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Fig. 1. (color online) Top views of (a) the relaxed GaSe ML, of the relaxed Fe/GaSe system with a Fe
adatom locating on H (b), Th (c), and Ty (d) sites of GaSe surface, and of the relaxed Fes/GaSe system
with a Fe}, adatom locating on T (e), T1 (f), H (g) and T4 (h) site of Fe/GaSe surface, respectively.

#1 Fen/GaSe RALGHBH: ARWMAL Fe JR7 2 [ KL GaSe B4R Ga, Se i1 MGK, RHrARK

KREsAily A

Table 1. Structural parameters of Fe,, /GaSe system: bond lengths of Fe adatoms and their nearest neighbor

atoms on their different adsorption sites. All lengths are in A.

Site Fe,—Fey, Fe,—Se Fe,—Ga Fe,—Se Fe,—Ga
Fe/GaSe H — 2.53 — — —

T1 — 2.40 — — —

Ty — 2.38 2.14 — —
Fes /GaSe T 2.17 2.45 2.31 — —

T 2.13 2.36 2.31 2.51 —

Ty 2.45 2.44 2.33 2.39 2.52

H 2.29 2.41 2.32 2.45 2.31

NT )8 Fe,, / GaSe & 2 1) B Jie #8555 1,
ITHEE 7 L AR R RE A 45 K. T B2 GaSe
B e B A ier TR e e i G, R
HA MRS, W2 ) fin. WKL T
I, B AT I ls Mo 2z 18], 62 2L
HeRe b gi iy, A N 1.83 eV, 52 HI SCHR4E R —
B2 WM A Fe JE 7R, XFRS AR HRE 43
NP AEXEBR A B B 1) AT A T s,
W ERA B R T, ARE %A NE
BB, il 2 (b) M 2 (c) BioR. Bk BB
Y I 2% 2% B RE S, JFOON B e 1A T I8 TE A T k.
A I £H - Fe 5 8 30 7 I BB 24k, 820 HL AT ER

Fe-4s Pl % 72 2 3d P, MM -F L0 2 A ot
BT, PR AR 2N 2.122up WIRERE, FETE B4l Se
Ga J& T H 93 BT 23 —0.004u F1 —0.178up )5
S (R 2), EME R R Fe Wb 1 5 3 [
JiR T (B A7 AE SR TR A 3. O T SRR RE R 1 R
SEME, BAVE TR R B M ALEE, Hoa Ok
RETALAHREWAKIRERZE. MR R
H AL AE N 0.02 eV /atom, &5 (R FFHEFE RS 2
PE. B S A Fe Ji 1 BB, BRA Fe/GaSe 74 &
i [m) |38 T8 FR 05 T Re 2 ey B A% Bl A oK Re g
PR, T 5 oK g 2 (R H 3 — 2% 8 B A T A
g%, T E NE R T 38 E Y 2% 5T RE L AE Ty IR T
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120 Se ¥} Ga i ¥ 15 HERE 53 5128 0.031 up
A —0.181up, K Fey, J5 1 W 5 P Fe i 15 f

it Ga J& A A 15 SRR AR & 2808, 1B 51240 Se Ji
T BIRE A S ) H 5 A 1) 5 Ak R B e AR D ek
MG, Ak, ATILTHE T Feo/GaSe & 1 Fe
JiF 7 2 TR Bk A i AR e M, TR AE R B OR Fe R
T B R A R R MRS G RS T o R e, F
e K Z21740.33 V.

/ (v) (o) A
PN A E
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2 (MFIEA)(a) 555 GaSe 12 (b), (c) Fe/GaSe X (d), (e) Fea/GaSe 14 & H e/ HH A 4544
Fig. 2. (color online) (a) Energy band structures of (a) the pristine GaSe ML, (b), (c) Fe/GaSe, and (d),

(e) Fez/GaSe systems.

%2 Fen/GaSe th &+ Fe Ji T K I IITAL Se Fl Ga Ji - 1 B faf 6 58 AR AT

Table 2. Differential charge and magnetic moments of the Fe adatoms and their nearest neighbor Se and Ga

atoms of Fe, /GaSe systems.

Fey, Fe, Se Ga Total
Fe/GaSe AQ(e) — —0.347 —0.040 0.446 —
Mag(up) — 2.122 —0.004 —0.178 1.915
AQ(e) —0.123 —0.052 —0.031 0.012 —
Fep/GaSe
Mag(up) 1.690 2.451 0.031 —0.181 3.865
H e 7 # M AS % FE (TDOS) il 3 ok, i — BN RS T SR OK RE S BRI ) R B g T
T2 GaSe BAE 2L _E IR, K Fe A2 X0 B e s 8 R A2 A2, B T Re g s,

W A R — 3 M2 R, Fe/GaSe [t %7 K
REZRIn) = Re 77 M 23, B BRI NT 0.55 eV, [A]I
POKRE LI H I B e e A, B2k
REZR A 1 BERAL 2 09 100%, F I A5 [ TEr) 4
JE b 23] Bl % 5 A Fe JR T I I, Feo/GaSe &
R BOKAe g 4k 82 ) = e 5 I R B, [ A R

K BE P AL 1K B e AL 2 B R 6 100% #5748 4
0. #EMT, AT TR} Fe,, /GaSe W b} 14 £ th Fe J&
T K IHAALE Se Ml Ga J5i 7 7 9 A& % & (PDOS) K14y
Mr, RN T M8 H e AL S o sk, Wl 4 Fios.
Fe/GaSe & & 1 Fe Wi bt Ji 7 ¥ FL 728 2 N4l 5
WK 0.75—0.86 eV fe i X [l 1) [ g ) il iE bL &
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Energy/eV

B3  (MTIEMH)(a) iEiE GaSe HJZE. (b) Fe/GaSe il
(c) Fea/GaSe M b A 1) 2455 BE K

Fig. 3. (color online) TDOS of (a) the pristine GaSe
ML, (b) Fe/GaSe and (c) Fez/GaSe adsorption sys-

tems.
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Fig. 4. (color online) PDOS of the Fe adatom (a), its nearest neighbor Se (b) and Ga (c¢) atoms of
Fe/GaSe, and Fe adatoms (d), (e), their nearest neighbor Se (f) and Ga (g) atoms of Fea/GaSe. The

solid and dashed lines denote the majority and minority spin states, respectively.
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Fig. 5. (color online) The vertical sections of deformation charge densities of the (1120) plane of GaSe ML (a)

without Fe atom adsorption, (b) with one adsorbed Fe atom, (c) and (d) with two adsorbed Fe atoms. The negative

and positive contours are respectively represented by the blue dashed lines and black solid lines with the contour

interval of 0.003 e-A~=3.
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Abstract

Group-IITA metal-monochalcogenides have been extensively studied due to their unique optoelectronic and spin
electronic properties. To realize the device applications, modifying their magnetic properties is desirable. Atomic doping
and vacancy defects have been proven to produce itinerant ferromagnetism and half-metallicity in GaSe monolayer.
Relatively, the magnetic modification by adsorbing foreign atoms is rarely reported. Traditional ferromagnetic material,
Fe element, possessing high electronic polarizability and high Curie temperature, becomes the best option of adsorbate.
In this work, Fe,(n = 1,2) atoms adsorbed GaSe monolayer systems are constructed, and the spin electronic properties
are systematically studied through the density function theory. Based on the geometric configuration of fully relaxed
3 x 3 GaSe supercell, three highly symmetrical sites, i.e., the hollow site, the top site of Se atom, and the top site of
Ga atom are inspected to search for the stable absorption positions of Fe, atoms. Computation results of adsorption
energies indicate that the top site of Ga atom is preferred for single Fe atom, and the hollow site near the first Fe
adatom is the most stable site serving as adsorbing the second Fe atom. Based on the most stable configuration, the
spin electronic properties are studied. For the single Fe adsorbed system, the valence band maximum moves to I" point,
resulting in a direct-band-gap. The strong orbit coupling effect between Fe adatom and its nearest Ga and Se atoms
causes un-coincident majority and minority spin channels. Two impurity bands are located near the Fermi level and
contribute only to the minority spin channel, producing a half-metallicity with a 100% spin polarization in the system.
Bader charge analysis and spin-resolved partial density of states suggest that the spin polarization is mainly attributed
to the transfer of Fe-3d electrons, and the hybridizations of Fe-3d, Se-4p, and Ga-4p states. Charge transfer from the Fe
adatom to GaSe generates an n-type doping and an antiferromagnetic coupling between Fe and vicinal Ga and Se atoms.
For the two-Fe-atoms adsorbed GaSe monolayer, the spin electronic states are found to be mainly located between the
two Fe adatoms, leading to the reduction of the charge transfer from Fe to GaSe ML. As the original single spin channel
turns into two spin channels (majority spin channel and minority spin channel) near the Fermi level, the ferromagnetic
coupling between Fe atom and the vicinal Se atoms turn into antiferromagnetic coupling and the spin polarization falls
to 0%. Therefore, the spin properties of GaSe monolayer can be controlled by modifying the number of adsorbed Fe
atoms. These results reveal the formation and transform of the spin electronic properties of typical ferromagnetic/GaSe

adsorption system, which offers some advice for designing and constructing the two-dimensional spin nanostructures.
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