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Fig. 1. (color online) Three configurations of Mn double-doped GaN: (a) Configuration I; (b) configuration
II; (c) configuration III; (d) (Mn, Mg)-codoped GaN; (e) Mn doped GaN with Vg,; (f) Mn doped GaN with
Vi (the blue, gray, purple, green spheres represent N, Ga, Mn and Mg atoms, respectively).
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2.2 HEFE

K H B i A R Rk P AR AE BT )
GGA-+U T 1 % 8 J %% 77 1 DO=181 0 43 I ) K 45
FEFEER GaN L. = MA[FE 7 5 A7 Mn W45
GaN. (Mn, Mg) 3£ 7% GaN L R A7 7E 23 A7 ik [ 11
(Ga, Mn) N8 A AL 3k AT JLART 25 44 AL A0 A1 AH O¢
PERETHE. 7T, EH Ga, N, Mg Ml Mn Ji 1
FI S0 30N Ga 3d104s24pt, N 2s22p3,
Mg2s?2p63s?, Mn 3d°4s?. fEAN[E @M ST
BEAT JUATAR AL, BT R 350 eV. TF 5 H 45 0
SRS FE ¥ N1 x 1076 eV /atom, J&R 18] A H.1E F
FIRSRbRHE B M 0.03 eV /nm, FLJR T fE & (1 1081
FRAEB N 1.0 x 1075 eV /atom, A N B JTUC SRR
HEB N 0.05 GPa, J& 5 8 K AL B W Siobs v 1
0.001 nm.

3 BRE5T®
3.1 HFREMFREL S

NTETE Mn $4% GaN J5 1 H 7 25/ 3t
AT MTELEL, M T 345 GaN S35 1 f g B 1,
T E R oM BHRTHET GaN i H-F 451,
TR S 5 A S 50 4 GaN TR Bt AT
T L SR AR, BT AS % 45 44 2 505 SR 15 1)
befcan sk 1 pr ). T E )G ¢/a = 1.6235, 5
SCHRAE 1.6237 FF & 13 AR 4 191, i Z 404 0.1232%,
L I NS B 7 T8 G S - = S
GaiaMnoNyg [ 8 H 2, 7T BLE H Mn A GaN
J BB LA RURT R A B B A K. X R ER R T
Ga®t B 1245 0.062 nm, Mn2t K& K2R
0.067 nm, B KT Ga’t [E T4, frel MniBA
Jei o 5| TR M A RN A 5O BT K.

SCHR [2] Fx3E, Mn $5:4% GaN & & 1 Mn {1145 5%

BAE0—10 at %o Z W, BAAE RN Bl 4G
1, A Mn B2 LB 2108 6.25 at%, PRILi5 A ik
RE AR AERAR, i R AR E 1 GaN N 4F
GRECIESS

#1 GaN fl Mn X5 GaN @i & B et i S48

Table 1. The lattice parameters and volume of the

pure and Mn doped GaN after geometry optimized.

a, b, ¢/nm a, b, ¢/nm
Bt V /nm?
AL SCHR [19]
GaN 0.3185 0.5171  0.3189 0.5178 0.3619
GaijqaMnaNig 0.3193 0.5209 — — 0.3681

5 AR 2RIV URE 2 HI A e 45 ) R AR AR e Tk
A5 2% ME 5 RE S (M BRI 2 —. e 18
AR RBEGE S BRE 5. T RREE B T LR
Mn, Mg 5 7% bA K 23 A 8RB 4 GaN 14 & A2 € T AN
BAR A FE RSN, TR AR B 13k 20 B0

Ef =E(doped__GaN) — E(GaN) — nE(doped)
+mE(Ga) +ZEN(N2), (1)

AW, E(doped_GaN) 5 Mn 80 # (Mn, Mg) 3
B R R A e B(GaN) £ 5844k 2 A
KNKIARIB IR GaN i ik R S REHE; E(doped) M1
E(Ga) 43 %72 Mn, Mg fl Ga fefa € (%) &8 &
A JE T RE R, En(No) & N 70 FHEAN
JR T RSB, n 2954 Mn, Mg JE TN m 2
Bk Ga i TN G | BN JEF ML B R
MAEEATE A RTHESG R TR 2%, hR20]
PAFE H, % T Mo XU AR, BiAE W45 2% Mn-Mn (8] #h
I3, B0k RIS BB A BBE A BT . o
2 RWRY (Mn, Mg) 353544 Vg, M Vy FIFFLE
SAFHA RSB EAIE REE— PN, BRAR
SRR BRI N AR PR R R, TR RRE R, B4k
A

#2 ARZAEF A Mn B4, (Mn, Mg) 34 GaN UL Vg, fl Vi fE7ER Mn 44

GaN e R AN HehE

Table 2. Total energies and Formation energies for different systems of Mn doped GaN.

Y 1 (a) #E5Y 1 (b) &% 1 (c) B 1(d) 88 1 (e) %Y 1(f) 12
E/eV —34373.635 —34373.298 —34373.250 —33295.932 —32313.679 —34101.858
E¢/eV —2.994 —2.6573 —2.608 —2.361 7.690 6.086
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Fig. 2. (color online) (a) Energy band structure of GaN; (b) total Density-of-states for GaN; (c) partial

density-of-states for Ga; (d) partial density-of-states for N.
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K. Mo )a, w2 AR e Kb il S
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Fig. 3. (color online) Energy band structure of Mn-doped GaN: (a) Spin up; (b) spin down and density-of-

states curves for Mn-doped GaN; (c) total density-of-states for Mn-doped GaN; (d) partial density-of-states

for Ga; (e) partial density-of-states for N nearest neighbor to Mn; (f) partial density-of-states for Mn.
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AE ¥ KT #6E kpT(30 meV) 22201 X H B %F Mn
Bk GaN KR &, Fo € MBI Fr /& — Fh sk
RN, WIRE X T Mn 578 GaN =il gkt 2 F
A AEIRAR. HEEOR, (Mn, Mg) 3£5 24 3R R

WO KB Rk R bR, WARGE AR &5 A R

Ji R FEIER]. 5IAN Vo #1 VG Mn 5 4¢ GaN
FIH5RY, BAE R AFM 5 FM B RfEE % AE
I3 BN —315 meV Ml —5 meV, X FH Vg, M Vy
AEAER B0k R b RERIEA 175 = SR, i
Ui K& AL B B AEAE AR T Mn 4% GaN JE %
T MR T

#3 ARZEAGF M Mn 5. (Mn, Mg) 353544 GaN LK Vg, M Vi £ Mn 4% GaN ) AFM M1 FM

SRR R ZE MR

Table 3. Total energies of AFM and FM, difference of total energies and total magnetic moments for different

systems of Mn doped GaN.

b i Exrm/eV Erm/eV E/meV T SWESE /s
1 (a) 154 —34373.150 —34373.635 247.5 FM 8
&1 (b) Y —34373.204 —34373.298 47 FM 8
1 (c) #Y —34373.139 —34373.250 55.5 FM 8
Bl 1 (d) A —33295.865 —33295.932 33.5 FM 6.999
(e) R —32314.309 —32313.679 315 AFM 0
1(f) A —34101.868 —34101.858 -5 AFM 0
L(w) = e2/[e(w) + &5 (w)]. (4)

3.4 RFFEM

FELE i MY TR A, S A PR DG 2 P 5 a]
LR A B H e = 1 (w)Heo(w) REGIE. Tk
A H BRI R i e (w) AT LIS T TR
s (A RO BRIT A5 21 27281

£y = Eo<mw> Z/BZ 2dKla Mo (K)[?

X 6(Ec(K) — Ey(K) — hw), 3)

K Thre, vor Bl RKon S g, KAFRRE,
| M. (K)| N3G, E.(K) M E (K) 55N
S N AR IE BEZE. M A HL R B R D
go(w) iR, RIEEEKIEM R M & XA Krames-
Kronig 7¢ £ A #1523 SR o BRI BL BB o1 (w)
WU R AL (W) AR R(w)~ FT 8 R n(w) FHR K
BRI L (w) S5 oAt e 2 % 29:29).
2 d
g1 =1+ T(P/O 525:; )idwzw )
@) = Ve |2 (0) + Ble) - a(wﬂ
‘\/ w) + jea(w) —1
ver(w) + jes(w) +1

n(w)—[ 30+ )+l

BT FIREAKHE, 4E T e S
A e 2% 8] H BRI P AR DG 1R RO WL AT 7
HrAitie.
341 HAEbH

Kl 5 9 THHE BT 1S Mn 35 2% 51 5 GaN {14 HL pR
i eq (w) ME S ea(w). MBS (a) BIoR, RIBIR
GaN A B B B0 R 3 e (w) £ 0—2.0 eV XA
HLUE, 7 4.46 eV P HHBLIEAE; 5 KB 7% GaN
L AT %0, Mn B35 N\ #53 GaN K B H B3 1. (0)
BER, HEE ST 13 IRE sk 1 Mn
B2k J5 GaN A1 H o 25k 36 eo (w) [ B AR AL R AE
ICRE DX H L 5 1 A H s 3 e T 52 ] DA B g e
SERIFI T R AR B 5 (a) 456 GaN [
A A HER (K 2) /T RUE H, R$B2% GaN Ay
HLBR U BB T 4.46 eV BT 3 — Mgk 5 T N-
2p( L) B N-2s fl Ga-4sdp (K F47) (8] 1 BRIE;
AT 7.98 eV BT 155 — ANk B T Ga-4s HIN-2p
(_LEpr7) 2 Ga-4sdp FIN-2s (7 S0 [ B ERIT; 17
T 13.14 eV ML 1 5 =AMk B T N-2p # Ga-4s
(EA ) PARN-2p Al Ga-3d (1) 2l Ga-4sdp
%nN 2s ('F317) B A BRIE; A2 T 21.52 eV i (125

&% 5 F Ga-3d MIN-2p (FF i) 2] Ga-dsdp

%u N-2s ("N 37) 8] i KL PA J2 N-2s M1 Ga-3d ('R
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M ai7) B Ga-4sdp FIN-2s (F F445) M B BRIE. M
K5 (b)—(e) \TLAE H, Mn TSN, MHEERE
[ K2 6 e2 (w) 7 0.6868 eV P IT I T — N
U, H5F = AN IR B DY A U B LRSS, IX SR
A LA Mn 43 % i) J5 #6145 16 R0 25 2% 12 1 (& 2 fn
B 3) AR AR B RE. BT Mn 3dHTFAEN 2p
B & SR U 2R AR, Mn 1) 3d A HL 1A 5

JERIN 2p HLF 2% B TR PR AE R T A BRI
AR, BRI 4 5 R 1 (945 N AE o K T B 0T 12 RGBT
ML, B8 T B LR [ I ERIE, X GaN f4r
H, B 00 % At A DG ' 2 1 o 3 S . A BT,
Mn & FHB NG A RO T 0.6868 eV Btz il nf
REJE oK B 9K R i B etk Ak 2% o 5 N-2p 2|
Mn-3d [A] {45 A BRAT

10 (b) _
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=
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Fig. 5. (color online) The real part and the imaginary part of the dielectric function of (a) the pure and (b)
Mn doped GaN; (c) Mn-Mg co-doped GaN; Mn doped GaN with (d) Ga vacancy and (e) N vacancy were

calculated, respectively.
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3.4.2 BIKEE

K6 8 Mn $ 4% 07 J5 GaN )06 W i i 5 fE &
IR AR, X ARB A GaN W lcis, 7T LLE 378 68
KT 2.5 VL, Xtk N E. 4
KT ReE KT 2.5 eV Ja, WU FHOTT 1R 15 1 K.
1£9.34 eV AW it R H0E B i KIE{E. fEREE A
13.07 eV AL HBLEE AN RIS g, EREE N 18.16 eV
Ab H I = AN IR AU . R AR (1) AR AIE 5 1 HRL R B R
HE BRI CRIEAR . X GaN F1 (Ga, Mn)

N, (Ga, Mn) N W% 7E 1.25 eV Btz Hi 30
W T, AN i 45 A4 1 F T 25 55 FE B T DA 21, Min
BT eSSt SMMEEEELN1.2 eV AL, FTid
FATHHENX — IR IR F Mn 35 477 A 1 24 J5 oty o
A BRI, 7F GaN Y N 257 25 T B0 it 2 fE 2%,
fH15 2 K B8 RS 17 o, & A% 5 B 7 T0LEE (4 4 (c)
FT7R), Mn %55 iR 25 e g N 23 77 A 1 7
M2, BTV IAATERERS 1.25 eV B R i
TR (AE 6 (e) BTr).
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Fig. 6. Absorption spectra of (a) the pure and (b) Mn doped GaN; (¢) Mn-Mg co-doped GaNj; (d) Mn doped

GaN with Ga vacancy and (e) N vacancy were calculated, respectively.
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4 % W

AR FH 2 2 P vz eR S 1 Y THI % R
ATV, 856 GGA+U, TR T RB R GaN
. =FORFEAE 5 AL Mn WS GaN, (Mn, Mg)
452k GaN UL B AF1E AL ERFE Mn 5 2% GaN [ 6E
WM BT EEE. feE OGS ER. FRR
B, Mo B8 5 RIEIRIE A MK, BRIERE
HEE A B =\ L EESR. ARG T
AL Mn X5 GaN {11 5 R, BE & W45 2% Mn-Mn
(R 38K, 7R R EREE A AT B T
B 15 2%t X, I HLBE 25 X35 4% Mn-Mn [ #5 f) 384
o, AFM 5 FM (S REE 2 AFE RGE IR/, 1X 3 2
& Mn 5 4% GaN 1 52 4 A8 BLAF F 2 — Pl F2 4E
R, F i SRRV R 551 1 A8 $ B IR AL =)
B 5 AR T A 1) A2 4 R SEEN, Mn-Mn (8] BR
()38 I SF 7533 ol 22 A ELAE P IR ek 5. B4 R
FH, (Mn, Mg) 348828 FEA BRIL B 355 44k &
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JE R A FL R B 8 E 0.6868 eV BT HEEL T — A
BEBRITIHT I, SER IS RE £E 1.25 eV BF I H BT 1K TR
WU, A AT A IX 3 R Mn #8275 9 oK AE 2 B
30 BT A 1R AR AR 2% J5 S R Y N BRI BT R
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Abstract

Developing GaN based dilute magnetic semiconductors by making use of the preparation techniques for GaN
materials, and combining the electrical and optical properties of existing GaN electronic devices with magnetic property
will enable various novel spintronic devices to be made. The key enabler for the wide application of dilute magnetic
semiconductors is room temperature ferromagnetism. Many research groups have reported numerous samples of GaN
based dilute magnetic semiconductors with distinctively different magnetic properties. It may be argued that no consensus
exists on the origin and control of ferromagnetism in these materials. There exists little work focusing on different doping
modes for double-Mn doped GaN, GaN co-doped with Mn and non magnetic elements, and Mn doped GaN with vacancy
defects, although such a doping method can significantly modify the electronic structures, magnetic and optical properties
of these materials. Therefore, it is meaningful to study the effects of these different doping techniques on the electronic
structure, magnetic and optical properties of Mn doped GaN so as to understand the magnetic exchange interaction in Mn
doped GaN and improve its physical properties. In the calculation in this paper, the generalized gradient approximation
(GGA+U) plane wave pseudopotential method under the framework of spin density functional theory is used. Models
for the geometric structures of undoped wurtzite GaN supercell, three different doping modes of double Mn doped GaN,
(Mn, Mg) co-doped GaN, and Mn-doped GaN with vacancy defects are constructed. The band structures, densities of
states, energies and optical properties of these models are analyzed. The results show that the Curie temperature of
the Mn doped GaN system can reach above room temperature. Compared with that of pure GaN, the volume of the
Mn doped GaN system increases slightly. It is also discovered that the total energy and formation energy of the doped
system increase with the Mn-Mn distance increasing, thereby lowering the stability of the system and making doping
more difficult. Analysis reveals that co-doping the GaN with (Mn, Mg) can neither effectively increase the total magnetic

moment of the doped system, nor improve the Curie temperature effect. The defects induced by Ga vacancies and N
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No. 11JK0912), Scientific Research Foundation of Xi’an University of Science and Technology, China (Grant No. 2010011),
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Defense Advance Research Foundation, China (Grant No. 9140A08040410DZ106), and the Basic Research Program of
Ministry of Education, China (Grant No. JY10000925005).
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vacancies in the doped system hinder the stable ferromagnetic coupling from forming. In addition, the incorporation of
Mn ions forms the spin polarized impurity band near the Fermi level. Due to the transitions between different electronic
states in the spin polarized impurity band, the peak around 0.6868 €V in the imaginary part of the dielectric function
and the peak near 1.25 €V in the optical absorption spectrum appear, respectively. This work offers a new insight into
the understanding of the magnetic mechanisms and optical properties of Mn doped GaN, and will be conducible to

improving its physical properties.

Keywords: gallium nitride, first-principles, electronic structure, magnetic and optical properties

PACS: 75.50.Pp, 71.15.Mb, 71.20.-b, 78.20.Ci DOI: 10.7498/aps.65.197501

197501-12


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.197501

	1引 言
	2模型构建和计算方法
	2.1 模型构建
	Fig 1

	2.2 计算方法

	3结果与讨论
	3.1 体系结构和稳定性分析
	Table 1
	Table 2

	3.2 能带结构和态密度分析
	Fig 2
	Fig 3
	Fig 4

	3.3 磁性分析
	Table 3

	3.4 光学特性
	3.4.1 复介电函数
	Fig 5
	3.4.2 吸收光谱
	Fig 6


	4结 论
	References
	Abstract

