Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

Al AIxT ZnO # MM S — 1 RIB R
BHEE FF RAR

First-principles study of Al-doped and vacancy on the magnetism of ZnO
Hou Qing-Yu LiYong Zhao Chun-Wang
5| 15 & Citation: Acta Physica Sinica, 66, 067202 (2017) DOI: 10.7498/aps.66.067202

7E 281715 View online:  http://dx.doi.org/10.7498/aps.66.067202
23 N 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2017/V66/16

ERTRERCH B B S &
Articles you may be interested in

TGRSR AR HIE 7 3 e
Research progress in magnetocaloric effect materials
Yy =242 .2016, 65(21): 217502  http://dx.doi.org/10.7498/aps.65.217502

Dy3A|5012 Eﬁ%ﬁ@‘fﬁkbﬁﬁ?ﬁ
Study on the magnetic and magnetocaloric effects of Dy3Al5045
PP 2EH%.2015, 64(17): 177502  http://dx.doi.org/10.7498/aps.64.177502

PrNiq [ A1 H 1t RE T 5T
Investigation on the magnetic and magnetocaloric properties of PrNi;
PP 22 H%.2014, 63(22): 227501 http://dx.doi.org/10.7498/aps.63.227501

WENEA R AT PP 1 73 S K
Investigation on the molecular field origin for magnetic ordering
YyH 24,2017, 66(6): 067501  http://dx.doi.org/10.7498/aps.66.067501

e s R4 PR R A 1 5 R A R 3
Pressure-tuned magnetic quantum critical point and unconventional superconductivity
VP 2E4%.2017, 66(3): 037401 http://dx.doi.org/10.7498/aps.66.037401


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.66.067202
http://dx.doi.org/10.7498/aps.66.067202
http://wulixb.iphy.ac.cn/CN/Y2017/V66/I6
http://wulixb.iphy.ac.cn/CN/abstract/abstract68651.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract68651.shtml
http://dx.doi.org/10.7498/aps.65.217502
http://wulixb.iphy.ac.cn/CN/abstract/abstract65128.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract65128.shtml
http://dx.doi.org/10.7498/aps.64.177502
http://wulixb.iphy.ac.cn/CN/abstract/abstract61862.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract61862.shtml
http://dx.doi.org/10.7498/aps.63.227501
http://wulixb.iphy.ac.cn/CN/abstract/abstract69693.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract69693.shtml
http://dx.doi.org/10.7498/aps.66.067501
http://wulixb.iphy.ac.cn/CN/abstract/abstract69354.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract69354.shtml
http://dx.doi.org/10.7498/aps.66.037401

38 % 4R Acta Phys. Sin.

Vol. 66, No. 6 (2017) 067202

ABZ TN AL ZnO f 4 =2 M A
F—MEEMR"

S

FF

RAED?

1) (W ZE 0 T KEFLERE, IFI4E  010051)
2) (LGl RF 0%, Big 201306)
3) (N EE T A XM R 2 B s =2, PRARVE4F 010051)

(2016 4£ 11 H 11 HYZH; 2016 4£ 12 A 6 HIREMESHR )
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AR, AR SR T B e P e BEARHE SR T 1) SRR AL BL (GG AU Vi i BRI 55 05 3%, 26— 1
JEBE S AT TRTAL, I ALB AN O AL IEAFAE ZnO A HATE; A4 4 A Zn B ALAE ZnO A RLTE, IF
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s, 25 SR, MBI BEIR E 73 30 3.125 mol%
I, MRS IX B AT WX A5 2% 4 &R (135 G
i, AlBRE RN SR, BT RE R
Zhang %5 [ R FH 55 — PR R B 5L T (Co, Al) 345
X ZnO BEPENLER 5, 45 R0, Bk RGP
FKIET Al 3p &H1 Co 3d MR HAEH. FEEE
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FeXt ZnO HL 25 KRNGS0 5T () s, 4 SRR,
ZnO B AL, B4 AR FIRBEHOK, Hf
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—E R E, (H2I24 NIk, AlB 4O AL
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W 2524 BB RN Ay T, =ik
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BCE K B T8 A, X AR AR RAMEAT A
SEANZZXCGR ). AT RPREDTE AT B AT
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RB AR A AEMER), Al TR B 241 ZnO H #E
s 2y BIAEAE O AL e Zn 2567 125201 3 H., ALK R
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A RO R BEAEH /D, AT AT LA REAIR IR 45 24k
JEE 51 DB A WA, R R AR v A A 1),
T LLEE R, AVB AN Zn 2000 ZnO fEdE 1
(IR TARAT

2 WEFEfER
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1.0 x 10~% nm, T EEH N B FHE 55
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FA, BTLh, N TAE I BR, A SCHR 35 SCHk [27] 1)
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FE AR O 7 B A [R], 45 2k R Ae 0 AN ], BT DAY
N AVR T B #— A Zn JR 7 A—A Zn 2 67 3t
En, TEAMFEBRERZMT, A 8B
Zny A10 6 HE AR MHIBR Zn 2547 53 ) FH 1—8 4L
BHRER, —MNAURTFE#R—A Zn R FF—10
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MR O A ALy I a—1 A B R E R, BAHTE
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Wi 45 24 Pk RO BRI I 2 SRR ETE, B B A i)
L ER MR ALE T B A Zn J5 TR A
Zn AL Znog AlyOso 8 FRASEHY. 5341, 9 T LLEL
AN AV E B R B AL 8 4 Zin J5L 5 A Zin 25 A 3547
5 R RIUER RN R R, LEBWEAL KT
B —AZn J{ 7 —A Zn AL Znsg Al O30 i
HRE Ay Bk A A A P 1 (b) B, W5 4 4k
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R RGMNER, — PR 7 AN b, 55— R
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T, RO IR FH T RE R, BRSNS R T
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(a) (b)

Bl (MM BREEER  (a) ZnigOls, ZnisAlOqs,
Zn14Al016 1 Zn15A1015; (b) ZnagAlaOsz Al ZnzgAl1 O3
Fig. 1. (color online) Supercell models: (a) Zni16O016,
Zni5A1016, Zn14AlO16 and Zni15A1015; (b) ZnagAlaO32
and ZnzpAl1 O3a.
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3.1 AREHN FREMMFKEED T

X AT R B AT LA g R A Ak, LR &5 A4 A
15 BT & f S 5 RRURT R B TP B RE
W1, B4k R ZnisAlOq6 SR S H 5 4l i
Zny6On6 Au A& ZHLLEL, RI ¢ Hli 7 M) gk, 55K
Bl P AR A, AR SIS RO E A H.
THEH ALB 22 Zn 247 88 A5 44 F0 O =5 47 3%
£ T ZnO 1, FrA 520k R B EFER k. X2
T APt B 242 0.054 nm P7E L Zn?t B R
0.074 nm (2] AN, BAR Zn LA N A E 0 5
OB A HFMEH, (B2 AR B 7 A0k R
SRR LEHE R AE R, B L AL 28 il Zn 75 AL
HAET ZnO Hh, R R EVAEFRR/DN; [, RO
RLAE R IE HL A0 5 R B ) Zn 85 T HERAEH, 2
T ABT B TR R AR s L HE R AR K.
Jr LA AL 28 M1 O AL AE T ZnO Hh, AR R IR AR
ey, UL b H 545 B 5 AR ) s i 45 51 B0 fy A
HiEB A

TEIBE R T BRI R EENBRES S
B R, 7 35 AL 22 Al Zn 23 18k O 254
A ZnO W, B4R R Zn BALEL O 2307 FITE RR
B B AP N

E¢(Al+ Vzy)

= F700:A14V 4, — Ezn0 — pa1 + 247y, (1)

E¢(Al+ Vo)

= Ezn0:a1+Vo — Ezno — pal + 1o + fizn,  (2)
Et(Vzn) = Ezn0:A14vy, — Ezno:al + piza, (3)
Ey(Vo) = Ezno:a1+ve — Ezno:a1 + o, (4)

b, Ezno:ai4va,, Ezmoairve 78 338 A5 2%
A Zn 23 47 85 O AL AP IR RIS RER, Ezno
N Ezno.ar 73 532 7~ 5 1 1 2 A 5] K /0N 6 i 1 4
A AL$S J R R B RE &, par NALR F 40
A ABE T — A AR T ISR E R B AR,
pizn A po 43 ) 2 Zn A1 O JR T 4k 22 35, b 24 3
W TF MR &S R W SE I & N T e
fgn I po IX B85 2 fE B A 214K, ZnO
ORI L KR pzn + o = pizno, T H AL HA
Blpuo < 1/2p0, Ml uzn < pzn(bulk). 7EFF 5l
HE R, WA EEAKUN A o = 1/2u0,, 1E
M T IAE pzn = pza(bulk), HAthfk 22 %
AL DL R RGP O RAHERAS B /R A R
T, pizn = pzno(bulk) — 1/2Fo,; f£8 %M T,
po = Ezno(bulk) — Ez,(bulk). bkt Eyz,o(bulk),
Ez, (bulk) Ml Eo, 73 5l j& Y4k ZnO, Zn Al Oy H &
HE &

e ZnO MRS, TR RS R R
In BB O AL R LR 1. R 1T LA
H, fEMFE B R EMAFES R R TF, Al
B2 Zn AL AF T ZnO A, ALAI Zn 23467 8] R
BT, 8 2 R Znp 4 AlO% 6 TE BR A8 5 IK, Zn
TR RE B AR, AlB R Zn AL A 5, Fa
P m. B TR R FRE, Al 522 1 Zn 247 4L
7T ZnO W, 1K &R Zni4Al0] 1 Zni, A1O3, 25 41
Zn14A10%;, Zni4Al0%,, ZnigAlOSs Fl Zniy Al1OT
S, FEL B TR RN, AIB RO
B 3L HF T ZnO H, ALRI O 25 47 18] 5 53 i,
F R R Znys A1OS, 1 TE BR RS B K, O 25 4 B 1k
REf K, AIBRMOSEM A S, Fawixm
BT 7R R 5 FR P, Al$B 2% f O =5 4 3L 47 7E ZnO
H R R ZnisAl0%;, ZngsAlOS, Fll Zng5 A1OY 5 %5
105 Znys A1OY A Znys AIOS S, A% 52 A7 1151
SERNE L. IMHEREW, AlBEM Zn E408E 0
AL HIFLAEAE ZnO Hh, ALIB 24 A Zn 6788 O 5
PEARXT AL BB RT, 50k RV ALK, Al$B 44
RN 5, R, X5B Rk R SR
ZERMR A
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#1 ZnieO016, Zn15A1016, Zn14Al016 Fl Zni5A10 15 BAE R B EEE BRI R Zn 1L O 2501 I TE BGRE DLR A% o 20

Table 1. Total energy, formation energy of doping system, Zn vacancy or O vacancy, as well as lattice constants of

Zn16016, Zn15A1016, Zn14AlO16, and Zn15A10 5 after geometric structure.

By a, ¢/nm V /nm3 E/eV E¢(Vzy or Vg)/eV  E¢(Al+Vy, or Al+Vg)/eV
Zn16016 a = 0.3298, ¢ = 0.5318 0.05000 —34356.40 — —
Zn15A101¢6 a = 0.3249, ¢ = 0.5205 0.04750 —34699.03 — —
a = 0.3376 (261 ¢ = 0.5123[26] — — — —
Zn14AIO}6 a = 0.3268, ¢ = 0.5263 0.04888  —30993.04 1.77 —0.92
Zn14A10%6 a = 0.3276, ¢ = 0.5296 0.04900 —30993.06 1.75 —0.94
Zn14AIO:136 a = 0.3268, ¢ = 0.5291 0.04889  —30992.95 1.85 —0.84
Zn14A1041‘6 a = 0.3276, ¢ = 0.5296 0.04900 —30993.06 1.75 —0.94
Zn14A10?6 a = 0.3268, ¢ = 0.5263 0.04888  —30993.04 1.77 —0.92
Zn14AIO?6 a = 0.3276, ¢ = 0.5296 0.04900 —30993.06 1.75 —0.94
Zn14AIO’{6 a = 0.3276, ¢ = 0.5296 0.04900 —30993.06 1.75 —0.94
Zn14A10§6 a = 0.3285, ¢ = 0.5232 0.04887  —30992.72 2.08 —0.61
Zn15AIO?5 a = 0.3256, ¢ = 0.5268 0.04825  —32267.36 0.65 —2.12
Zn15AIO]135 a = 0.3282, ¢ = 0.5263 0.04875  —32266.36 1.65 —1.12
Zny15A10%5 a = 0.3256, ¢ = 0.5256 0.04825  —32267.43 0.58 —2.19
Zn15AIO‘115 a = 0.3266, c = 0.5302 0.04900 —32266.19 1.82 —0.95
Zn15AIOT5 a = 0.3282, ¢ = 0.5263 0.04875  —32266.36 1.65 —1.12
Zn15AIO§5 a = 0.3256, ¢ = 0.5268 0.04825  —32267.30 0.71 —2.06
Zn15AIO%5 a = 0.3256, ¢ = 0.5268 0.04825  —32267.36 0.65 —2.12
Zn15A10115 a = 0.3268, ¢ = 0.5284 0.04825  —32267.36 0.65 —2.12

e 1E AVBZREERT, H 1—8 72 M8 8 M Zn A U7 AU Y a—1 205030 g 8 # O A hr 7 sUriBse 2.

3.2 Zn14A1016 %III Zn15A1015 EZIZ 'l‘i ;E i'?\
S

N AR B Znig AlO16 A Zny 5 A1O15 BT 75 K 1Y
RGP SRR, AR YR R M A T N, B TR R AR R
W Zny4 A1O% Al Zng 5 ALOS; S5 M s e, B bA, ik
B A 2 Zn14 A1O3 6 Al Zny 5 A1OS 5 1 N HIE 78 5 % 2
G, X2 TR RES RARE (LT 2 5 AR
Zn14A1016 1 ZnysAlO 5 18 R). HHBLME 55 H,
KR Zny5 A1015 ToRETE, IX1E 3.3 155 244k Rt
HUEE > B bt — AR SE. 7R R Zn g AlOq 6 B
N 1.09450 pp, pp ABIREET. Hh AN Zn %
PBHE—AN O JEF I REFE B K 0.87 pp, HiAth Zn
ZSALIE O JRF LA #8/2 0.02 pp, Zn A H0z
O JRFREF N 0. Zn 2L KIT AR Zn J5 7 HEHE
#IE0.03 pp. THEAIREH: AN Zn 2413k

TERE, AR R Zny 4 AlO16 A HEYE; ALIB 220 O S A3t
TEAE ZnO h, 16 R Znq5 AlOs TCHETE. HAN, 1R &R
Zn14AlOq6 [ S HEHE LT 0 B 401, HRHE SCHR [32]
I TN, 3K SR 15 A AR FR AR I O B T B R
fiE. SXWGAE 3.4 77 TR AP BT 45 AR AR R WV RRAE I 32—
AESE. R, ASEEC LR BE AR 1 & 4 Zn J5L T
A Zn B HEAFF ZnO DN T HECAS [F)C B A
45 2R REEAE RN KRR, TS H ZnggAlO3s #B
MRIREAE A 1.09756 up. THESE SRR AlB2M
In A AET Zn0O 1, Bk R B AN, HHRC
PR BE AR, B2k REEHEERK. 1X 5 seie 4 4t 122
BAGEFAFRT G 1K 0] DU GRFA AL 5 B T 22 53
HAL A 25 0 AT RS, BT AL 4524 Zn Al Zn 25 AE
HAEF ZnO ) Hopialan T B2

AL+ V2D = (Algy — V)T, (5)
(Al = Vz,)T + V27 — (Alzy — 2Vzy) ™. (6)
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(5) 1 (6) R, BIERF IR T Algn — 2Vzn
5 &1k,
FET BT ARA T, ZnO BRI 122 5 1% g

1

20s(9) = V5, + 0, ™
Vi = Vi + 10, (8)
V,Zn = V/Z/n +h, (9)

MA(T)—(9) RATGE, Zn BB G, 5540k R H I
FREIR T, N T RFFR Y, Zn BAE4E O JE T
(AN H K /b, ) L LA 1) Zm 2 7 B S 4
In 7T RR%. N T AE TR T B B A A v A i
BB G, CLN R 15 %000 5 1 22 43 WA 2% B 4y
AICASEE. THEARE (1, 0, 0) M2 Zni16016
M Zny 4 AlO 16 74 58 72 73 HLAAT 26 T2 20 AT B 2 (a) AN
K2 (b) Az, ELEE 2 (a) AT 2 (b) KB, AlB 4
A Zn A7 A7 T ZnO W, AL Zn =47 35 4B H) O
JE O R B SRk 2D, R R AT ) Zn 23 A7 R
AR Zn PR, X5 EREB NS, 1S
SIS A ARG P2 B 5 DL R A L
et F MBS R R R 4 B42%) AL 46 Zn J&
TRE 7 A S LRI PR Zn 25 A2 T B RE, 2 M AR e
TREAME In TR, ST —MRRMA

K2 (MTEE) (1,0,0) M2 B EESM (a) ZnieOts;
(b) Zn14Al1016

Fig. 2. (color online) Difference in electric density distri-
bution on (1, 0, 0) surface: (a) Zni6O16; (b) Zni14AlOq6.

3.3 Zn14A1016 *l] Zn15A1015 Eﬁuﬁ- 'l‘i *ﬂ. EE
S

y‘j T i}ﬁ Eﬁ 12'& /% Zn14A1016 %D Zn15AlO15 E/‘] EZZ
PENLER, 23575 1 & R Zny 4 AlO16 M1 Zny5A1045

)25 B DA AR R Zing 4 AlOq6 73 R 2S5 FE 70 A
SR 3 (a)—(c) s, HE 3 (a) FIE 3 (b) B4

%fﬁﬁﬁﬂ%ﬂ, Zn14A1016 %;§\§%E$ﬁ*k, E

FER R TR T AN BB X2 H
T HEIR AV BB 4 Zn XK Z e i BeA B o7
R, (H 2 AL B A7 8 9% Zn )5 51 AR R IE B Zn 241,
1B ALE AL 2% Zn J5 51 1) Zn 206077 AR B 250X,
FEUA R Zn4AlOqyg 7 A4 T HETE. AV A 4B R Zn
JETEAR R ZnigA1Oqg 77 A IO P A ke 21 (] 42 E .
Zm15A105 WA Z X R, BBER B 7S
Hem FR B FEHEE TEERERE, AlB K
N Zn B IEAFE T ZnO 1, 4K R Zng 4 AlOqg 7= AR 1
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Fig. 3. (color online) Density of states (DOS): (a) To-
tal DOS of Zni14AlO16; (b) total DOS of Zni5A1015;
(c) partial density of states (PDOS) distribution of
7Zn14A1016.
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PE, 10 AL O ZBALHLAE T ZnO Y, A& R Zni5A1045
BAEMME X532WHRAaERMETE. H
Bl 3 (o) B A A vl &, O 2pHiE. Zn 4s
BUIE A AL 4Ap BIUE [A) £7 £ 5 AR R IF HL - 28 $ AR H,
E—HFZHAER TR T O 2p 70 A% AR
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Fig. 4. (color online) Energy band structure distribu-
tion of Zn14GaO1¢ (black curves, spin-up; red curves,

spin-down).
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Abstract

There is a controversy over the magnetic source and mechanism of the coexistence of Al-doping and Zn vacancy or
Al doping and O vacancy in ZnO systems. In order to solve the problem, the combined influence mechanism of Al doping
and Zn vacancy or Al doping and O vacancy on magnetism of ZnO is studied by using the first-principle calculation in
this work. The coexistence of Al doping and Zn vacancy can achieve Curie temperature higher than room temperature.
Moreover, the magnetism of the doping system of Al doping and Zn vacancy is mainly contributed by electron exchange
interaction through O 2p and Zn 4s states near the Zn vacancy through taking carrier as medium. However, the system
of Al doping and O vacancy is non-magnetic. Meantime, in the coexistence of Al doping and Zn vacancy or O vacancy,
a close relative distance between doping and vacancy will reduce the formation energy of the doping system, increase

the easiness of accomplishment of doping and vacancy, and enhance the stability of the doping system.

Keywords: Al doping and vacancies, ZnO, magnetism, first-principles
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