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M R SR GalN (1 S 56 0 i (24 B A
Ba=b=3189A, c=5.185 A, c/a = 1.626, TN
(B LG BRAR 7N A 3 HEAR S5 R0 BT 1) 1.633 ZEBG /),

M1 (WFE M) GaN:Gd [ 6 8 & B AL, #%
B FREGall 7, WO FRENET, ¢
P REFGIH 7, L ERELGas i, BENAKXRN
A (a) Ga14GdVgyaNig; (b) Ga1zGdVgaaNis;
(c) Ga15GdVNN1s; (d) GaisGdVneNig

Fig. 1. (color online) Defect supercell models
of GaN:Gd.
Gd atoms, red for Ga vacancy, yellow for N va-
(a) Ga14GdV@aNig; (b) Ga 13GdV@azNie;
(¢) Ga15GdVNN15; (d) GaisGdVN2Ni4.

Brown for Ga atoms, green for

cancy:

(TR E) GagoGdVaasNae I7VFHBRIE ST & AR

Fig. 2. (color online) Six types of defects complex models of Ga3zoGdV ga5Ns6.
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3 (MTIRA) PR B AR BR GagsGdV gaeNss-X, Hf X A Ga =M 2 MK E (A)

(a) X =

3.189 A; (b) X =7.993 A; (c) X =10.371 A; (d) X =16.527 A
Fig. 3. (color online) Defect complex models of GagsGdVg,aNse-X, where X is the distance between two Ga
vacancies (A): (a) X =3.189 A; (b) X =7.993 A; (¢c) X =10.371 A; (d) X =16.527 A.
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H1 Oshiyama ') FIERSAIF FEAH— 2, AT TN A5 4%
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FGd 5 GaZ LI E AR &, Eabhit
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#1 3R2ANETFHRIEE SR UL S 1 &g S50
Table 1. Lattice parameters and magnetic moments of

defect complex systems containing 32 atoms.

i a/A c¢/A  c/a mga/us miot/pB

GaN 3.211 5.238 1.631 — —
Ga15GdN1g 3.282 5.737 1.748  7.173 7.050
Ga14GdVgaNie 3.292 5.383 1.635 7.171 9.110
Ga13GdVga2N1s 3.287 5.345 1.626  7.309 11.340
Ga;5GdVNNi5  3.270 5.324 1.638 7.164 7.119
Gai;5GdVNeN1s 3.267 5.276 1.615  7.191 7.301

M 1T H R I A Ga 728 A7 I Gd 5 5 A
SR — A Ga A Frigin. oy 7R Ga
AL B X G T BEAE IR, A SCRL5 A Ga
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AN (KL 2), BEFE T Ga 2= A B 5 A A A i
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Gd J5 T W48 i K, 24 Ga 2 hr fr B 5 4y Bt
(GazoGdVgasNse-(d)), Gd J& T WL /. {HAZ,
Y Ga AL AN B B Ga 2307 5] N FIRESE
R, N10.93 ug, M2 T Ga Bk N+
I 5] NBEFE /DS, 99.683 pup. HIMLHENT, GaN:Gd
HK I Gd JRTREF P BE R Ga A5, 1A
ARINSHEAERR 75 Gd i PR RAMB 5 &
HAE A N R P30 %, B Thiess %5 PO {30 &
H R TR (1.

BeAh, ASCilt— B B T AR A A B
[ Ga 25 0L T 1K £ GassGdVaaaNse-X [ iS5
A, Horp X ARER A Ga S ALEE S, B 3.189,
7.993, 10.372, 16.527 A, &5 KRB, R B 41k R
() AR S B AR AR AR LA K, IR 3 FTAI. 4
A Ga AL B HGL N, Gd R PRI KH Ga %
BB NBEFEAE (myoy — maa) B/ 24 Ga 25 678

BEGER, Gd JR T HAEBME Ga AL 51 NHEFEE
BK X8 RER2MGEREAL I, 2
Ga AL 7041 el Gd BB R T REFEAZ KR, 5
[ I A Ga 25 (0 5T NBEFEAEAZ /IS, PRI, 8251k &
H Gd JE B8R RN i I SR R /N S Ga 3 A 1 Az
BARKKKEAE.

2 GazoGdVgasNse-y BEE &R T Gd BT R
Rt M SR oy o O ] 2 A A

Table 2. The Gd atomic magnetic moment and to-
tal magnetic moment in GazoGdVgas5N36-y, with y

corresponding to the model in Fig. 2.

2 mad/KB Mtot /B
GazoCGdVgasNse-(a) 8.096 17.178
GagoGdV gasNse-(b) 8.258 17.428
Gas0GdVgasNss-(c) 11.483 21.110
GazoGdVgasNas-(d) 7.815 18.744
GazoGdVgasNss-(e) 8.111 18.742
Gas0GdVgasNss-(f) 8.209 18.899

%3 GazzGdVgapNae-X HEE AR GEHESERBIEN, X REWN Ga ZAIMES (A)

Table 3. Lattice parameters and magnetic moments in GazgzGdV a2 Nag-X, with X representing the distance

between two Ga vacancies (A).

A2 F a/A b/A c/A mad/uB Mtot/ LB Mtot — MGd/UB
Gasz3GdVg,2N36-3.189 6.561 9.766 15.827 7.556 11.618 4.062
Gazz3GdVgaaN36-7.993 6.530 9.809 15.933 7.235 11.312 4.077
Gaz3zGdVga2N36-10.371 6.546 9.831 15.944 7.186 11.279 4.093
Gaz3zGdVgaoN36-16.527 6.547 9.826 15.945 7.176 11.289 4.113

3.2 GhpEE AR AL BB, paa M ugq 73 A91RIR Ga J& 7 F1 Gd J& 51
R, nea Ton 2Bk Ga J7 T4

AT BRI 3R T Ga Sl Fe AbF A R B A
Gd Ji 1 HFH s B ) A7 . SIS AR X o
Ga ZE AL AL E, T EE e b AT GE I8 I T 5 A [F) e
F) TE B RE B 45 2% 1 N 25 7 AR LA FH R )
JE R E G R RTE I S AR, R ARZES 59
T E 2 FNE 3 Rk SRR A TR AL Gd
JEF I RS AE G (Gd) F1 Gd 45 4% F 2547 B ik
B8 AEqa(d). R REE LR 7.

He &
AEq4(Gd) = Egatd — Ea + pca — pad,
AFEca(d) = Egd+d — Eca + ncaliGa,
VPN

H, Egapa B BEE S AR SRR,
1E XA BALBRBE TR A Gd B85 00T S RER,
Ega RonERAT Gd B2 AT S LB EE S DL R

(1)
(2)
Eq &R

F4 B2 PEEESHER S Gd EFEHRE AEq(Gd)
MR HRE AEGa(d)

Table 4. Formation energy AEy (Gd) of Gd atom and
formation energy AEgq(d) of Ga vacancy in Fig. 2.

FFR AFE4(Gd)/eV  AEgq(d)/eV
GazoGdVgasNas-(a) —0.081 38.874
GazoGdVgasNas-(b) 0.287 39.312
GazoGdVgasNse-(c) —16.545 22.448
GazoGdVgasNas-(d) 1.163 40.448
GazoGdVgasNss-(e) —0.310 39.019
GazoGdVgasNse-(f) —0.043 39.493
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x5 E3PHMEESEREE T Gd PR AE(Gd)
MY e AEGa(d)

Table 5. Formation energy AFEq(Gd) of Gd atom and
formation energy AFEgq4(d) of Ga vacancy in Fig. 3.

BN AFE4(Gd)/eV AEgq(d)/eV
Ga33GdVgaoNse-3.189 —3.090 14.214
Ga33GdVgaoNse-7.993 —3.289 16.527

Ga33GdVgasNse-10.371 —3.116 14.087
Ga33GdVgasN3e-16.527 —2.080 14.174

MFE AT LLE i, ST Ga AL s b 5 &
& & H GagoGdVgasNse-(c) ' Gd i T [ T2 1 BE
AE4(Gd) H1 Ga ALK g AEca(d) #ARAK,
Y IX T ER B 45 MO RS E . AR, 5 AEAAE BB
K Z T B GAd R THILL, £ CdR F5 44k &
FIN Ga 2L B HMEAF 22, [R) IS Fh 1 T A 425 SR R,
GagoGdVgasNse-(c) 4t 1 Gd JR FRHEF R, X
— &5 5 Thiess 55 PO BTl 5 1) Ga 25 b 1 % 43 A7
g K e 8 I B Ga S AL B 7R T RE 2 5 30 Gd WESE

ORI G RART &, IR 5 20 M R ILAN[R] R 8 3 it
(RTE BRE DR AN AR K. S b Ga AL 73 A 7E Gd
JEF BRI IR B RE AR, Bl A2 1t Ga 22 7 2 12 46T
A T HBE S 2R IR T Gd BHE.

3.3 BTFSEENH

Bl 4 RH Gd i T 428 Gd JE 15 Ga sk
N MR B2 GaN R RIIEE LR, N T
SRR T HIAEEHRSH T GasGdNyg
A Ga14GAVaNig 170 245 % FE B B 90 KN,
% 7= Gd J5 1) GaN fg 7 i B AH LG 4l 1§ GaN (1) 48
ANDOL S B 20 1.47 V. M43 ik 25 25 1 P T b
FH, M EERE N K 2p 5 Gd 19 5d H 5
Galfy4s 5 4p HFIITTER, 07l JE P I 1) SR IS 25
FERE T Gd By 4f BT TTHk, 370 35 0 M RE S
FE R E N 2p BT Galf) 4s f4p H 1. Gd 1)
5d FH Af B B TR
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Fig. 4. (color online) Density of states of defect complex GaN:Gd (see Fig. 1).
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(color online) Density of states for GaN:Gd with six types of Ga vacancies (see Fig. 2).
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FiAk, WA FEE AT T A, Gags GANy6 745 &
IREFE EE R A G JR 7 A B 7 i) ek, o 1Bk
A GdJE T XA Ga B AL Ik & GajaGdVgaNyg Al
Ga14GdVgasNig, Ga Z5ALF I 1) N-2p B 7774 H
FER AL, MITIAE A BB )R U (1 25y o I AR T
BEZR, 7R & 51 NBLHE, JF BB E Ga 2547 I35,
AP AR RE AR Bl NRBEBIEIN. X
N %5 £ 4k & Ga;5GdVNN5 fl GajsGdVne Ny, N
LA AE A AR AR R R AR RE 7 R A2 3, (R LT
AFINHEFE. BeAk, o] LUE B 4b T N B S 3
Gd ) 4f HLFREG ™ A 34, 72 DA N R ) DY T
ik, GAfREETEEIN —6.9——6.8 eV Al
—6.59——6.45 ¢V, fE B ZLE N 0.21 eV; 7=
AN R df 3% RE VG Y —9.019——8.88 eV
Al —8.8——8.66 eV, AEREIHFH 4 0.08 eV; fEHN
()& 3% e VS LN —9.49——9.36 eV fll —9.27—
—9.13 eV, AR [HFH4 0.09 eV.

K586 R A E Ga B ik & (K2) B &%
FEFI oy P A . AR LT AT — N A Ga AL
IS, M 54 Ga ZSALAFELERT, 7 B P 1) 44 5T B
WMABFE L, GdJR T I 4Af BT R 5 1 X 8
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Abstract

In recent years, GaN doped with Gd (GaN:Gd) has attracted much attention due to its potential applications
in spintronic devices since the high temperature ferromagnetism and the colossal magnetic moment were observed in
GaN:Gd. However, the microscopic nature of ferromagnetism in GaN:Gd still is controversial. We investigate the crystal
parameters, magnetic moment, formation energies, and electronic structures of the defect complexes formed by Gd and
native Ga (or N) vacancies in GaN by using the first-principles method based on the density functional theory. The
calculated results show that the energy band gap of GaN:Gd becomes indirect and its width becomes small compared
with that of GaN. The lattice constants of GaN:Gd expand due to the larger ionic radius of Gd than that of Ga atom,
while they shrink when the Gd atom and Ga vacancies coexist. In the case of the isolated Gd dopant, the Gd-4f electrons
lead to a magnetic moment of about 7 ug in GaN:Gd. For the defect complex, one Ga vacancy can introduce a magnetic
moment of about 2 ug, while N vacancy has little effect on the total magnetic moment. In addition, when we focus on
the defect complex composed of Gd and five neighboring Ga vacancies, we find that the magnetic moment of per Gd
atom and the total magnetic moment depend strongly on the concentration and position of Ga vacancies. When the
Ga vacancies are distributed loosely near the Gd atom, the magnetic moment of Gd atom increases slightly, while for
the closely-distributed Ga vacancies the Gd magnetic moment can be increased by 2 pug. We infer that the interactions
among Ga vacancies result in the large magnetic moment of Gd atom. It is also found that the formation energy is very
small when the Ga vacancies are distributed thickly around the Gd atom in GaN:Gd. Our results are in qualitative
agreement with the results from other studies (Thiess A, et al. 2012 Phys. Rev. B 86 180401; Thiess A et al. 2015 Phys.
Rev. B 92 104418), where Ga vacancies were proposed to tend to cluster in GaN:Gd and induce the large magnetic
moment of Gd. Moreover, the effect of distance between the Gd atom and Ga vacancies on the Gd magnetic moment
is also discussed. It is found that the Gd magnetic moment is relatively large when Ga vacancies are close to the Gd

atoms.

Keywords: GaN, rear-earth doping, electronic structure, magnetism
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