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SCE B F] CriB 4t GaN 1y T it 900 K.
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i To MERRETE, ARG U 4 i T8 24 AR 4k
RS WG 55 R 5 R R S5 AR T 52 Y
(7] R PRI 22230, QO kg ik 2420 g B, SRk
5 [n) B DAL T AT G, AR gl 4R A
TRV T A 3d 3K 4f BLIE P9 i T
A0 RGP IB 2 IR B AR SR AR R MY, I
WEPERUE T8 445 R A T (b 2s 7T B30 s
TIE S [ JIT s 4 ) A Fic X6t vl 1331 iy LA RS2 T
BT R e A 5 2 e B A AR 4 X 2 L
s B3R, Hou 58 B9 R B S — M R 5%
T AVBZE X ZnO BEMERGS2IR. Huang 45 B0
S S IR ASS AT T Al 2% 6H-SiC 1Y
WE . A° mE M AN B AE HE b o AR wE P R A B
PERIF S TR AL, [5]it kil A5 i 2 Ak
MERHEEE T — 8 R,
N T — L FRIEE T &R, W3R
A BBk R PR TR LB A SCOR FH T 4% B 37 R
(density functional theory, DFT) f9 &5 — 4 Ji
77 %4 8 (Li, Na, K Fil Rb) Flf -4 )& (Be,
Mg il Sr) LA FIJC R B4 4k GaN HZ{K
RGBT BETEHEAT T RS, RIS
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A SCHY IF 5 TAE R A Vienna ab-initio
simulation package (VASP) 8441 B7=3 5¢ A, 11
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approximation, GGA) [ Perdew-Burke-Ernzerhof
(PBE) ¥Z B UAL B] L 7524 15 0GR RE 12, 1
A @A E R T e A Ol 1) = s [T
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Fig. 1. Geometry of alkali and alkali-earth metals doped GaN monolayer: (a) Top view; (b) side view.

237303-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 23 (2019) 237303

INT AR S5 B0 B 1.940 ABSL S 3
T4k GaN BAZGE i sp? Ak s, T Ak A o
Lt sp® 5. IrLAAH EEARSE#E, —4E GaN HZ K

2N

3 R EITR
3.1 HBLEREMTEEESH

R, 2 L M R FARE SR (L,
Na, K 1 Rb) Filig+4:J& (Be, Mg il Sr) JiLF. 4N
Kl 1(a) FiR, FRIEN 3 1) Ga T #— M i1
B, B e T e RoE L 254, ASCRA T
PR B2 1) M BT T GaN B2 1i
P, 388 Py 2) MEFESGFERS, & T GaN #2
T, 12K Poy. X Py, B2, S5 B4
SR AEAR I 7 el AR RN 23 A AR ARk, 2 142
ZRIEFAIRAL T GaN BN, it 4511k,

B Be JE T A4h, HA P, BRI M R
BRI 5] GaN B2 P, R, X E sk oA
A BE R HKT RPN BB 24 S5 AR e M. R 1
I T Py, Al Py X 9 Rl 48 24 855 X 1 BB it 22
AE = Ey — Egu, HIITRER AT LIAIWT, Be i+
B2 Py, B INARE, AR M R FB44
J& Py NS . I, 5T TRk
F# ARE B 2ui.

WL AR T M R TF#54% GaN HJZ
B LA 25 R RS A RRAIE. 3% 1 80t T 4541k
ZJEH M—N #0508 1.972, 2.305, 2.657, 2.796,
1.679, 1.957 fi1 2.382 A. BZ4JE T3 GaN iy
BE B 4% W 1.127, 1.874, 2.482, 2.675, 0.000,
0.766 F12.031 A. it £l 7T LAE H, XF TRl —1i%
JLER, MR BRI, MN #K A
LR ISR AR FR AR . X AR A T 57 (1]
PR ), B2 R G HE R AR

#£1 WM BIREANGEEZE AR, MJETE GaN 2R Ad, 1b/E M—N #K dy n, KREEREE B, =1

FRIEAR N ST RERE My RV R S BERE Mo

Table 1.  Energy difference AE , distance from the doped atom to the GaN monolayer Ad , optimized M—N bond length

dyr N, formation energy of doped system Fgoy, , magnetic moment of the nearest three N atoms around the doped atom My

and total magnetic moment of doped system Mot .

Metals AE JeV Ad /A dy n/A . B (3 . Mn/ps Mot/ 118
Ga-rich N-rich
Li 0.295 1.127 1.972 3.522 3.303 0.543 2
Na 1.202 1.874 2.305 4.224 4.005 0.521 2
K 2.436 2.482 2.657 3.734 3.515 0.531 2
Rb 3.076 2.675 2.796 3.370 3.151 0.525 2
Be 0.000 0.000 1.679 0.582 0.363 0.218 1
Mg 0.089 0.766 1.957 3.821 3.602 0.198 1
Sr 1.956 2.031 2.382 1.324 1.105 0.239 1

R T ARMES R, ASGHAE T M A
T1B4% GaN HZ Y KEE Meom , T4 HE
nvpv, (1)
K, Eganm Ml Egan 739000 M R F B 4214k R Ak
B4 GaN HLZ M AGEE, nv Ml ng. AR ~B 4R
R B0 M RN Ga 714
B o A puga 7090 R M B 2% 1 DL M Ga JiiF
2R3 T2 RO T AR S5, AR AT g
TEH N(N-rich) fil'sE Ga(Ga-rich) Z [0 &A1k,
TEE GaskMET, ue BUEN Ga & @ ik rh—A4~
Ga J& FRIEEASEE, MHE N &M W pea 7T LAF]
T 22 A5 5 T RIS 3 pga—N = pGa + 1N

Eform = Egan-m — Egan + NGalica —

Rk pgan ATHE B GaN HZ ERETF-H 5] 4
—Xf Ga-N BYRESE, T oy T THE Y Ny SRS 15
R — . B B e TR 25 SR #0835 1, XF
A%, 7EE N & T, M RT3 GaN )2
AT IS 2 S2 8K, 1 H. Be #1 St AH He T HA R 1
EiE? >3

3.2 BRERMMMBERTEESN

KT B AR R, AR SCIHE T 7R
M JEF 4848 GaN L2 R (1) S0 i M R+
3 AMRAE AR N JRF B RSk, TR RT3 1,
Horp g 4 A - 4 8 R T 18 4 IR R G 4353
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7T B IR R B AR T B ARG AR N R TR
B5 03 W A 0.543up, 0.521up, 0.531ug, 0.525up,
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M € H g 23 BE 40 A 1T LA T ff 4B 2R R g .
M 2 FTLIE ), B2 R S 2 B a5
T AR 34 N BRIk, 8 5 v o 43 g

e N5l A ek, (HB2R 7 A M ET L
FXHB IR AR AR BB B AR TTER. 3R 1 N R
TREFEFNE 2 7 14 11 T P 7y 2 B A 14 S B —
AR BLG, BI i Py 5 JBE AT A7 A Jry Sl
TP JEE. B 5, BB R Y RH Sy A e R
HEEPTEB AT RITRHY 34 N T b,
BRI ZR I Y TR A 5 25 PR i A TE 2
XRh R SRR . K, BR T B2 R R Al
9 34> N7 RIAh, B R P RIR R N T b
JUF-EIA FRE R fr 8 BE A1, RV AL, (HA
YRR 7R S TR R = A R
PEREG AT REEAKEE RN i 2R 0 i Y B e
AL A A e 15345491,

(a) G\I’D\?'QV'“\‘? ) \I’QY,QYD,‘,‘? () cru \,,av \?’,e\? I v .V,o\?
\I,.O,Yca.{;‘-{.b Io, 9.:?:'/';&\’ .Y.O.T. Y_.o. Y.a‘,;i.cq\’
b B ol & T e g N - QLA ol B
1 PP Ry v 'y
oo &'V"&"‘r'ﬁ“ﬁf‘é' o o " "™
(e) o\z,_a.\g,o.\?,o\z (f) a\z, _\?,a\z,.(a\z
Iyl Y'Y 8y
Yo'ty LA D
N ) o e e

R
2 JETFABI GaN B Y E AT B 4 A, SR E I R 0.004 eV/A  (a) Li#B44; (b) Na 844 (¢) K#54%; (d) Rb#52%;

(e) Be $52%; (f) Mg #7%; (g) Sr 52

Fig. 2. Spin charge density distributions of single atom doped GaN monolayer, isosurface is 0.004 eV /A: (a) Li doping; (b) Na doping;
(c) K doping; (d) Rb doping; (e) Be doping; (f) Mg doping; (g) Sr doping.
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T TR A BRI 2 iy A e
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T TMBRERN DS E (density of states,
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T 1 4 8 R T B4R R DOS ) B g F &%t
TR, BRAREIE SN, WK 3 ik
B, TEZOKBELL ML DOS #f 2 N i1 5iik,

ZREF LA DTk, ISIE T 0T E 2 FHHR 4SS,
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Bl 4(b)—(h) Brn F ORI EB R TS A
SRS HBIMERRGIA T Z R, 2 ERegub
ghih, B 2R R LEARB 4 Z H R Bl
/N, RIRIXAE AR 235 M A RE B A | LA TR
2EEPE. AR 4(b)—(h) el LIS RE LA B, 3% &
REZIS O IAE A e B, Hh B 4(b)—(e)
WoR, fE BER FHEFEY, Z ERRPIFEA Faid
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(g) Mg #87%; (h) Sr &%

Fig. 3. Spin resolved total DOS and PDOS of GaN monolayer doped single-atom: (a) Pristine; (b) Li doping; (c) Na doping; (d) K
doping; (e) Rb doping; (f) Be doping; (g) Mg doping; (h) Sr doping.
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Energy/eV
Energy/eV

Energy/eV
Energy/eV

Energy/eV
Energy/eV

Energy/eV
Energy/eV

B 4 HETFBAR GaN 2B 450, P ESaanREAKEM LS5m T (a) £B2; (b) LiBd; () NaBd; (d) K$#
Z%; (e) Rb $87%; () Be $B87%; (g) Mg #87%; (h) Sr#52¢

Fig. 4. Band structures for single atom doped GaN monolayer, the blue and the red respectively represent the spin up and the spin
down: (a) Pristine; (b) Li doping; (¢) Na doping; (d) K doping; (e) Rb doping; (f) Be doping; (g) Mg doping; (h) Sr doping.

N BT Dy M HEEH. 4T Be LISMUFT
4 SZ{K 2 I 3h

34 BRERUIENRS BRI R, B TR T GaN 20, S50

XET Be P BAIKR, BRETFAT GaN L FAIEAS N B0 P, W 5(a)

BRI, LL Be BT b0 5 JE F AR 3 4 LhMCHy =ML KR, N RTS8 B R T ILT-
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(b)

B 5 (a) BAETFRAES N TR RS I E AR ; (b) Li, Be B4R Fhcii 48 N R F R 2N i F B m 2 A

Fig. 5. (a) Top and side views of a local structure centered on the nearest neighboring N atom of the doped atom; (b) schematic

diagram of the energy-level splitting and electron filling of the nearest N atom of the Li, Be-doped atom.
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Fig. 6. The p-orbital DOSs of the nearest neighbor N atom of doped atom: (a) Pristine; (b) Li doping; (c) Na doping; (d) K doping;
(e) Rb doping; (f) Be doping; (g) Mg doping; (h) Sr doping.
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Be MU FB42LASE, HA P, BAAEAI M 5
FIREF] GaN FBZF I, ISR 55 M 5
THB A GaN HZ 3 Z5RALE P M R+
(IR dy—w « 4 FIAA RIS AR T RS AE BE Ers  TTEHY
AEE 22 AFE = Expm — Epm « KR BREFE Mo, S H0GTE
ORI T35 2. % 2 R4 E W Li, Na, K,
Rb, Be Fl Mg Ji 342 2 14 5 1 PU by 284 34 4y
RS, St R F X2k R Bk C3 #9712 AFM
PIAR, Hofl = Ak R34 o8 FM. Horp 35 250 I i 2,
Mg BAR R C2 MTILERGR AT h iR i &
() SR RERS & et S5 A Z 5 1 R G 728 SR

MG A, SUCERBIERR S AP 2 [ B
22, PrLARE R 22 fE /DN, ANBE T T4l 580 HL IR L
M 2 AEX R E BERT LA HY, BR Be Al St 5131
BAIEZR RIS C2 A1 C3 A4, R fIRLAAR,
RIET BRI N BT IEE R CL R e i,
W] C1 TR 2R T T~ AT REAF7E BT R R A 125451,
H T CL AR T B 1 LR B2 GaN HUZ A
HEA) Ga T HE R, XRIXGE AT I A
TS LY AT

SR FHE TP 24 37700 AL B8 18 T 2% R TR i
EEBIE R T,

#2 SRR T ERES dyow, 4 P RS FSE BE Frs , AFM 5 FM WRER 2 AE, BIRUER SREE
Mot , coupling AR M JEF4BH) GaN 4K A A R RER & 245

Table 2.

Distance between the two doped atoms after structural optimization dy—wm , relative stability of the four configur-

ations ERs, energy difference between AFM and FM AFE, total magnetic moment of doped system Mo, coupling is the

magnetic coupling of various configurations of double M atom doped GaN monolayer.

Metals Configurations dp—m /A Egs /eV AE /eV Mot/ B Coupling

C1(1,2) 3.315 0.000 0.313 4 FM

, 02 (1, 3) 5.663 0.318 0.049 4 FM
b C3 (1,4) 6.475 0.222 0.596 4 FM
C4 (1, 5) 11.215 0.222 0.034 4 FM

C1(1,2) 3.662 0.000 0.308 4 FM

C2 (1, 3) 5.706 0.329 0.033 4 FM

Na C3 (1,4) 6.475 0.216 0.481 4 FM
C4 (1, 5) 11.215 0.216 0.014 4 FM

C1(1,2) 4.147 0.000 0.318 4 FM

02 (1, 3) 5.789 0.276 0.032 4 FM

a C3 (1,4) 6.475 0.142 0.239 4 FM
C4 (1, 5) 11.215 0.142 0.022 4 FM

C1(1,2) 4.326 0.000 0.322 4 FM

C2 (1, 3) 5.842 0.272 0.096 4 FM

o C3 (1,4) 6.475 0.137 0.240 4 FM
C4 (1, 5) 11.215 0.137 0.019 4 FM

C1(1,2) 3.168 0.068 0.289 2 FM

C2 (1, 3) 5.507 0.000 0.000 2 FM

be C3 (1,4) 6.475 0.100 0.148 2 FM
C4 (1, 5) 11.215 0.100 0.119 2 FM

C1(1,2) 3.359 0.000 0.241 2 FM

C2 (1, 3) 5.651 0.035 -0.003 2 FM

Me C3 (1,4) 6.475 0.080 0.068 2 FM
C4 (1, 5) 11.215 0.079 0.168 2 FM

C1(1,2) 4.092 0.049 0.194 2 FM

C2 (1, 3) 5.868 0.124 0.076 2 FM

o C3 (1,4) 6.475 0.000 —-0.002 0 AFM
C4 (1, 5) 11.215 0.002 0.352 2 FM
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vkgTc/2 = (Earm — Erm) , (2)

W Y B IRAR R YE L, kg B IR 252 5 4 9,
A E AR B WA FM A& Na, K
Rb TR LAAE R CA ML T KT 300 K,
TE MR AAF T AR T BE 2 & A Wl A A 5 Ak o it
. BR Li 8241 C4 #5HIFI Na, K $B4=0 C2 f4H!
) To ¥IoA B TR A 370—400 K RLAh, HAx
FM BRI T B3t & T = . )R8 R AR
RUEEER T HSEhrr iR £, {H)2 Li M1 Na 8%
) C3 A RIRE I 2240 WA E] T 596 1 481 meV, 4l
WK B o 25 AR R B IR B2 48 4 B 7T L) St
itk IR R RE PR R, 18] 7(a) T (D)
Iy T Mg B4% C4 kBB 1 HE L i 25 B 14
Il Mg B F K HAT4S N JFEF (T &g 4 Bl bR i
4 1N, 2N, 3N) ) PDOS. 7£ Mg B2 C4 1
Al WA B2 R FRIBE R 11.215 A, AR I & iX
iz H U NENEE IR i e N S O[T IS e ey i e s
FEAIR VR BE T 45 2% 52 0 e MR AR G 1 1 O A . D]
7(b) AT LLE HY, Mg-2p 25 H BE M) LA T 2 X R

vy

(:))._W @O\:’Q\Z
% o

(b) — Mg 2p

(=)

PDOS/states-eV 1
7

1 \ \ \ \ \ \
-4 -3 -2 -1 0 1 2 3 4
Energy/eV

K7 (a) Mg 1844 CARIRIAY H e o fr 25 BE 43 A ¥, 5508
1IN 0.02 eV/A; (b) Mg $52% C4 #J B ff Mg-2p, IN-2p, 2N-
2p il 3N-2p ) PDOS

Fig. 7. (a) Spin charge density distribution of the Mg-doped
C4 configuration, the isosurface is 0.02 eV/A; (b) PDOS of
Mg-2p, IN-2p, 2N-2p and 3N-2p in the Mg-doped C4 con-
figuration.

F %A KRB, T = N T N-2p &7EH K
REAL Y KA A et ik HAA W B ES, R =
A N R F ZAAFTE p-p Z2 AR BAEH 18991 [R] R,
WA LA 40 N R F e AL AR #5R 20, B
FIL BB 5T, 2N-2p F1 3N-2p &% A e ik ik
RS, BOAE T b SO B R S v T R X
SRR ES T RS (Rl B A, e 2
JE 0% PR A 1R I YR B RIA S T B4 i
1) Jey R R 22 ) KRR R R A5 195481 DAL 7 () 1]
VB, 3RS R 1 A e AL 2S 7 CHE p-p A4
AAH AR B0 S BUAH R %) B e m], AT
T IRR KBRS WU, FBA5IA
25 Y S B AR R B 7 pp 2 b EAE
M) 2 FAH ] 1) AR Ak 7 1), AT AR TR R I K
PRGN .

4 % W

SR EE T B V7 eR BRAG 10 5 — R R P
EWFSE T4 8 (Li, Na, K #l Rb) FIig + 4 )&
(Be, Mg Fll Sr) 8 4% — 4k GaN 2 1) 45 f Fa
Pk BT A RRGETE. S5 R I, B Be JE T LISMY
BIRJFE AT GaN HRZF-1, i H 38 Y sGE
XTI R BUAE R N &M T 5 e e, 4 )m A
Bl 4 Jm B AR R I SR 3R 2us RN 1ug, 5
HABZR5| ARYZS 7B ARAT, SVRE R 322 2% o
FHESP N R ouik. BEw45taRM, 4 M4 )E
R P Ny v i B S NS LN T g K 2 S/ N
RENEEME. X TRM PB4 GaN U2k
R, TRITRE B IR R EE R BRGNS, 1M
KBRS 2 25 7 310 p-p A4 B AR
SEERRY. SR ARAD -4 RN R A T A
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Abstract

We systematically study the electronic structure and magnetic properties of alkali metals (Li, Na, K and
Rb) and alkaline earth metals (Be, Mg and Sr) doped two-dimensional GaN monolayers using the first-
principles calculations based on density functional theory. The results show that Be atom is located in the plane
of the GaN monolayer, and the other doped atoms reside slightly above the plane. It is found that doping is
easier to achieve under the N-rich condition. The total magnetic moment of the alkali metals doped system and
the alkaline earth metals doped system are 2up and lup, respectively, which are presented mainly by the spin-
polarized holes of the nearest N atoms of the impurity atoms. The band structures indicate that the four alkali
metal atoms doped systems are magnetic semiconductors, and the three alkaline earth metal doped systems are
all semi-metallic. For a double M-doped GaN monolayer system, there is a long-range ferromagnetic coupling in
the seven elements doped systems, which are realized by the hole-mediated p-p hybrid interaction. The
Heisenberg mean field model is used to estimate the Curie temperature. It is found that the long-range
ferromagnetic coupling states of Li, Be, Mg and Sr are existent at higher than room temperature, indicating
that the four atom-doped two-dimensional GaN monolayers are very good candidates for the room temperature
ferromagnetic candidate materials. The alkali metals and alkaline earth metals doped two-dimensional GaN

monolayers are expected to play an important role in the studying of spintronics.

Keywords: two-dimensional GaN monolayer, electronic structure, room temperature ferromagnetism, first-

principles
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