W R e 1 g e S i it
TTWRSE, 58T,

1E FR 8 15 4 0k FE Y0 (2.78%—6.25%) P,
B AT FF SRk R Y BRE L s B %A
TN, BRE R EE S, ERE Y. Nisas i
&, SARBA Zn0 KIS HEAE L, BAE R a
H RN ¢ Bl 7 1) () RO EOBR /DN PR RN, 15 2R Ak
RInO YRR, B, Ae =, o e it
FRA, 77 BT, IR TE LIRS BRI 3. 534 NifA]
BB 44 R R Zing 6 NiO 16 IR IS B 20 A7 S5 7R Ol i
RAEBIG . X208 B et —
EM TR SER.

TEBRE B 2R BEYE I N, 3R15 T - & @ Rt
3k, NitB b, 50k KU/, Wi
FIET p-d ST ZHAEH, HIB A0k Rae05 0
JE LR A =R DL b

S

(1

2]

(3]

(4]

[14]

[15]

[16]

(17]

23]

24]

[25]

[26]

117401-7

Mocatta D, Cohen G, Schattner J, Millo O, Rabani E,
Rabani E, Banin U 2011 Science 332 77

Beaulac R, Schneider L, Archer P I, Bacher G, Gamelin
D R 2009 Science 325 973

Risbud A S, Spaldin N A, Chen Z Q, Stemmer S S 2003
Phys. Rev. B 68 205202

Bouloudenine M, Viart N, Colis S, Kortus J D 2005 Appl.
Phys. Lett. 87 052501

Thota S, Dutta T, Kumar J 2006 J. Phys. Condens.
Matter 18 2473

Coey J M D, Venkatesan M, Fitzgerald C B 2005 Nat.
Mater. 4 173

Diet]l T, Ohno H, Matsukura F, Cibert J, Ferrand D 2000
Science 287 1019

Wang X, Xu J, Zhang B, Yu H, Wang J, Zhang X, Yu
J, Li Q 2006 Adv. Mater. 18 2476

Pearton S J, Abernathy C R, Overberg M E, Thaler G
T, Norton D P 2003 J. Appl. Phys. 93 1

Azarang M, Shuhaimi A, Yousefi R, Sookhakian M 2014
J. Appl. Phys. 116 084307

Yousefi R, Sheini F J, Cheraghizade M, Gandomani S
K, Sa’aedi A, Huang N M, Basirun W J, Azarang M
2015 Mater. Sci. Semicond. Process. 32 152

Khan I, Khan S, Nongjai R, Ahmed H, Khan W 2013
Opt. Mater. 35 1189

Rekha K, Nirmala M, Nair M G, Anukaliani A 2010
Physics B 405 3180

Gerami A M, Zadeh MV 2016 J. Supercond. Nov. Magn.
29 1295

Haq B U, Ahmed R, Abdellatif G, Shaari A, Butt F K,
Kanoun M B, Said S G 2016 Front. Phys. 11 117101
Xiao Z L, Shi L. B 2011 Acta Phys. Sin. 60 027502 (in
Chinese) [H¥RH, 52775t 2011 Y#E244R 60 027502
Guruvammal D, Selvaraj S, Sundar S M 2016 J. Alloy.
Compd. 682 850

Vijayaparkavi A P, Senthilkumaar S 2012 J. Supercond.
Nov. Magn. 25 427

Jadhav J, Biswas S 2016 J. Alloy. Compd. 664 71

Pal B, Sarkar D, Giri P K 2015 Appl. Surf. Sci. 356 804
Wahab M S A, Jilani A, Yahia I S, Ghamdi A A A 2016
Superlattice. Microst. 94 108

Wang S, Li P, Liu H, Li J B, Wei Y 2010 J. Alloy.
Compd. 505 362

Ma X G, Wu Y, Lv Y, Zhu Y F 2013 Phys. Chem. C
117 26029

Vijayaprasath G, Muruganrn R, Mahalingam T, Ravi G
2015 J. Mater. Sci. Mater. Electron. 26 7205

Feng Y, Huang B J, Li S S, Zhang B M, Ji W X, Zhang
C W, Wang P J 2015 J. Mater. Sci. 50 6993

Li M, Zhang J Y, Zhang Y 2012 Chem. Phys. Lett. 527
63

Na P S, Smith M F, Kim K, Du M H, Wei S H, Zhang
S B, Limpijumnong S 2006 Phys. Rev. B 73 125205
Roth A P, Webb J B, Williams D F 1981 Solid. State.
Commun. 39 1269


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1126/science.1174419
http://dx.doi.org/10.1103/PhysRevB.68.205202
http://dx.doi.org/10.1103/PhysRevB.68.205202
http://dx.doi.org/10.1063/1.2001739
http://dx.doi.org/10.1063/1.2001739
http://dx.doi.org/10.1088/0953-8984/18/8/012
http://dx.doi.org/10.1088/0953-8984/18/8/012
http://dx.doi.org/10.1038/nmat1310
http://dx.doi.org/10.1038/nmat1310
http://dx.doi.org/10.1126/science.287.5455.1019
http://dx.doi.org/10.1126/science.287.5455.1019
http://dx.doi.org/10.1002/(ISSN)1521-4095
http://dx.doi.org/10.1063/1.1517164
http://dx.doi.org/10.1063/1.4894141
http://dx.doi.org/10.1063/1.4894141
http://dx.doi.org/10.1016/j.mssp.2015.01.013
http://dx.doi.org/10.1016/j.optmat.2013.01.019
http://dx.doi.org/10.1016/j.optmat.2013.01.019
http://dx.doi.org/10.1016/j.physb.2010.04.042
http://dx.doi.org/10.1016/j.physb.2010.04.042
http://dx.doi.org/10.1007/s10948-016-3411-8
http://dx.doi.org/10.1007/s10948-016-3411-8
http://dx.doi.org/10.1007/s11467-015-0542-5
http://wulixb.iphy.ac.cn//CN/abstract/abstract18043.shtml
http://dx.doi.org/10.1016/j.jallcom.2016.05.038
http://dx.doi.org/10.1016/j.jallcom.2016.05.038
http://dx.doi.org/10.1007/s10948-011-1278-2
http://dx.doi.org/10.1007/s10948-011-1278-2
http://dx.doi.org/10.1016/j.jallcom.2015.12.191
http://dx.doi.org/10.1016/j.apsusc.2015.08.163
http://dx.doi.org/10.1016/j.spmi.2016.03.043
http://dx.doi.org/10.1016/j.spmi.2016.03.043
http://dx.doi.org/10.1016/j.jallcom.2010.05.183
http://dx.doi.org/10.1016/j.jallcom.2010.05.183
http://dx.doi.org/10.1021/jp407281x
http://dx.doi.org/10.1021/jp407281x
http://dx.doi.org/10.1007/s10854-015-3346-z
http://dx.doi.org/10.1007/s10853-015-9250-3
http://dx.doi.org/10.1016/j.cplett.2012.01.009
http://dx.doi.org/10.1016/j.cplett.2012.01.009
http://dx.doi.org/10.1103/PhysRevB.73.125205
http://dx.doi.org/10.1016/0038-1098(81)90224-6
http://dx.doi.org/10.1016/0038-1098(81)90224-6

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 11 (2017) 117401

W W W
S5

w w
N

w

Pires R G, Dickstein R M, Titcomb S L, Anderson R L
1990 Cryogenics 30 1064

Saravanakumar B, Mohan R, Thiyagarajan K, Kim S J
2013 J. Alloy. Compd. 580 538

Lu J G, Fujita S, Kawaharamura T T, Nishinaka H, Ka-
mada Y, Ohshima T 2006 Appl. Phys. Lett. 89 262107
Pickett W E, Moodera J S 2001 Phys. Today 54 39
Ruderman M A, Kittel C 1954 Phys. Rev. 96 99
Kasuya T 1956 Prog. Theor. Phys. 16 45

Yosida K 1956 Phys. Rev. 106 893

(36]

(37)

117401-8

Haq B U, Ahmed R, Abdellatif G, Shaari A, Butt F K,
Kanoun M B, Said G 2016 Front. Phys. 11 117101
Sato K, Bergqvist L, Kudrnovsky J, Dederichs P H,
Eriksson O, Turek I, Sanyal B, Bouzerar G, Katayama
Y H, Dinh V A, Fukushima T, Kizaki H, Zeller R 2010
Rev. Mod. Phys. 82 1633

Dana A S, Kevin R K, Daniel R G 2004 Appl. Phys.
Lett. 85 1395

Liu Y, Hou Q Y, Xu H P, Zhao C W, Zhang Y 2012
Chem. Phys. Lett. 551 72


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/0011-2275(90)90208-T
http://dx.doi.org/10.1016/j.jallcom.2013.05.014
http://dx.doi.org/10.1063/1.2424308
http://dx.doi.org/10.1063/1.1381101
http://dx.doi.org/10.1103/PhysRev.96.99
http://dx.doi.org/10.1143/PTP.16.45
http://dx.doi.org/10.1007/s11467-015-0542-5
http://dx.doi.org/10.1103/RevModPhys.82.1633
http://dx.doi.org/10.1103/RevModPhys.82.1633
http://dx.doi.org/10.1063/1.1785872
http://dx.doi.org/10.1063/1.1785872
http://dx.doi.org/10.1016/j.cplett.2012.09.005
http://dx.doi.org/10.1016/j.cplett.2012.09.005

) I8 % 48 Acta Phys. Sin. Vol. 66, No. 11 (2017) 117401

Effect of Ni doping on optical and magnetic properties
of ZnO*

Hou Qing-YuY?" Jia Xiao-Fang" Xu Zhen-Chao!? Zhao Chun-Wang"?

1) (College of Science, Inner Mongolia University of Technology, Hohhot 010051, China)
2) (Key Laboratory of Thin Films and Coatings of Inner Mongolia, Hohhot 010051, China)
3) (College of Arts and Sciences, Shanghai Maritime University, Shanghai 201306, China)

( Received 12 February 2017; revised manuscript received 2 March 2017 )

Abstract

Nowadays, the experimental results of absorption spectrum distribution of Ni doped ZnO suffer controversy when
the mole fraction of impurity is in a range from 2.78% to 6.25%. However, there is still lack of a reasonable theoretical
explanation. To solve this problem, the geometry optimizations and energies of different Ni-doped ZnO systems are
calculated at a state of electron spin polarization by adopting plane-wave ultra-soft pseudo potential technique based on
the density function theory. Calculation results show that the volume parameter and lattice parameter of the doping
system are smaller than those of the pure ZnO, and they decrease with the increase of the concentration of Ni. The
formation energy in the O-rich condition is lower than that in the Zn-rich condition for the same doping system, and
the system is more stable in the O-rich condition. With the same doping concentration of Ni, the formation energies
of the systems with interstitial Ni and Ni replacing Zn cannot be very different. The formation energy of the system
with Ni replacing Zn increases with the increase of the concentration of Ni, the doping becomes difficult, the stability
of the doping system decreases, the band gap becomes narrow and the absorption spectrum is obviously red shifted.
The Mulliken atomic population method is used to calculate the orbital average charges of doping systems. The results
show that the sum of the charge transitions between the s state orbital and d state orbital of Ni** ions in the doping
systems Zng.g722Nio.02780, Zng.9583Nio.04170 and Zng.g375Nio.06250 supercells are all closed to +2. Thus, it is considered
that the valence of Ni doped in ZnO is +2, and the Ni is present as a Ni?T ion in the doping system. The ionized
impurity concentrations of all the doping systems exceed the critical doping concentration for the Mott phase change
of semiconductor ZnO, which extremely matches the condition of degeneration, and the doping systems are degenerate
semiconductors. Ni-doped ZnO has a conductive hole polarization rate of up to nearly 100%. Then the band gaps
are corrected via the LDA (local density approximation)4+U method. The calculation results show that the doping
system possesses high Curie temperature and can achieve room temperature ferromagnetism. The magnetic moment is
derived from the hybrid coupling effect of p-d exchange action. Meanwhile, the magnetic moment of the doping system
becomes weak with the increase of the concentration of Ni. In addition, the absorption spectrum of Ni-interstitial ZnO
is blue-shifted in the ultraviolet and visible light bands.

Keywords: Ni-doped ZnO, electronic structure, optical and magnetic properties, the first principles
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