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Fig. 1. (a) InN supercell and schematic structure of Mn double-doped InN; (b) configuration I; (c) configuration II;

(d) configuration III (the blue, gray, purple spheres represent N, In and Mn atoms, respectively).
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Table 1. The lattice parameters and volume of the

pure and Mn doped InN after geometry optimized.

a, b, ¢/nm a, b, ¢/nm
KA V/nm3
AL SCHiR [17]
InN 0.3508 0.5651 0.3533 0.5693 1.0843
IngaMn2tNsg 0.3510 0.5654  — — 1.0861
InzaMn3 N3 0.3506 0.5646  — —  1.0816

SCHR [10, 18, 19] i, 24 Mn 4% LR E Y
InN, GaN HiBREE 010 at.% 2 Wi, 5544k
RN S5, A Mn 54 InN, 52414
N 2.78 at.%, LB IE REM AR AR,
RS BR E ) InN LT BT 45 K 1R BER X B AR TIE
T Mn $44 InN 5 45 BT 54
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F45 2 M 5 FEFE I BRI 2 —. A T U M
20 InN P& 2 R0 8 VEFN 35 A HE ) FEBE 1R, 1F B
TR F AL Mn2t/3+ 4y 93 5145 24 InN
I pRE, Feak sl RO

E¢ =E(doped_InN) — E(InN) — nE(doped)
+ mE(In) + ZEN (Ng), (1)
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E(InN) & 5% 20k KA FE /DA S 2= InN #E
1 RS fER, E(doped) Al E(In) 43 5] /& Mn A1 In £
o (RS &R aEr RN EFRaEE, Exn(Ng)
& No 2 FH A N EF IR, n2B 4 Mo i1
FIAEL, m R e In JR PO, [ REHHRN
JRF N R RS BEE AT BE BT 45 SR8 T
F 2.

&2 LA H, Mn?t B NG =M AFRAEF
7 B AR F TR BCRE 70 0 9 —3.9691, —3.5275,
—3.7546 eV, Mn3+ 5 N\ J5 T i BE 73 Il D —4.5448,
—4.2059, —4.3674 eV, B3R AERR/N, T AR (1) 45
AT BAMAE Y. HHEERRY, Mn2t/3+
WA 30 & AL Indt 55 707K R AT R8TV i fe e 1
ZER, 5OCHR (8, 10, 18, 21 IRIE G RAR A, |
LB 1, 5 Mn?t 24 InN A1 LU R, Mn3t 5 2% InN
TE R RE AR, S5 R E.

£2 ARRAZEEAER G Mn2t/3+ 4 51524 InN )R BRI LA
Table 2. Total energies and formation energies for different systems of Mn2+/3+ doped InN.

IngsMn2+Nsg
ﬁﬂ‘d

InzsMn3+N3g

54

ST SR T1

S5 111 g1 gk 11

G54 111

E(doped_InN)/eV —63976.9377 —63976.4961 —63976.7232

E(InN))/eV ~ —65792.1453 —65792.1453 —65792.1453
E(doped) /eV —650.6855  —650.6855
E(In)/eV —1560.2739  —1560.2739 —1560.2739
Et/eV —3.9691 —3.5275

—650.6855

—3.7546

—63977.5134 —63977.1745 —63977.3359
—65792.1453 —65792.1453 —65792.1453
—650.6855 —650.6855 —650.6855
—1560.2739 —1560.2739 —1560.2739
—4.5448

—4.2059 —4.3674

087501-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 F W)

Acta Phys. Sin.

Vol. 67, No. 8 (2018) 087501

3.2 BEHLEMFITSEE DR

FUH AT AL AL G 1 AR 25 A H B T R 4B 2%
InN K& Mn?*/3+ 4y 25 43 511 #5 2 InN [ R 75 45 #4 A
AEE. E2() hInNFIREW AW E. InN MR
FR) s B I, ERAR AT SCRR R A Ay LT RN 0.6—
0.9 eV 22 A2 S i i A2 11 1.9 eV, A 1)
T 23 BTN N A B 1 InN o AE 7R TR 1) B B BE 2]
Jitig ), InN ) BCIE AT BRI 7E 1.25—1.30 eV 2,

J@
\
o) O
>
)
~
%
§ -5
= —
—10
_15 ———
G F Q Z G
6F (c) s(up)
s(down)
T4t ——p(up)
?v ——p(down)
S ol ——d(up)
§ ——d(down)
g =0 —~——
g
wn _9ol
3 2
a
—al
—6t
1 1 1 1 1
—15 —10 -5 0
Energy/eV

AR GGA+U (7737w BB IE, TSIy
BEZIAN Ey = 1.242 eV. B2 (b)—(d) #5HH 7 InN
PR EEMrESEE, NEH LA, InN
AR E RN 25 8 In 0 4d 78 S /b & In
5s5p A A1 N [ 2p & DTRR ), A 405 3 22 In (1) 4d
AN 252p 25 K /b1 In 1 5s5p A TR, _EA A
B N 2p & In 1) 5s5p A5 /b B In Y 4d 251
N ) 2s S TTHAA. 4T InN (-S4 804y, F Bk
PET In B 5s5p 21 N H 252p 75 H 5T R,

200 - (b) s(up)
150 I s(down)
-0 —p(up)
=~ 100 ——p(down)
et ——d(up)
'; 50 ——d(down)
E 0 — N\
8 L
3 50
8 L
A —100 I
—150
—200
1 1 1
-5 0 5
Energy/eV

DOS/electronic-eV—1!

1 1 1
—15 —10 -5 0 5
Energy/eV

B2 InN@REHEMMSERER  (a) REFSHE, (b) InN BEEE; (c) In MEAEE; (d) N S S%EE
Fig. 2. (a) Energy band structure of InN; (b) total density-of-states DOS for InNj; (c) partial DOS for In; (d) partial

DOS for N.
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Fig. 3. Energy band structure of Mn?T ions doped InN: (a) Spin up; (b) spin down and DOS curves for Mn-doped
InN; (c) total DOS for Mn-doped InN; (d) partial DOS for In; (e) partial DOS for N nearest neighbor to Mn;

(f) partial DOS for Mn.
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Fig. 4. Energy band structure of Mn31 ions doped InN: (a) Spin up; (b) spin down and DOS curves for Mn-doped InN; (c) total
DOS for Mn-doped InN; (d) partial DOS for In; (e) partial DOS for N nearest neighbor to Mn; (f) partial DOS for Mn.
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#3  ARZTAF AL Mn2+/3+F 259514525 InN () AFM 1 FM SR8 SRS E 2 Z M8 RE

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

systems of Mn2+/3+ doped InN.

] IngaMn3tNag IngsMn3*Nsg
KA
HiT S 11 Eif) TIT Hit T it 1T S 111
Epv/eV —63976.9377  —63976.4961  —63976.7232 —63977.5134  —63977.1745  —63977.3359
Earpm/eV  —63977.2310  —63977.1741  —63977.2835 —63977.2525  —63977.1692  —63977.2738
AE/meV —146.65 —339.0 —280.15 130.45 2.65 31.06
SRR p — — 8.0 8.0 8.0

HH - 35 3 3 ALL BT 45t DMSs 1) J& BLIR B (Tc)
ARy 2
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Hor kg NIBURE S H L, To 2155 DMSs 1 /&
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BB AN R T, Mn?t B RERNEY)
INFIEE kT (30 meV) P71 = FhAS [F] 25 (6] 45 7
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Abstract

InN, as an important III-nitride, has high electron mobility and low electron effective mass, so it has a wide range
of applications in optoelectronic devices, high-frequency high-speed devices, and high-power microwave devices. The III-
nitrides based dilute magnetic semiconductors (DMSs) can be developed by leveraging the existing fabrication technology
for III-nitride semiconductor electronic devices, leading to novel semiconductor spintronic devices with a multiplicity of
electrical, optical, and magnetic properties. It has been reported that room temperature ferromagnetism exists in InN
nanostructures and thin films as well as InN-based DMSs systems. However, the origin mechanism and the formation
mechanism of ferromagnetism in these materials have not been fully understood. In III-V compound semiconductors,
the transition element Mn ions exist mostly in the form of Mn?* valences while it is also possible for them to emerge in
Mn3" valence states under certain conditions. Although Mn?' and Mn®*t valance states affect the physical properties
of the doped semiconductor differently, there lacks in-depth understanding of such different effects resulting from Mn
doping in InN.

Under the framework of the density functional theory, in this paper we adopt the generalized gradient approximation
(GGA+U) plane wave pseudopotential method to calculate the electronic structure, energy and optical properties of
undoped InN and InN doped with three different orderly placeholders of Mn?* or Mn3" after geometry optimization.
The conducted analysis shows that the system exhibits lower total and formation energies, and improved stability after
Mn doping. Manganese doping introduces a spin-polarized impurity band near the Fermi level, and as a result the doped

material system has obvious spin polarization. Doping with different valences of Mn ions lead to varying effects on the
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electronic structure and magnetic property of the material system. The analyses of electronic structure and magnetic
property show that both the p-d exchange mechanism and the double exchange mechanism play important roles in
the magnetic exchange of the doped system, and Mn3" doping helps to push the Curie temperature above the room
temperature. Comparing with the pure InN, the value of the static dielectric function of the doped system increases
significantly. The present analysis concludes that the imaginary part of the dielectric function and the absorption
spectrum of the doped system presents strong new peaks in the low-energy region due to the electronic transition
associated with the spin-polarized impurity band near the Fermi level. Broadly, this work sheds new light on the
microscopic mechanism for the magnetic ordering of III-nitride based DMSs, and lays a foundation for developing the

novel III-nitride based DMSs and devices.

Keywords: Mn-doped InN, different valences, electronic structure, optical properties
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