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FM) 5 k874 (antiferromagnetic, AFM) fg & %
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ANJEF, AT IR 2 x 2, 3x 3,4 x 4H15 x5
) AIN AR, THE A, —A 5d 7 B B e )
—MNAET. B35, 2x2,3%x3,4x4M5%x5
BB 45 290 FE AR K 12.5%, 5.556%, 3.125% All
2%. 125 H 5d J5E 1B AIN H AL LA 4544

() (d)

K1 (MTIRE) 5d JE 7 IR AIN 82 d ALE 5/ L
fIgEH  (a) 2 x 2 M (b) 3 x 3HBML; (c) 4 x 4,
(d) 5 x 5 AL BBk, I EERATE K B3 5 B AL
N #l 5d BT

Fig. 1. (color online) Geometric structures of 5d atoms
doped AIN monolayers: (a) 2 x 2 supercell; (b) 3 x 3
supercell; (c) 4 x 4 supercell; (d) 5 x 5 supercell; pink,
blue and powder blue balls stand for Al, N and 5d

atoms, respectively.
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1x 1074 eV, HJETZ71/MF0.02 eV/ A5 1R S
oAk, 75 F-F 45 RGP 1 o T 5 P B U SR o
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WERS - RS RE R ZE R, THE R R YK
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3 WEEXRSIT®

3.1 JLiA%EH

KB T USSP G 15 21 5d &8 TR
THBI2x2,3x3,4x4K5 x 5T 5d 73]
BITAR I N R 78K h.

%1 5d ETMEIEA N TR K h (A)

Table 1. Bond lengths between 5d atoms and the nearest neighbor N atoms h (A).

BRI Hf Ta W Re Os Ir Pt Au Hg
2 x 28 2.00 1.92 1.89 1.90 1.88 1.91 1.95 2.02 2.07
3 x 3 2.01 1.93 1.92 1.91 1.89 1.92 1.95 2.05 2.11
4 x 4 8 2.02 1.94 1.90 1.91 1.87 1.92 1.96 2.05 2.06
5 x 5t 2.01 1.94 1.89 1.91 1.89 1.92 1.97 2.05 2.13
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Fig. 2. (color online) Total density of states (DOS) of 5d atoms doped 2 x 2 supercells: (a) Hf; (b) Ta;
(c) W; (d) Re; (e) Os; (f) Ir;

(g) Pt; (h) Ay; (i) He.
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Fig. 3. (color online) Total DOS of 5d atoms doped 5 x 5 supercells: (a) Hf; (b) Ta; (c) W; (d) Re; (e) Os;

(f) Ir; (g) Pt; (h) Au; (i) Hg.
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R Myotal 103 2 B3
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SHAFEMBRERBHEARR. HR2ATUE
H: Ta, T #5422 x 2, 3 x 3,4 x4 15 x 5
AR 0; Pt, Aufl Hg 574 2 x 248 JB i &
WERE N 0; T Pt, AuFl Hg #5243 x 3,4 x 4,5 x5
FEMLET, A R P A2, b Pt A Heg #5828 1 S
TR T up, AuB RIS N2 up, Auts it
PRREAE XN R R B REAE B R E. Xt
BEX T Pt, Aufll Hg X =FOcR BRI S, B2+
WP AR 45 2% J5 A 3 1 S R A K R 2 )
MBI L H 12.5% P 5.556%, 3.125% H12%

i), 5 WERE 77 A2 HE$5 22 F0 Re 45 44 7R R 0 B G AR
H5BIE R RAAK, HE B 240k R 10 80 FE 5
AL B FEAR A 0.932 pp 212K E1 up, Re$
IR F I S RE R 15 2 R BE 1) T 73 DL 1.986 up 4%
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BE 5 2 BE (R AR A AN — B, I S 08/ T 0
KEaH. T OsiBdk2 x 2/ @M, UBIIKEN
12.5% B}, 5 2= 7k F B R RERE A B i R AE 1.409 pg;
XFT Os 4575 3 x 3, B AR E K3 5.556%
I, 544k R SRR /N 9 1.005 up; HoR S
FEAr 8 1.075 pup AT1.169 pp.

063102-4


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

) 3 2 ]  Acta Phys. Sin. Vol. 66, No. 6 (2017) 063102

F2 5dETHBI2x2,3x3,4x4,5x5BMAVSHE Myota/ 1B
Table 2. Total magnetic moments (Miota1/piB) of 5d atoms doped 2 x 2, 3 x 3, 4 x 4, and 5 X 5 supercells.

BN Hf Ta W Re Os Ir Pt Au Hg
2 x 28 0.93 0.00 1.00 2.00 0.00 0.00 0.00 0.00 0.00
3 x 3B 1.00 0.00 0.87 2.00 1.01 0.00 1.00 2.00 1.00
4 x 478 1.00 0.00 0.48 2.00 1.08 0.00 1.00 2.00 1.00
5 x 5 1.00 0.00 0.39 1.99 1.17 0.00 1.00 2.00 1.00
332 BmEE T B AR R T BT, 7R AIN 5 ) H A 7 8]

M i 5 5 T T L W b R A AR P R 43
it B4 HE 2 5d R 5445 x 5 (B4
WK 2%) W15 20 1) e %, vl LU o1 [ —
PR B/, W 32 BEAE R AE 5d TR, LLE e
) BRI RERE N . Horh Ta fl e 484410 5 x 5L
RN

NT AR — M 5d &8 5 T 54 FARFB

WL %A BEAE ) 73 A, % F Au, W, Re, Os, Pt
MHgBREMKRRT S, NGS5 RIKRE
AFAANK, HREE A 3 A5 7E 2% 57 R 1 B

3.3.3 BREBE-REHBEESREE
TS Ae BN, BB B2 & A AL

AN 5d 24 R T T R 3B R R Ak RS B

I, F AR A 5d 44 5 IR T E 5 ANk

%&W?XMZ&%HQ%E’WEE’J%UH K5 0Bl H T Haf
TR EBEEE, A& 2x2,3x3 fM4dx4
:%ﬂlﬂ&ﬂ’@. AT LLE ), HE 152445 1k & I HEHE 7 A
AR /MMEN 55 x 5 s —,

—AFF. BLRets 4 NPl Ho

BB, B 6 (e)—(h) A B S R RS

L‘r\ Y % by K & |
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\ \ X . p- . '@° .
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\0.0,0_0_0o ) ' “ Neo.

\\ @ \,

\ °. 0. o o N

\ o o °. o, d\
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4 a %
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\©0.0,0,0, 0\ \ o, o o o o\ 0.0 ououo

\e., o0 0 0 o\ .0, N
(e) ) (2)
K4 (MTEE) 5d 8N S x 5B ALRFRIEREZE () HE; (b) W; (c) Re
(g) He; BOMF O AR A Fem EREBEE T (7 F)
Fig. 4. (color online) Spin density maps of 5d atoms doped 5 x 5 supercells: (a) Hf; (b) W; (c) Re; (d) Os;
(e) Pt; (f) Au; (g) Hg; yellow and cyan stand for up-spin and down-spin, respectively (the same below).

i (d) Os; (e) Pt; () Au;

K5 (MTER) B E TR AR T EARBREER  (a) 2 x 2H8; (b) 3 x 3#l; (c) 4 x 4
Fig. 5. (color online) Spin density maps of Hf doped AIN monolayers: (a) 2 X 2 supercell; (b) 3 x 3 supercell;
(c) 4 x 4 supercell.
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K6
LB (d) 5 x 10EMBIEE; (e) 2 x 4N IRERIEA; (f) 3 x 6 HMUSERIL; (g) 4 x 8 ML SCBRRERS;
(h) 5 x 10 & fif S BktdA

Fig. 6. (color online) Spin density maps of Re atom doped AIN monolayers: (a) FM of 2 x 4 supercell;
(b) FM of 3 x 6 supercell; (¢) FM of 4 x 8 supercell; (d) FM of 5 x 10 supercell; () AFM of 2 x 4 supercell;
(f) AFM of 3 x 6 supercell; (g) AFM of 4 x 8 supercell; (h) AFM of 5 x 10 supercell.

(MTEE) Re R THAR AR TRARAREEE  (a) 2 x 4 BRZHS; (b) 3 x 6 BIZME; (c) 4x 8

K3 TIHHEASRALEEEE T Bk
2x4,3x%x6,4x8F5 x 10 48 i Ak il 2 - [ gk
REE % (Erm — Farm)-

&30 LA H: Hf Re, Pt AulYf 5
FTB AL x SHEMF Ery — Eapn 218 5
KAE, 4 5 N —187.2563, 286.2320, —48.0637 Al
—61.7889 meV, Hg B 1E 3 x 6 Bl Ern — Earm
ik B Bt KA —20.4487 meV, WHI Os B4 7E2 x 4
L Erv — Earnm K, 57 5l 2 —45.8162 Al
—43.7026 meV; FLiKk, Hf $B247E 3 x 6 HEJlUF1 5 x 10
MM, Re$BARTE3 x 6L 4 x 8BNS x 108

i, Pti5247E 3 x 6 # /i, AuiBZ47E 5 x 10 48/, He
BITE A x MM, Ernm — Earnm NIFEL, BRI K
TGRS, VLI RS AR E; Hg MW 5 2
TE5 x 10 8 M BB == 22 0T 0L 0, U BRI R R
BrpgAFR e IR A F; HARIE DL T, Erv — Earm
NEL, YRS N T RGBS, VRS R .

3.3.4 ELE W

RAHNH 7 EEHTPIHTH (2 507 0) 547
TS A (o 7 1E) RERZE, Kb Ta B2 M Ir
BB 0.

i% 3 5d E?Tﬁ%%ﬁﬂ@%ﬁiﬁﬁﬁ&%ﬁﬁ#ﬁﬁ‘é%% EFM — EAFM (meV)
Table 3. The energy differences between FM and AFM states Expy — Eapy (meV).

B Hf Ta w Re Os Ir Pt Au Hg
2 x 48 0.00 —  —45.81 72.00 —43.70 — — — —
3 x 6 3.95 — —2.47 2.63 —6.01 — 9.72 —45.08 —20.45
4 x 8 —187.26 — —0.12 286.23 -0.17 — —48.06 —61.79 0.44
5 x 10 M 0.17 — 0.00 —0.05 —31.97 — —0.32 0.37 0.00

F4 5dEFHBIRA x 4BIRELS 0 TR
Table 4. Magnetic anisotropy energies of 5d atoms doped with 4 x 4 supercells.

BRI Hf Ta w Re Os Ir Pt Au Hg

REEZ /meV —0.014 — 2.219 11.622 1.376 — —0.047 3.847 0.098

HE AR LLE H, 5d [R5 0% 4 x 4 L% 1)
SR DA AP, BB — R & ) R I A,
Re 5 2% WO HE % 1n) S 11 d K, 3zt ey T Hodth 5d S 71
$4%, i£%]11.622 meV; Au, W, Os Al Hg 1524 (11

% 1m) S N 3.847, 2.219, 1.376 F110.098 meV:;
Z 7 MR E KT o T R AR, o BT 1) R R
B, VU AT T AIN PN ERE. 5
WA 1) N U, HER Pt 5 4% (O RE#5 1) 57
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P20 518 —0.014 F1—0.047 meV, = Bl 75 18] f) e &
INF BT HRE R, 2 TR RE E AR, U A
EFEE T AIN P e

4 % #®

KL T2 Rz bR B 1 28 — Tk R B - S
%, Rt sd i EEEIURB A2 x 2, 3 x 3,
4 x AR5 x 5 NTT RN R Z B LT 54 T4
P REPETE R B AS 5 IR IEAS RE = 2 DL I e
T BT SO T B R 1) S MRS AT T AT, B
TR, RT2x2,3x3,4x%x4,5 x5 XPUFhHER
SEM), Ta, Ir 54 DA% B RIS ARME, RE R
TEREYE; T HE, W, Re, Os 154X T BT BRI 4
PR B BEATIIAR, B REE; Pt, Au, Hg X =H
SRIETHBA, RAE2 x 2 it RE%ELE
PIXFFRYE, fE3 x 3, 4 x 4, 5 x 5P AKTFR. XF
PR - RS T HE, Re, PtAT AuB gt
B4 x SR EZERR R AE; HeBARE3 x 6
FEML, W1 Os $B247F 2 x 4 b ik Bk, 2o,
Re B 1E 4 x 8B LI BT A 5d IR 15 4% 1) i
KAH 286.2320 meV. IX it B 75 3E L 5 IR E T,
Rl 1 AR o 2 TR) S A7 AR SR I A e AH EAE . FE X
4 x 4 BMORES 17 ST R R ORI, Re 45 44 M RE#
] M RE kK, A3 11.622 meV, HABHE T, &
o R AL S ) . A DA R SE R, RAT I
TEIE M5 IR JFERE A& 5d TR 7, WIS T A
AR R FT Re AP e e KRR T
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Abstract

The magnetism of two-dimensional material is an important research topic. In particular, the long-range magnetic
order of two-dimensional material is of great significance in theoretical research and practical application. According
to the Mermin-Wagner theory, the isotropic Heisenberg model in a two-dimensional system cannot produce long-range
magnetic orders at non-vanishing temperatures. Considering the existence of strong magnetic anisotropy, possible two-
dimensional long-range magnetic orders may exist in 5d atom doped two-dimensional aluminum nitride (AIN) monolayer.
This research is performed by first-principles calculations based on the density functional theory. Geometries, electronic
structures, magnetic properties, and magnetic anisotropy energies from spin-orbital coupling effects in AIN monolayers
doped by 5d transition metal atoms (Hf, Ta, W, Re, Os, Ir, Pt, Au, and Hg) are calculated. Four kinds of supercells are
used in the calculation, i.e, 2x 2, 3x 3, 4 x4, and 5 x 5, with one aluminum atom substituted by one 5d atom. Projection
augmented wave method is used to describe the interaction between the valence electrons and the ions. The plane wave
is used to expand the wave function of the valence electron. For an optimized geometry, the bond length between the
5d metal atom and the nearest N atom is the largest in Hg-doped supercells, which is 2.093 A, followed by the Au, Hf,
Pt, Ta, and Ir according to the order of bond length magnitude. For the densities of states (DOSs), obvious impurity
energy levels appear in the forbidden bands. For all the supercells, spin-up and spin-down DOSs of Ta and Ir doped
systems are symmetric, indicating non-magnetic states. DOSs of Hf, W, Re, and Os doped systems are asymmetric,
indicating magnetic states. For Pt, Au, and Hg, DOSs are symmetric in 2 x 2 supercells, but asymmetric in the 3 x 3,
4 x 4, and 5 x 5 supercells. Total magnetic moments and the spin densities are also given. In 5 X 5 supercells, they
are 1.00, 0.00, 0.39, 1.99, 1.17, 0.00, 1.00, 2.00, and 1.00 for Hf, Ta, W, Re, Os, Ir, Pt, Au, and Hg, respectively. The
magnetic moment is mainly concentrated in the vicinity of the 5d atoms. The energy differences between ferromagnetic
and antiferromagnetic states are calculated. For Hf, Re, Pt and Au systems, the differences in 4 x 8 supercells reach
the maximum values of —187.2563 meV, 286.2320 meV, —48.0637 meV and —61.7889 meV, respectively. The results
indicate that there is a strong interaction between the magnetic centers. Magnetic anisotropy energy originating from
spin-orbital effect is calculated in the 4 x 4 supercells. For the Re system, it is the highest, reaching 11.622 meV. For
W, Os, and Au, the values are larger than 1 meV, showing strong magnetic anisotropies. The magnetic anisotropy can
produce a spin wave energy gap, resulting in long-range magnetic orders. Based on the results above, it is predicted that
with appropriate 5d atoms and suitable doping concentration, two-dimensional long-range magnetic orders may exist in

5d transition metal atom doped AIN monolayers.

Keywords: aluminum nitride monolayer, first-principles, density functional theory, spin-orbital coupling
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