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Fig. 1. Geometric structure of the doped Hittorf’s violet phosphorene with different doping sites. The violet and red spheres repres-
ent the phosphorus atoms and the dopant atom, respectively. The marked 1, 2, and 3 denote the sites of three nearest-neighboring

P atoms P1, P2, and P3.
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Fig. 2. Calculated bond length, forming energy of doping system as a function of differential substitutional sites: (a) Bond length dy.p;

(b) bond length dyx.ps; (c) bond length dy ps; (d) formation energy.
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Fig. 3. Energy band structures of doping system: (a) B doping; (b) C doping; (¢) N doping; (d) O doping.
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Fig. 4. Density of states for doping system, and the graphs above and below indicate the partial density of states for the P atoms

and X atom, respectively: (a) B doping; (b) C doping; (¢) N doping; (d) O doping.
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Table 1.

magnetic moment of the dopant My, the P atoms

Total magnetic moment M, the partial

Mp, and the interstitial region M,,, respectively.

BaRIER Mtot/ HB MX/ HB MP/ HB Mint/ HB
B 0 0 0 0
CB: 0.988 0.262 0.229 0.497
INEZZS 0 0 0 0
OB 0.991 0.012 0.471 0.520

Bl 5 CHBA (a) 10 2% (b) SBEI I 1 BER LI, S (H
T4 0.003 e/A, LEHMAE, T E A E
Fig. 5. Spatial spin density for C doping (a) and O doping (b),

respectively. Isovalue is set to 0.003 e/A, and the upper

panel is the side view and the down panel is the top view.
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Fig. 6. Schematic representations of the defect-induced
impurity band electronic states. Filled and open circles
denote electrons and holes, respectively.

B 7 AT BACEBE 22 0 i 5 2 R (S
0.02 ¢/A %) (a) B (b) CBIE; (o) N (d) OBH
Fig. 7. Charge density difference for atom doped violet
phosphoene (Isovalue is set to 0.02 ¢/A3): (a) B doping;
(b) C doping; (c) N doping; (d) O doping.

*2 BIEEHRET X, P1, P2 #1 P3 T Bader

HLA {E

Table 2. Bader charges of the dopant X, P1, P2,

and P3 atoms, respectively.

BRI X Pl P2 P3
B 2.73 5.11 5.11 5.10
CBk 5.50 4.44 4.55 4.50
N7 6.81 4.37 4.37 4.35
OB 7.38 — 4.26 4.25
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Fig. 8. Energy band structures of the O-doped Hittorf’s violet phosphorene with effective O-concentration of 2.38% under different

applied external electric fields.
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Fig. 9. Energy band structures (a) and density of states (b) of the O-doped Hittorf’s violet phosphorene with effective O-concentra-

tion of 1.19%.
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Fig. 10. Energy band structures of the O-doped Hittorf’s violet phosphorene with effective O-concentration of 1.19% under different

applied external electric fields.
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Abstract

Hittorf’s violet phosphorene is a novel two-dimensional material with stable structure and excellent
optoelectronic properties. Studying the doping effect helps to understand its physical essence and is of great
significance in further developing nanoelectronic devices. In this paper, the first-principles method based on
density functional theory is used to study the electromagnetic properties of the non-metallic element B-, C-; N-,
and O-doped single-layer violet phosphene. The results show that there is no magnetism after having doped
boron and nitrogen, and the system still behaves as a nonmagnetic semiconductor, while carbon doping and
oxygen doping cause spin splitting, and the violet phosphorene transforms from a nonmagnetic semiconductor to
a bipolar magnetic semiconductor, and its spin density is mainly distributed in the P atom and gap region,
rather than on the impurity. The direction of spin polarization of its carrier can be reversed by adjusting the
electric field of O-doped violet phosphorene. When a certain size of forward or reverse electrostatic field is
applied, the band dispersion becomes stronger, and the O-doped violet phosphorene transforms into a half-
metallic magnet with 100% downward or upward spin polarization at the Fermi level. The field effect spin filter
based on O-doped violet phosphorene can reverse the direction of spin-polarized current by changing the
direction of the gate voltage. This study shows that O-doped violet phosphorene is expected to be an ideal
candidate material for two-dimensional spin field-effect transistors, bipolar magnetic spintronic devices, dual

channel field effect spin filters, and field-effect spin valves.
Keywords: violet phosphorene, doping, bipolar magnetic semiconductor, half-metallic magnet
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