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We have investigated the electronic and magnetic properties of zigzag phosphorene nanoribbons (ZPNRs) with transi-
tion metal (TM) passivated atoms, it can be found that the ZPNRs with TM passivated atoms exhibit different magnetisms
except for the Ni-passivated system. Meanwhile, the results show that the magnetic moments of ZPNRs with TM pas-
sivated atoms are larger than that of ZPNRs with other passivated non-metals/groups. Interestingly, it can be found that
Fe-passivated ZPNR exhibits magnetic semiconducting character, which provides the possbility for the application of phos-
phorene in information storage. For Mn-passivated ZPNRs, it exhibits the half-metallicity. These results may be useful for

potential applications of phosphorene in electronic and high-performance spintronic devices.

Keywords: phosphorene, first-principles calculations, half-metallicity, passivated

PACS: 73.22.—, 75.75.—c, 74.20.Pq

1. Introduction

After the discovery of graphene,!!! others new two-
dimensional nanomaterials have attracted much atten-
tion of researchers, such as silicene, 21 transition metal
dichalcogenides,®! and so on. In recent years, phospho-
rene has been realized from bulk materials by mechanical
exfoliation method.*®! This new two-dimensional!®! mate-
rial has attracted enough attention in academic communi-
ties. Compared to zero-band gap graphene,!!! the great ad-
vantage of phosphorene is its adjustable band gap, which al-
lows the phosphorene to be applied from visible to infrared
regions of the spectrum./'%) Meanwhile, it is a semiconductor
with direct band gap,[®! which strongly depends on the num-
ber of layers,'>!!l ranging from 0.59 eV (five-layer)!'?! to
2.0 eV (monolayer).® In contrast to the MoS, with low carrier

(131 phosphorene-based field effect transistors (FETSs)

mobility,
have very high charge carrier mobility up to 1000 cm?/(V-s)
at room temperature, and high on/off ratio up to 10*. In ad-
dition, it exhibits ambipolar performance with drain current

5,10,12,14-16

modulation on the order of 10°.! ! Due to the unique

buckled honeycomb structure,!!”! phosphorene also has poten-
tial applications in thermoelectric materials. ['8:1%]

Similar to graphene nanoribbons (GNRs), they have dif-
ferent edge geometries, namely, zigzag phosphorene nanorib-
bons (ZPNRs) and armchair phosphorene nanoribbons (AP-

NRys), their electronic properties are dependent on edge struc-

DOI: 10.1088/1674-1056/abcOe1

tures of the ribbons. Guo er al. reported that the pristine

ZPNRs are metal, while the pristine APNRs are semicon-

20.211 For one-dimension (1D)

ductor with indirect bandgaps.!
nanoribbons, edge engineering and introducing defects have
been considered to be the crucial way to tune various proper-
ties of materials.[2223] For APNREs, it is found that it is a direct
or indirect bandgap semiconductor, and the band gap depends

(241 For Mn-passivated

on the edge functionalization groups.
edge, it exhibits half-semiconductor electrical properties in the
ferromagnetic state.”>! Due to the stronger quantum size ef-
fect and edge state of ZPNRs,[?%28] different edge passiva-
tions have a significant influence on its electronic properties.
The hydrogenated ZPNRs exhibit a direct band gap nonmag-
netic semiconducting behaviors, while the O-passivated ZP-
NRs show magnetic ground states.?!°! The electronic struc-
ture and magnetic properties of ZPNRs terminated with dif-
ferent edge-functionalizations have been systematically stud-
ied, and the results showed that the ZPNRs exhibit half-metal
phase.?Y! Due to the d orbital of transition metals being more
delocalized than the p orbital of non-metals,*!) the magnetic
properties of Fe-passivated ZPNRs with different widths are
investigated, it is found that the Fe-passivated ZPNRs show
different properties from ZPNRs with passivated non-metal
atoms/groups. 2 However, a systematic study of ZPNRs with
transition metal (TM) passivated atoms is still absent.

In this paper, we theoretically study the effect of TM

*Project supported by the National Natural Science Foundation of China (Grant No. 11564008), the Natural Science Foundation of Guangxi Zhuang Autonomous
Region, China (Grant No. 2017GXNSFAA198195), and the Shanghai Supercomputer Center.
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(Sc-Ni) atoms passivation on electronic structures and mag-
netic properties of ZPNRs. The results show that the mag-
netic moments of ZPNRs with TM passivated atoms are larger
than those of ZPNRs with other passivated non-metals/groups.
Meanwhile, the calculated results also show that Mn-ZPNRs
exhibit half-metallicity state, which provides the possiblity for

designing high-performance spintronic devices.

2. Calculation methods

We have performed the first-principles based on density
functional theory (DFT) by using Spanish Initiative for Elec-
tronic Simulations with Thousands of Atoms (SIESTA)!33-30]
package. The generalized gradient approximation (GGA) with
Perdew—Burke—Ernzerhof (PBE)[*7-38! functional is used to
describe the exchange—correlation functional. The atomic or-
bital basis set is a double-{ plus polarization function (DZP).
The optimized lattice constants of the unit cell are 4.623 A
and 3.298 A, respectively. Taking the calculation efficiency
and accuracy into consideration, a mesh cutoff of 200 Ry
(1 Ry=13.6056923 eV) and a 1x11x1 Monkhorst—Pack k-
point grid are applied. And Mulliken charge analysis is used
to calculate the charge transfer between the TM atoms and the
phosphorene.

In order to assess the stability of the phosphorene system
with TM-passivated atoms, the binding energy (Ey) is defined
as

Ey, = (ETm-zpNRs — EzpNrs — 8ETM) /8,

where ETp—zpNrs and Ezpngs stand for the total energy of ZP-
NRs with and without TM-passivated atoms, respectively. 3]
ET\ is the energy of single transition atom in vacuum, £, can
reflect the stability of ZPNRs with TM-passivated atoms, and
a more negative value corresponds to a more stable edge pas-

sivation.

3. Results and discussion

In the present study, we have investigated the magnetic
and electronic properties of ZPNRs with eight TM-passivated
atoms (Sc, Ti, V, Cr, Mn, Fe, Co, and Ni). For the case of pas-
sivation modulation, we have made descriptions of the method
and calculation in detail. The results are shown in Fig. 1. In or-
der to determine the bonding between TM atoms and P atoms,
the Ey, of the ZPNRs with different passivated atoms are calcu-
lated. As shown in Table 1, E}, corresponds to the case when
the width of ZPNR is N = 8. It is not difficult to find that
the binding energy of all TM-passivated atoms phosphorene
nanoribbons are negative (Fig. 2(a)), which reflects the stabil-
ity of ZPNRs with TM-passivated atoms, and a more negative
value corresponds to a more stable edge passivation.3?!

Zigzag

Armchair

m

Fig. 1. Top and side views of ZPNRs, the nanoribbon edge is along the
zigzag direction, the nanoribbon width is along the armchair direction. The
P atoms and TM atoms are shown in purple and blue, respectively.
Magnetic behavior is an important aspect of phosphorene
with TM-passivated atoms. Therefore, the magnetic moments
of ZPNRs with different TM-atom edge passivations are also
calculated. The calculated results are shown in Table 1, the
magnetic moments of TM atoms and TM-ZPNRs are in ac-
cordance as shown in Fig. 2(b). It is interesting to see that all
TM-ZPNRs exhibit magnetic properties except for Ni-ZPNR
configuration, which magnetic moment is always zero and
behaves no magnetism. Among all TM-ZPNRs magnetic con-
figurations, the Mn-ZPNR is particularly special, its magnetic
moment decreases by only 0.01 ug compared to the free Mn
atom (as shown in Table 1). According to the charge transfer
shown in Fig. 2(c), it can be clearly observed that the charge
transfer amount of Mn-ZPNR is up to 0.283 e among the
TM-ZPNRs configurations. It may be attributed to that the
Mn atom interacts strongly with the surrounding phosphorus
atoms, and the surrounding phosphorus atoms have stronger
electronegative charge transfer as the charge acceptor. In con-
trast, the magnetic moments of ZPNRs with passivated Sc, Ti,
Cr, Mn, Fe, and Co have decreased by 0.68, 1, 0.68,1.55, 0.51,
and 0.83 up in comparison with the magnetic moment of the
free TM atoms, respectively. In order to explore the mecha-
nism of the induced magnetic moment, the Mulliken charge
analysis and the migration rate between 4s and 3d orbitals of
various TM atoms are calculated and listed in Table 1. The
electronic state of the initial 4s orbital and 3d orbital can be
clearly observed from Table 1, it is seen that the charge trans-
fer appears between TM atoms and P atoms. In Ni-ZPNRs
system, it can be found that the 4s orbital donates 1.12 elec-
trons and transfers 0.42 electrons to 3d orbital. In addition,
it is worth noting that 0.7 electrons have migrated to the 4p
orbital, which may be the reason that the magnetic moment of
Ni-ZPNR is 0. As shown in Fig. 2(c), the Ni atom gets elec-
trons from the surrounding phosphorus atoms. The calculated
results are in accordance with the previous results.3 For the
case of V-ZPNRs system, it can be seen that the 4s orbital
donates 1.3 electrons and transfers 0.52 electrons to 3d or-
bital, and transfers 0.674 electrons to 4p orbital. The reduced
magnetic moment may be attributed to the reduced unpaired
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Table 1. Edge structure parameter of optimized TM-ZPNRs with N = 8. dry_p, d!

o—p> and dg,p refer to the lengths (in unit A) of TM=P bonds and

P-P bonds in the vertical and horizontal directions, respectively. Ey, stands for the binding energy (in unit eV). u and yo (in unit ug) correspond
to the magnetic moments of TM-ZPNRs and free TM atoms, respectively. 4s/3d (e) refer to the valence electron configurations for a free-standing
TM atom. 4s*/3d*/4p* (e) is the valence electron configurations corresponding to the TM atom’s Mulliken charge analysis of the TM-ZPNRs.

dtv-p dy_, a3, Ey /o 4s/3d 4s*/3d*/4p*
ZPNRs - 2.26 2.22 - - - -
Sc-8 2.595 2.222 2.329 -3.61 1.32/2 2/1 0.724/1.5/0.734
Ti-8 2.478 2.235 2.301 -2.60 2.00/3 2/2 0.742/2.484/0.74
V-8 2.476 2.238 2.297 -3.37 3.32/4 2/3 0.702/3.52/0.674
Cr-8 2.465 2.259 2.306 -2.52 4.45/6 1/5 0.72/4.617/0.648
Mn-8 2.429 2.265 2.294 —4.48 4.99/5 2/5 0.848/5.074/0.795
Fe-8 2.309 2419 2.266 -3.40 3.49/4 2/6 0.871/6.17/0.791
Co-8 2.244 2.308 2.398 -3.32 2.17/3 2/7 0.785/7.252/0.824
Ni-8 2.178 2.315 2.344 -3.64 0/2 2/8 0.877/8.419/0.743
0 @ tion, it can be found that 0.17 electrons are transferred from
4s orbital to 3d orbital, reducing the unpaired electrons of 3d
o -1 orbital and resulting in the decrease of magnetic moment from
\i 4 up (free standing state) to 3.49 ug. The remaining config-
% -2 urations are similar to the case of Fe-ZPNRs. Based on the
G Mulliken charge analysis, the reduction of magnetic moments
._%D - may be ascribed to 4s—3d electron transfer and the decrease of
5 ) _T.m —3.64 unpaired electrons. In addition, the electron transfer between
L the 4p orbital and the 3d orbital makes the 3d orbital half-
5L . — 448 . filled, which may also cause the reduced magnetic moment of

Sc Ti V Cr Mn Fe Co Ni

=LMM
--FMM

6F (b)

M (uB)

Sc Ti V Cr Mn Fe Co Ni

0.05

0
—0.05
—0.10
—0.15

—0.20

Electrons transfer (e)

—0.25

—0.30

Sc Ti V Cr Mn Fe Co Ni

Fig. 2. (a) Binding energy of the TM-ZPNRs. (b) The magnetic moment u
(in unit up) refers to the local magnetic moment (LMM) of the TM atoms in
the TM-ZPNRs, and o (in unit pg) refers to the magnetic moment of the free
(FMM) TM atoms, corresponding to the black line and the red line, respec-
tively. (c) Electrons transfer between the TM atoms and the ZPNRs.

electrons because of the charge transfer between ZPNRs and
TM atoms. The magnetic moment of the V-ZPNRs system is

reduced from 4 up to 3.32 ug. For the Fe-ZPNRs configura-

TM-ZPNRs.

After structural relaxation, all structures have greatly dis-
torted compared to the perfect phosphorene nanoribbons, and
their distorted degrees depend on the type of 3d atoms, the
possible reason is that the 3d atoms have larger atomic radii.
We have compared the cases of TM-ZPNRs (N = 8) with other
calculation results (Table 1), and found that the bond lengths
do not change significantly with the increase of the ribbon
width.

In order to further understand the change of magnetic
moment, the partial density of states (PDOS) of TM-ZPNRs
is calculated and shown in Fig. 3. It can be observed that
the PDOS of the TM-ZPNRs has changed significantly in the
vicinity of the highest valence band and the lowest conduction
band as shown in Fig. 3. Here, for the sake of analysis, we
divide all the TM-ZPNRs into four types. Among them, Sc, V,
Cr, Co passivated ZPNRs are of the same type. In Figs. 3(a),
3(c), 3(d), and 3(g), it can be found that the spin splitting of
the TM atoms and the P atoms near the Fermi level is much
stronger. By observing the valence electron configurations of
Table 1, it can be attributed to the electron transfer from the
4s orbital to the 3d orbital and the 4p orbital. Meanwhile, it
can be found that the 3d orbit—spin splitting of TM atoms has
wave-function overlap with the 3p orbital of the P atom, which
leads to their considerable interactive coupling. In comparison
with the bare phosphorene, it is revealed that the magnetism is
mainly induced by the electron spin splitting in the 3d orbital
of the TM atoms. Actually, the pristine phosphorene exhibits
metallic character but no magnetic properties. The terminated
Sc (V, Cr, Co) atoms can introduce magnetic properties while

027305-3
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maintain the metallic character of ZPNRs, which may be use-
ful for the design and application of phosphorene-based spin-
tronic devices.

Here, we take the ZPNRs with passivated Ti atom and
Fe atom systems as the same type. The total density of states
(TDOS) of the ZPNRs with Ti passivated atom and Fe pas-
sivated atom is calculated and shown in Figs. 3(b) and 3(f),
respectively. It is found that the transiton appears from metal
to magnetic semiconductor for the ZPNRs with Ti-passivated
atom and Fe-passivated atom. Meanwhile, there are some dif-

ferences between Ti-ZPNR and Fe-ZPNR. For Ti-passivated
ZPNRs, the Ti atoms play a dominant role in the conduc-
tion band minimum (CBM) and the valence band maximum
(VBM) near the Fermi level (as shown in spin-up PDOS of
Fig. 3(b)), and the band gap is approximately 0.24 eV. In con-
trast, for the spin-down PDOS it is found that that the P atoms
play a dominant role near the Fermi level. For Fe-passivated
ZPNRs, the P atoms dominate the CBM and VBM according
to the spin-up PDOS. The band gap is approximately 0.16 eV.

60 “TDOS ' ' | I
- = o | —wos
40 e .
: | : i
> 20 ‘ u " ol
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Fig. 3. The projected density of states of ZNPRs with TM (Sc, Ti, V, Cr, Mn, Fe, Co, and Ni)-passivated atoms. The Fermi energy is shifted to

zero as indicated by the vertical dotted blue line.
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In contrast, for the spin-down PDOS it is found that the
Fe atoms paly a dominant role near the Fermi level. The band
gap is approximately 0.05 eV. This indicates that the ZPNRs
with TM-passivated atoms can modulate the band gap, it is in
occordance with the previous work. 3]

For the Mn-ZPNR configuration, it is found that the band
gap of the spin-up state is closed and that of spin-down state
is still open, namely, the Mn-ZPNR configuration exhibits the
half-metallic character. According to Figs. 2(a) and 2(c), it
is found that Mn-ZPNR has the largest binding energy and
the largest charge transfer. This indicates that Mn-ZPNR may
be useful for the application in magnetic storage. However,
the interesting results for Ni-passivated ZPNRs appear: the Ni
atom is a charge acceptor during the process of charge trans-
fer, and the Ni-ZPNR configuration shows no magnetism and
still behaves as a metal, it is similar to pristine ZPNRs. (211 The
main reason may be that the Fermi level shifts down due to
the presence of Ni atoms, which is in accordance with Table 1
and Fig. 2(c). From the results investigated in this paper, it is
hoped that our calculated results may be useful in applications
for spintronics and optoelectronics.

4. Conclusions

In summary, we have performed DFT calculations in or-
der to investigate the electronic and magnetic properties of
TM-ZPNRs with N = 8, and it is demonstrated that the mag-
netic behavior of ZPNRs can be effectively modulated by the
edge passivation of the TM atoms. Because of the different
electronegativities between TM and P atoms, the ionic cova-
lent bond is produced, which may be the cause of magnetic
properties. In addition, due to the charge transfer, the mag-
netic moment caused by the d orbital of the TM atom is non-
The Co and
Fe terminated ZPNRs exhibit metal and magnetic semicon-
ductor, respectively. While the Mn-ZPNR appears the half-
metallic character. These fascinating properties of TM-ZPNRs

full occupied, which may be another reason.

show that they have great potential applications in future high-
performance spintronic devices, optoelectronic devices, and
information storage.
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