Material Sciences #1#}R}22, 2017, 7(2), 252-261 Hans X
Published Online March 2017 in Hans. http://www.hanspub.org/journal/ms
http://dx.doi.org/10.12677/ms.2017.72033

First-Principles Study of Magnetic
Properties of Fe-, Co- and Ni-Doped Zinc
Blend ZnO

Tingting Yuan, Chunmei Li, Zhiqian Chen*, Yu Huang

Faculty of Material and Energy of Southwest University, Chongging
Email: 844543937@qq.com, chen_zq@swu.edu.cn

Received: Mar. 19", 2017; accepted: Mar. 28", 2017; published: Mar. 31%, 2017

Abstract

Using density-functional theory with the generalized gradient approximation method, we pre-
viously investigated the band structures, density of states and magnetic properties of Fe-, Co-, and
Ni-doped zinc blend ZnO. The calculated results show that there is a strong asymmetry with spin
polarization in both the up-spin and down-spin band structures and density of states of the three
types of structure. All of the three materials are Ferro magnetic substances. In particular,
Fe-doped structure is found to be the poorest in stability but the strongest in magnetism among
them while Ni-doped one is the strongest in stability and the weakest in magnetism. And the total
magnetic moments of the three materials are mostly due to the magnetic moments of the doped
atoms and magnetic moments lured by original atoms. At the end of the paper, the magnetic
source and magnetic coupling mechanism of the three structures are explained using indirect ex-
change function. The calculated results indicate that all of the three materials are excellent diluted
magnetic semiconductor.
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KAFEREZRERT LUK E— R TH, BT T Fe. Co. NiBRNET ZInOKIBEHEH. &
FEARENR . ERRY, FeBRNEN Zn0. CoBRNEH Zn0O5NiB AR NET ZnOK) H e m LA
HEEH T RIS ESERYENE TEGRINANRYE, WA THABKEREAIR . =FE a0
YRBREEVERMRE, HpFeBRINET InONES KR EEE, EXMERE; CoBRNEY ZnofiE
YERRGF, BEMEIRZ; NiBZRINGET InOfeEth &R, #Mtk&E, EEAMREKEE. =R
HAERMAERE TBRETHHRAENEBRETHEHRNORTHME. &5, M7 REZHMAEHR
BUF MR T =M B RS REA RS . TS RERY, FeBRNET In0. CoBRNET"
ZnOMINIB A N BT ZnOX AL KRRG-S A4 .
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1. 5|

Pt S0 P AR RGN 1 T o B0 o S O R e RO S T R R Y B Ak . R — B
NI RBEA s, BAVELCIRES, DRI IR Sk . DR IE - SR B e SRRV R Mo, B
FE—FppAR) e [E] i S FH H - A A R B RE, DRI S R AR )2 R[], MRS T
B2 G s B AR 43 BH B AL B AR R A, Sl SR8 e R R BRI T 2 IR E SR N 1 -
WELHAE R, TEAMNHEG B W T, SRR F AT RS, I A 57 T2 S i 1)
Rtk FbEl: SRR B P AR I — AN EE 3, R I L A B RS B S
B, HmscBUE SR ERRIAAE, HAT OO T2 PIEE DL M R 2 R SO AT A
Mz

ZnO & 1-VI AL AW S, SLR R WL S5 NP4 454, 25 IR E p63mce, )% A 5.67 glem®,
BN a=3249 A, ¢=5.206A, Mttt SAA[2] [3], J&—Fhr AR B BT Bk SR, IR R 1028 98
f£8 3.37 eV, BTE5AHEN 60 eV[4] [5] [6] [7]. HHF ZnO SRR MEGE 58 £ HIL 1T & T, RIRFFAE
BRI B AN S ARG, R n S, wEd ST BE R ASCE R, Bk, AMEES
AR N BER AR R LY 4G P RESEILE & (018 2k B, HLAB A4 55110 3d Ay il DU AE SR B 245 11
FEA SRR G o 1B 4% ZnO Rkl TR IR 7L 20t G4 & R R LI AT 25 KR . E M Dietl [8]
AT Ueda[9155 11l T ZnO HEME - 54 (DNS)TE =il N A FE MEkIETE, XTI ESIRB A ZnO #
HG2F SARRORIE T R SRR R — AN TR T, HFR EBEFRLE Co, Mn ZEHRBAITIFR. Kb
—ANKTF Co B2: 1) ZnO HIHIE 25T Ueda Z5[9]. AT 1HE 1 FI F Bk i O TR E ALOs L F il %
f1Zn, Co,O (F& x = 0.05 - 0.25)FJFH L. FHFHFE T (Zn,0sC0p0s0 A1 ZN, 5 CO, 1O VAR I H Bk, 1
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A5 5 1.8 uB 12,0 uB. H—2ET Mn $B2: 1) ZnO 15550 /2 tH Fukumura %5[10] 56 ). Al
I kO TR 0 5 R AE AL O, IR L1148 T Zng oMy 5,0 HITERE, EBH 1 iZh4 kL B e -4k
WriE R, RUA R P A7 AR I E e SRS HAE R - Venkatesan Z5[11]4508 1 il 2 E 110 Fe 524
) ZnO 1k %, I HEA 0.8uB MM FIRES . Sato £5[12] [13]bLE R RIWTST T 1L -VIAIILL- V 2 S48\
V. Cr. Mn. Co. Ni %G ER &1 UG RS S5 FIERIE, BRBESIReE, MW 4 1E o %
FRERRG T SRR ELA e 1 8 BLIR RS A T TSR i T . AR B H AT AR, 6T ZnO S BARAE N BEAAEHT)
Wth - SARMORM R T, K FRAR v T I IS & B R C B I AR BE0 ZnO MBHIBE AL, B4 S IR kAR 1)
B B BRI SRR A S AL T U 4 R T XRUG B A IN B ZnO FR 1 SR M LKA 7T 21 1R 2D
CA I TR I, ESE5 % ZnO MR & RS S I VEREA 280K, Sese s A vEZE, [RIRF, @it
KRR AR A LA Rtk — B T

BT SE58 26 A B PR, TR PR 1 NS ZnO fESEES BB FL, 75 ER] BB TSR R A SE TS B )
SR o BRI, SR FH B8 — VR R R TE R0 7 A o] DASE AP AR RE T 15 2= INEERT ZnO RGP SR TSR 1 A5 S L3
AILCABA Fev Co. Ni 23 HIEUR T INEER™ ZnO BIAS Zn J5F, R EZ BRI, BT Fe.
Co. Ni JEFIBRNEN" ZnO MR 4. TAEE . MEEGE. FIF RS S5 A 78 % 5 3w
TR, 7R TR SRE IR NAE DR R, DUHAR N ZnO JERRHLE SRR B 4L 7 2 B
A

2. BipERESHE S
2.1, IBipiER

AL et T WE 1 BRI Zn0,,,, MM, Hrh 0 &F 32 4 Zn JiFH1 32 4~ O
JE7, BRRT 1. R 2 Rt T Fes Co. Ni JETIB 24 NN ZnO MHRHIRERL . 24 Fe BUAX
1M 2 Zn JEFRIGLER, BRRA 2; 24 Co BUR 1 A1 2 () Zn JR-FIIAL B, SR8 3; 24 Ni iR

14 @zz 57, @rzonr, Ozrezrs

Figure 1. Model of zinc blend ZnO
B 1. (AEEH ZnO RIFREY (R &)
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Figure 2. Model of doped zinc blend ZnO
B 2. BZINEEN Zn0 FIREL (R E).

112 6 Zn JERFRIA B, BRME 4, MRS EEREN 6.25%.
22. WHAZX

BARW BT B TR, &R A8 3 Gz bR RS B AR RS FEAS AR IR o G o J) el 8 R i ALl
(Local Density Approximation, LDA)JE# A iz N A e R BGZ L,  wT LRI IR0 22 Rkt Rl i Fe
TEEMRHEREATRA . ZEAXT L7 B ES AT A AT HAR M % B RS L o 94 12 FE 1) 5088 Lk B R A )
ERRREMEO T, R IR UK &R JR ek H e % FE i el (Local Spin Density Approximation, LSDA),
AT AR IR AR RE 2R I o SRTATIX P i AR AR PR 3 & A SR B PR o SR 30 B I AUMERA T ORI R =
LR g R, T HL, R B A I A R S, I TN A R e, A AR B AR A . T
TR 7 X REME AR AR TR SE S B, R R A 1 B S F R A AN RS B R . ) SRR BE LA
(Generalized gradient approximations, GGA) 787 % & T Hy 155 & b B R A8 e 52 BV bR 5200, o IR 1 JRdek
B E IR ARG . R, RS TT SOR B T R iz s BB AE AL R IR 5 — MR SR BT BT VA [14] . SR
TR AR R 2 AR R PR R TT, BRI T SORR BE AU [15] Ab B AZ #e- Rk F R ¥ . Zn. O,
Fe. Co A1 Ni 742 HETHAT > BHL: Zn—3d°4s?, 00-2s*2p*, Fe-3d®4s®, Co-3d’4s?,
Ni—3d®4s®, “FHIVEHEWTAE E, o =340.0eV, REREISUREIE N1x10° eV/atom, 7 TIRIFEH 718 0.3
eVinm, Kk M s 3 x 3 x 3,

3. R5118
3.1 JLTiHER

LRSI AR R L B 4 (A S R E RIS . 6 ELF R 1(Pure ZnO)
A%, F4%Y 2 (Fe-doped ZnO)FI#4 AL 3 (Co-doped ZnO)HIAFR IS A 1k, % 4 (Ni-doped ZnO)HIEFAH
TN o 1X 3 B8 B Fe? 192458 0.078 nm, Co™ (192424 0.0745 nm, Ni** (2454 0.072 nm, 1fij zn?*

)
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Table 1. Crystal lattice parameters, volume and free energy of conformation 1, 2, 3, 4
F1 WAL 2. 3. 4 RIESH. 11, BHEE

mode a/A b/A c/A® VIA® AE(H HEE)/eV
¥974 1 (Pure ZnO) 9.264 9.264 9.264 795.0 -68712.35
¥4 2 (Fe-doped ZnO) 9.244 9.244 9.319 796.4 -67020.82
¥y 3 (Co-doped ZnO) 9.267 9.267 9.265 795.8 —67375.07
¥7%) 4 (Ni-doped ZnO) 9.255 9.266 9.255 793.7 —67996.90

12424 0.074 nm. Fe. Co PIMBRIE T IE TR HRT zn> 212, Ik Fe. Co Mtk R A4
A BRI, ARBUERT T Zn0 K BT Fe* MR AT Co* Mk4%, FrLli%! 2 (Fe-doped ZnO)[¥)
fr A% B AR R 2K TR 8¢ 3 (Co-doped ZnO) i1 @l i B AR AR o 11 Ni** [F 42 /N T zn?, HULIg Y 3
(Co-doped ZnO) i) &l A FUAH XS T4 84 1 (Pure ZnO)AE /o

A, ZRB R E R R 1 E R K, R R RS E MEARXT T4 8 1 (Pure ZnO) T [, #%¢ 2 (Fe-doped
ZnO) ¥ H H A K TH4 3 (Co-doped ZnO)HJ H HH g, 144 3 (Co-doped ZnO) ) H H A K T-# 2 4 (Ni-doped
ZnO)II H Mg . 7] M., 197 2 (Fe-doped ZnO) )% & 11/ T-#4 %4 3 (Co-doped ZnO), ¥ 3 (Co-doped ZnO)
(Ffa e /N T 7% 4 (Ni-doped ZnO).

3.2. RETHEGHY

R TXTEESE Fes Co. Ni $B4% M4BT ZnO W TS5 AR, FRATETHE #9284 1 (Pure ZnO)
(RBETT 4544, THEL 45 A& 3(a) IR o AEZS INEED™ ZnO 1R S5 AN A5 TRAAL T 55— A BLIH X (K T 14,
KIS ZnO R BT R A e, X5 CA M THE S RH—3[16]. tHERINER" ZnO )71 BRZ
N 0.634 eV, H EEBEFI T HBEMIRET 4514 258 AXFRES, X2 mT Zno | 5% T HiE
N, BAMEIRREH AL, XHAMRI KRR N E, XM BREYE.

W1 3(b).3(c). 3(d) o, 4> HEnF7 2 (Fe-doped ZnO). #4974 3 (Co-doped ZnO)FIH4 %Y 4 (Ni-doped ZnO)
PREH s . A 3(b). 1] 3(c) M 3(d)WER AT RT 1, —FhiB A INEERN™ ZnO M RHIREH 45 1 1) 1 e
R AN T H EREZLAE PR BRI ML 25 R A T W ZL B B I S . B @ 1) T 119 9l oK R 4 A 1 B 20 1t 28 B
B2 T AR ER PR R RN, RARIR AT b e RR S5 R T AT B AN T B eERE
WG R BR, XTI — s AR SRR . Bl R PoKBE U —E i i fE, R
H—E M EEE . FERALTNET ZnO NS, SIS T#%, JoKedeEd 3, RH =M%
IRINEER ZnO MBS n B SR pRL. 2 S A A s 20 B I T T AR, 1X 2 Fe. Co. Ni 2
FIERHIReT, MPKRES M L, HHENFHHN, XEUEHTBRETFBANEETHZIEMN.

JTELT =AM =, #9754 (Ni-doped ZnO) I % i 2K A R 1 7 i 2 2 (Fe-doped ZnO)
Fg74 3 (Co-doped ZnO) i 22, H'& e M) [ B bt F e B AR 284 ()31 B/, TR b e 1 5 F PR ARG 17
. H=FBRNEEN ZnO MRS R BUT 121 & @ HE AL o

33. BEE

N BB Fe . Co Ni B 28 [N EENT ZnO I HL S5 1 R A Ve, FRATT3H5 1 #4982 1 (Pure ZnO).
#J7 2 (Fe-doped Zn0O). #47%! 3 (Co-doped ZnO)F1#4 %! 4 (Ni-doped ZnO) ) E JiE ) A1 H e T AR 4
G T IS % B, g5 R 4(@)~(d)Fis.
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Figure 3. Band strcture of conformation 1, 2, 3, 4
[ 3.ZnO. Fe$£%: ZnO. Co 2% ZnO F1 Ni 5% ZnO HIRETH LA

M 4(a) 495 1(Pure ZnO) R H Tiglal F AT BE ) R e R A% AR ik S % BT UE H, INEE
W™ ZnO (1) PRS2 N85 TR 1140 43 0 A5 5 P55 1) L e ) R e 1) R AR AR, WP AN B, X 5 N4
™ ZnO HIRETY 251 EIARXS BE. H I PR BB MR (1 Re s 22 O2p 1 Zn 3d 25 B 75Tk

MIE] 4(0)F 5 2(Fe-doped ZnO) ) [ HE Il A @A) R LR 25 BERIR 7/ A E T LLE Y, Fe 3

&I ZNnO (10 S5 A 25 35 AR 45 T 1) U 28 P2 1 1 e 1) b L 1) A SRR I, XA — 5 1)
EYE, FRRTE SR RE R RO I A 5RE, X5 Fe BAINEN" ZnO MIRe s 45 EMIXT R . 9K
PRI RETT E LR Zn 4s S HTITRR.

MIE 4(c)F%L 3 (Co-doped ZnO) ) Il b A T a2 25 B AR T A 2 E v LLE
Co BARINEFN" ZnO o PR 2 FE AN 10 3 I 25 2 B 10 L e 1) bR | e ) R S AN PRI, XA —
SE MR, POKBER DA FRVERG N, 5 Co BANEEN" ZnO fRETH S5 M XS L. B oK RER MY
Aey £ Zn 3d A1 Co 3d A HL-FAER, JFH Zn 3d fl Co 3d A% i 3 BB FEIE A BTN, BA
PRI . R, Co $B 2% INEFIT ZnO ¥4 @ P 32 ZEKUE T Zn 3p Al Fe 3d HLiE HL 7 (1 444k

MIE 4(d)FB 4 (Ni-doped ZnO) ) E Ji ) b1 [ BE ) T [ S 425 2 B RN 57 70 e A8 25 B T A Y, N
INEEW 15 4% ZnO S PR7S 25 5 R85 1 20 A8 25 1Y) B e ) R | @ 1) R AN AR, WP bR I B
—EMIWETE, POKRES ML REVE SR AR, [FIRES Ni B4 INEED™ ZnO RS S5 M IR . . 3 KB
PRI RETT E 2R Co 3d A1 O 2p S HLTHIEL, JFH Co 3d 1 O 2p &% & F B R E AT BTN, H

)
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Figure 4. TDOS and PDOS of conformation 1, 2, 3, 4
4.Zn0. Fei8Z% ZnO. Co %% ZnO 1 Ni 82k ZnO MBS BE R ESEE

A RN, AL, Ni B8 NEFT ZnO (14 R P £ ZRIE T Co 3d A1 O 2p FUIEHL T 1 2% 1k .

KT B E BERAEILR -

L5 PR, AAEAS N B ZnO E BE AT E BE A T AR ARS8 AR 170 B H R 2 58 S0 FROIRAS
XA RHENE; Fe B8 INEERT ZnO. Co B4 INEFE™ ZnO Al Ni 828 (NEEN™ ZnO H g LA E e T )
SRS T FEAN SR 3 B A 8 B AR FOIRES s Co B A4 INEER™ ZnO A1 Ni 575 INER™ ZnO 1£ 2K RELL i

BEAN, a0 SR FH S % B i R AR XL RS , 7T LA 2] Fe 3B 2% INEFH ZnO 14524 Fe Jii 142 2.24 eV,
Co BA:NEER" ZnO W52+ Co JA T2 1.767 eV, Ni B A NS ZnO KI5 24 Ni JHF/2& 0979 eV. X 5/5

22 R TGRS (Fe. Co Ni 73502 3.79 pgy 2.66 pg 1.55 )i A #31R4f
3.4. Hit

Zn JRTHFEA . O T HAFEA . S R I HE o

TSR, 7Y 2 (Fe-doped ZnO). #4%4 3 (Co-doped ZnO). #J%4 4 (Ni-doped ZnO)¥:J M ekiiE
ViR, NXTEE = RREESRES, £ 2 FIH TR 2. 3. 4 (ERANB AR TRIGEDL R 1. 20 3. 4 1
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Table 2. Magenetic moment of foreign atom, Zn, O and total magnetic moment of conformation 1, 2, 3, 4 a: [17] b: [18]
52 2. 8 1(Pure Zn0O). #9E&Y 2(Fe-doped ZnO). #3J%! 3(Co-doped Zn0). #JB! 4(Ni-doped ZnO)IB L& FHi%E. Zn J&
FHREFEFN, O [RFHLFEAN KX SHEZE a: [17] b: [18].

mode B FREE s Zn JRFREFER pg O FRFREFER/ug JBRESE s
1 / 0 0 -0.58 x 102
FI7d 2 3.79(Fe) 3.27° -0.08 1.05 8.61

FR 3 2.66(Co) -0.01 0.93 6.23 6.0366"
F 7 4 1.55(Ni) -0.03 1.02 4.08

MZ 2 WLLE H, 8L 1(Pure ZnO)E REFEIR /N, $23E O pg, BRIUMLAAER NEEN™ ZnO A B A HIVE: 1)
A1 2 (Fe-doped ZnO)(fJ HL M5 24 Fe JE 7 RGN 3.79 g (IX 5 Bakhtiar Ul Haq H5145 5 3.27 g [1714
i), FEH, S5HA Fe JEFIRERIHE Y O R FRkis S T —EMisE, 15 O JFHIEA A 1.05 us,
SEAE N 8.61 pgs #4974 3 (Co-doped ZnO) I HLAM 45 Co R [MHEH N 2.66 pe, [FIFE, S5HA™ Co JEF i
W5 O JEF RIS T T — e I RERE, (513 O Ji T REKE A 0.93 g, T ELREAE A 6.23 pg, 1X 55 J.Zhang
FR) S 45 5 (6.0366p) [18]42%3L; #4174 (Ni-doped ZnO) I HN 544 Ni Ji 7 HIREFE A 1.55 pg, [FIRE, 57
AN NiJEFIGIE R O JEF ks 3 T — & RIS, 14115 O JR FREF AN N 1.04 pg, MG 4.08 pg.
R, S Eege 2 MR TR0, Fe B4R INEER™ ZnO MIREYE S, Co R INEEN™ ZnO MIRETEIRZ . Ni 5%
INEER ZnO e 55 (EAT AT B st (A W 1

N TR M BB AN BT ZnO IIPERINLER, XL T H A E RGPt . XS HEA
Blombergen-Rowland 32 #1F F 1 Ruderman-Kittel-Kasuya-Yoshida 32 #e 4 F1[19] [20] [21] [22]&5:4F 38 .
o, (AR He A RERE I 0 M A R — R a8 A INEERT ZnO A Y [ REPE RIS . TR AZ e/ /R PR TE VR 2 1)
TG JE R A, LR B AR A R U 6 S 2 NS B - BIX T Fe B4 INEED™ ZnO
TR RIS, JRFZ AR AEA ERAVER, W@ Fe* —0% —Fe* KAFPHEN, &ERETHI4NZH
TR, FRAREMARFZN, 3d ZARAH 1T B Fer 5 R HEs Y sk il &5 T Co 57
NEER™ ZnO M &, HLFlId Co® — 0% —Co* RAEHHEA, &R F N2 BT X Ni B3
NEER™ ZnO TiH, I Ni* —0% —Ni** RAFEHHES, &R T N2 ETHSE. MBS 5RR
FHREEKM O PRI LLE H, Fe* —0% —Fe* HIZC#AE I i, Ni* -0 —Ni*" Ik,
Co® — 0% —Co* #55. #R1, MK 2 BRI T &, #% 2(Fe-doped ZnO)HIREM: Fe ik, #47 3(Co-doped
ZnO) Mtk 2, K97 4(Ni-doped ZnO)RIREE AR 59, X SR TH45 1B HITE .

XFERWT, PR A e A AR AT DA b 3 i A CR i 2 i B AT 0

H,, =-XJ3;S:S,
ij

Horp 0y B G e AL 0 TRRHEAR GOk, HAEDNIE, HRET d T Riem. JrH, #&
(DA B Y G il N 0 0 Tk 77 RPN IR T = 4 N Y /977 DL e e et 0] A RS S AL
TARTERFRIE(T), EMEST, BlEFRESEES 2R, Bk, AT R Co™ . Ni** 7R
BT ZnO h RS R A RO, R T Fe¥ L Co® . NIi* IEERTAIND  °F . °F [23]. M
AWATED, Fe* . Co™ . Ni* MHEZEEERS + )7l 5. 4. 3, HFFe* . Co™ . Ni*" i1 dHH
FHESMA 40 3. 2. FL, d B P8 E S ERORIAEW: BEEBR R Co™ . Ni** il
THH KN, IR T 52N ZnO Y EIE R BT E e R R AR AR IE T %, SRk s .
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4, 4Eig

KT B A B2 e B TS5, XTEEWEAE 1 Fe. Co. Ni B¢ NEED™ ZnO HIMEPERE S AL
BAHEAEYE. 48K, Fe. Co. Ni#BZRINEEN ZnO 5, Fe. Co. Ni J5iF 5l NI AE I RE 27
PORBEGOEN T, (A B S HRMEREINSE. Fe. Co. Ni $BRINEEN" ZnO MU ETE SRR T
R R A PRI, LT MR BB RS, EVOKRRERMIE KA T — E R M2 (RN, &
FAAE FERIET BRI T 5B R T IRIE R O JL 5 I vTiik. = MOpbREAOTEE 1 58 55 BE 35 45 2% I 1 1 5.
L H s TR B, OF BT T TR e A P B R X = AR A TR S 1 2 R A H A

B W

ARHASE ZK B IREL 2 FE 4(51601153) 30 H % B
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