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Exploring the half-metallic nanostructures with large band gap and high carrier mobility is a crucial solution for devel-
oping high-performance spintronic devices. The electric and magnetic properties of monolayer zigzag black-phosphorene
nanoribbons (ZBPNRs) with various widths are analyzed by means of the first-principles calculations. Our results show
that the magnetic ground state is dependent on the width of the nanoribbons. The ground state of narrow nanoribbons
smaller than 8ZBPNRs prefers ferromagnetic order in the same edge but antiferromagnetic order between two opposite
edges. In addition, we also calculate the electronic band dispersion, density of states and charge density difference of
8ZBPNRs under the action of out-of-plane electric field. More interesting, the addition of out-of-plane field can modulate
antiferromagnetic semiconductor to the half metal by splitting the antiferromagnetic degeneracy. Our results propose a new
approach to realize half-metal in phosphorene, which overcomes the drawbacks of graphene/silicene with negligible band
gap as well as the transitional metal sulfide (TMS) with low carrier mobility.

Keywords: half-metal, antiferromagnetic, two-dimensional materials, spin polarization
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1. Introduction

Spintronics, which utilizes spin as the carrier for in-
formation transportation and processing, is one of the most
promising methodologies in achieving high-speed and low-
energy-consuming electronic devices.!!'™# A key challenge in
this field is generating fully spin-polarized current around
the Fermi level. Half metal, where only one spin chan-
nel is conductive while the other is insulating, can resolve
this problem.>! Recently, graphene has attracted extensive re-
search attention because of extraordinary thermal, mechani-
cal, and electrical properties.!®’! However, the dirac point is
difficult to switch on at the room temperature, which impedes
applications in spintronics. Therefore, in order to overcome
this problem, much effort has been made to find semiconduc-
tor with large band gap. Transitional metal sulfide (TMS) with
relatively high and adjustable band gap achieved by adjusting
the number of layers and components of sulfide, may resolve

8-111 Moreover, the optical band gap of TMS has

[12,13

this problem. !
been proved to be dependent on the temperature. I Never-
theless, the carrier mobility of these materials is much lower
than 200 cm?/V-s,[1* which hinder their application seriously.

Compared with the gapless graphene and silicene, black
phosphorene has attracted great attention due to the thick-
dependent band-gap of 0.3 eV-2 eV.[!>1%] On the other hand,
in comparison with TMS, the black phosphorene has advan-
tages of ultrahigh carrier mobility!!”-!8] and anisotropic ther-
mal, optical, and electronic transport properties,!!!l being
excellent for application in spintronics. Furthermore, the field-
effect-transistor (FET) based on few layer black phosphorus is
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found to have strikingly high on/off ratio of 10° and a car-
rier mobility of 103 cm?/V-s at the room temperature, >*! be-
ing beneficial for application in nano devices. Thus, phospho-
rene is becoming a potential material in the field of electronics,
optoelectronics and spintronics due to the existence of above
novel properties. 2324

It is well-known that the pursuit on controlled magnetism
of phosphorene in practise has been persisting goal in the field
of spintronics. Many theoretical researches about the mag-
netism of phosphorene have been proposed to date. The dop-
ing black phosphorene with substitutional impurities such as
Ti, Cr, Ni, Mn and Fe is a ferromagnetic semiconductor, being
the same as dilute magnetic semiconductor (DMS). The spin
polarization of 100% is achieved in the phosphorene nanorib-
bons doped with Ti, Cr, Mn, Co and Fe atoms.[?>! Besides,
the O, —(Co—phosphorene)[?%! and V doped phosphorene!?7!
show half-metallic characteristics. = However, the macro-
ferromagnetism originated from the magnetic atoms is unfa-
vorable for the application in nano devices.?3?°! Spin polar-
ization introduced by non-magnetic impurities in phosphorene
may resolve this problem,?%3] in fact, it is difficult to control
the doping site accurately.

To better understand the effect of magnetism on elec-
tronic structure, the intrinsic magnetic properties of ZBP-
NRs are investigated in detail.[*>3% The antiferromagnetic
ground state with ferromagnetic along same edge and anti-
ferromagnetic between two opposite edges is found at the
edge of ZBPNRs. 3! In addition, in-plane transverse electri-
cal field has strong influence on the electronic structure of
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the ZBPNRs, resulting in the formation of topological insulate
state. 33301 Half-metallicity could be achieved in zigzag phos-
phorene nanoribbons with different groups decoration such
as OH—NO, and NH,—NO,,37) which avoid the drawback
of macro-ferromagnetism deriving from the transitional metal
atoms. Nevertheless, it is difficult to obtain the selective mod-
ification in experiment. Therefore, the study of the half-metal
based on black-phosphorene without transitional metals, sub-
stitutional doping and magnetic field is utmost imperative.

In this work, we present a systematic investigation on the
electronic and magnetic properties of ZBPNRs by applying
density functional theory. The widths of ZBPNRs are clas-
sified by the number of P atom across the ribbon width, as
shown in Fig. 1(a). In order to obtain the magnetic ground
state, non-magnetic and four different magnetic states dis-
played in Figs. 1(a)-1(d) are considered in the calculations.
The ground state of ZBPNRs is dependent on the widths, as
shown in Fig. 1(e). As for the narrow widths smaller than
8ZBPNRs, its ground state prefers the AFM1 order. With in-
creasing of widths of ZBPNRs, the degeneracy between the
AFM?2 and AFM3 is formed, becoming the ground state, as
shown in Fig. 1(e). More interesting, the addition of out-of-
plane electric field can modulate the magnetic property, re-
sulting in the split of antiferromagnetic degeneracy of AFM1
and realization of half-metal. Our results suggest a new way
to obtain half-metal in the absence of transitional metal atoms,
magnetic field and edge passivation, which is helpful in the

construction of two-dimensional half-metal in spintronics.

2. Methods

Our investigation of ZBPNRs is all performed through
Vienna ab initio simulation package®®3°! based on the pro-
jector augmented wave method.*”) The generalized gradient
approximation (GGA) for the exchange—correlation functional
are employed with plane wave energy cutoff of 500 eV.!*!! The
energy convergence criteria for electronic iterations is set to
be 107% eV. In the self-consistent potential calculation under
electric field, 8ZBPNRs of zigzag sheet with a set of 30 x 1 x 1
Monkhorst—Pack k-points grid is used for Brillouin-zone inte-
gration, and when the density of states (DOS) is calculated, a
60 x 1 x 1 k-point sampling is used. A vacuum space of at least
15 A was included in the unit cell to eliminate the coupling
between neighboring cells. The electronic and magnetic prop-
erties of ZBPNRs with ranging from 4ZBPNRs to 20ZBPNRs
are investigated in detail. The widths of ZBPNRs are referred
according to the number of P atoms in the direction perpen-
dicular to the zigzag edge. All atomic positions and the sizes
of phosphorene are optimized until the atomic force becomes
smaller than 0.01 eV/ A.
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Fig. 1. (a) FM, (b) AFM1, (c) AFM2, (d) AFM3 are initial magnetic struc-
tures adopt for searching magnetic ground state. (e) The energy difference
of five magnetic states as a function widths of ZBPNRs.

3. Results and discussion

The relaxed lattice constants of monolayer black phos-
phorene are 3.2989 A and 4.6291 A, which are in good agree-
ment with other theoretical calculations. 333442 The ZBPNRs
is obtained by cutting the monolayer black phosphorene along
zigzag direction. For searching the ground state, five different
magnetic states including NM, FM, AFM1, AFM2 and AFM3
are calculated by spin-polarized GGA calculation. As shown
in Fig. 1, AFM1 is ferromagnetic within each edge but antifer-
romagnetic between two opposite edges. AFM2 is intra-edge
antiferromagnetic with inter-edge ferromagnetic, while AFM3
is the state with both intra-edge and inter-edge antiferromag-
netic arrangements. The total energies of nonmagnetic (NM),
ferromagnetic (FM), and various antiferromagnetic (AFM) or-
ders were calculated, respectively. It was found that the sta-
ble magnetic states could be achieved by allowing the system
to be spin polarized. Both the AFM and FM configurations
are in energy lower than NM state regardless of widths of the
nanoribbons, indicating that spin polarization is a possible sta-
bilization mechanism.

More interesting, the ground state is dependent on the
nanoribbon widths. Figure 1(e) shows the energy difference
Etora1 — Eapmi per unit cell as a function of widths of nanorib-
bons. We can see that the AFM1 is ground state for the nar-
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row nanoribbons with ranging from 4ZBPNRs to 8ZBPNRs.
With increase of widths, AFM2 and AFM3 form a degen-
erate state with lowest total energy shown by red and blue
line in Fig. 1(e), becoming the magnetic ground state, which
manifest the weak interaction between two edges. The NM
and FM will never be the ground state due to the dangling
bond of edge atoms. The energy difference between the FM
and AFM1 antiferromagnetic order marked by black line in
Fig. 1(e) decreases with increase of widths and almost van-
ishes for 14ZBPNRs, because nanoribbon widths exceed the
decay length of the spin polarization. Similar result was also
found in pristine ZGNRs. 43441

To give a further insight of the magnetism of pristine
ZBPNRs, the electronic structures of NM, FM and AFM1 of
16ZBPNRs are calculated in detail. Figure 2(c) shows that
two bands from the edge P atoms across the Fermi level result
in metallic character of NM state. For analyzing the contri-
bution of edge atoms, the orbital band structure is calculated.
As shown in Fig. 2(d), we can see that the states around the
Fermi level are mainly contributed by the electrons of p, or-
bital due to the dangling bonds. In the FM state, the spin up
and spin down channels are pushed away from the Fermi level
to higher and lower energies, as shown in Fig. 2(b). An indi-
rect band gap is realized in the AFM1 state owing to the spilt
of @ and B bands, in which the valence band top at I" point
and the conduction band bottom at the X point, as displayed in
Fig. 2(a).

1.0 1.0
(a) AFM1 —up —dn

|(b) FM —up —dn

Fig. 2. The band structure of 16ZBPNRs with AFM1 state (a), FM state (b),
NM state (c), and (d) the orbital band structure of NM state.

The spin density (SD) and partial density of states
(PDOS) of 16ZBPNRs with AFM2 state are calculated. In the
AFM2 state, the @ and 8 bands are split just above and below
the Fermi level, forming a semiconductor shown in Fig. 3(c).
The SD shown in Fig. 3(a) reveals the spatial distribution of
both dangling bond states and the tails of the spin-polarized
p-orbital states. It is obvious that the magnetic moment at the

edge arises from both dangling bonds as well as edge local-
ized p-orbital states. As shown in Fig. 3(b), the magnetism
is mainly contributed by the edge atoms with 0.25ug and
—0.25ugp, respectively, resulting in a total absolute magnetic
moment of 1ug, while the contribution of its adjacent atoms
to the local magnetic moments are small with 0.009ug and
0.005u3p in a unit cell, respectively.

For analyzing the effect of electric field on magnetism
of ZBPNRs, the electronic structure and magnetic proper-
ties of 8ZBPNRs with AFM1 state under electric field are
calculated in detail. Table 1 shows that the total magnetic
moment increased under the electric field due to the split
of degeneracy of magnetic moment between opposite edge
atoms, resulting the ferromagnetism of ZBPNRs, while the
ferromagnetism disappears until the electric field increases to
4 V/nm. Figures 4(a)—4(c) indicate that the antiferromagnetic
degeneracy is split by the out-of-plane electric field perpen-
dicular to the ZBPNRs. As spin splitting energy increases
with strength of electric field, the half-metallic ZBPNRs with
about 0.2 eV half-metallic gap is achieved under the electric

{ oo 0@ 1.0 ———
@;: od :OO OOOOO%@ . 1 4-17-20 ©
(a) 2 AR |
K TS o‘é\/->:>(><. 0.5} “:
s SO !
(b) -2 -1 0 1 2
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Fig. 3. The SD (a), the projection of SD on the upper layer (b) (red and blue
represent spin up and spin down, respectively), (c) the PDOS of 16ZBPNRs
with AFM2 state. The edge atoms are represented as No. 1, 4, 17 and 20,
respectively.

w (eV)

w (eV)

Fig. 4. The band structure of AFMI1 state under electric field with
2 V/nm (a), 2.5 V/nm (b) and 3 V/nm (c), respectively. (d) The PDOS
of edge atoms under the electric field with 3 V/nm, (e) the SD difference
of 8ZBPNRs with AFM1 state under electric field ((Pup — Pdown)3 V/nm —
(Pup — Pdown)o v/nm)» () the model under electric field. The red and green
arrows indicate the spin direction.

077304-3



Chin. Phys. B 31, 077304 (2022)

Table 1. Calculated magnetic moment under different electric field: magnetic moment of edge atoms ((tz(ug)), (t1o(UB)), (17 (us)) and (ty5(us))),
the total magnetic moment of the system (Lo (ts)). Semiconductor and half-metallic structures are denoted as S-con and H-metal, respectively.

E (V/nm) M2 (uB) Hio (UB) U7 (1B) tis (UB) Mot (UB) Eg (eV)
0 V/nm 0.256 0.256 —0.256 —0.256 0 S-con
0.5 V/nm 0.253 0.253 —0.254 —0.254 —0.004 S-con
1 V/nm 0.244 0.244 —0.246 —0.246 —0.009 S-con
1.5 V/nm 0.223 0.223 —0.230 —0.230 —0.022 H-metal
2 V/nm 0.184 0.184 —0.202 —0.202 —0.04 H-metal
2.5 V/nm 0.126 0.126 —0.158 —0.158 —0.068 H-metal
3 V/nm 0.071 0.071 —0.105 —0.105 —-0.070 H-metal
3.5 V/nm 0.007 0.007 —-0.012 —0.012 —-0.010 S-con
4 V/nm 0 0 0 0 0 S-con

field with 3 V/nm. To further understand the atomic contribu-
tion to spin polarization, the PDOS under out-of-plane elec-
tric field with 3 V/nm are also calculated. Figure 4(d) shows
that the edge atoms contribute significantly to the spin polar-
ization, leading to the realization of half-metal with net spin
down magnetic moment.

The SD difference of 8ZBPNRs with AFM1 state be-
tween 3 V/nm and 0 V/nm is calculated. As shown in Fig. 4(e),
it is obvious that the spin-up charge density around No. 2 and
No. 10 decrease, while the spin-up charge density at No. 7
and No. 15 atoms increase under the electric field. In order to
probe the intrinsic mechanism, the magnetic moment are sum-
marized in Table 1. We can see that when the electric field in-
crease to 3 V/nm, the magnetic moments of No. 2 and No. 10
decrease from 0.25up to 0.071ug, while this value of No. 7
and No. 15 reduce from —0.25up to —0.105ug, resulting in
net magnetic moment of about —0.07up and the realization
of half-metal. From Fig. 4(f), we come to a conclusion that
the staggered potential applied by out-of-plane electric field
are different for the opposite edges owing to the different hor-
izontal plane, inducing the split of spin degeneracy as well as
achieving of half-metal.

The ZBPNRs with intra-edge ferromagnetic state and
inter-edge antiferromagnetic order becomes half-metal under
the action of out-of-plane electric field. This method is more
advantageous in contrast to other complicated requirements
such as select modification, transition metal doping, magnetic
field, semihydrogenations and nitrogenations. In addition, in
comparison with gapless graphene as well as TMS with small
carrier mobility, the spintronic devices based on phosphorene
have the advantage of high carrier mobility and high on/off ra-
tio. The realization of half-metal based on phosphorene, which
is independent on macroscopic ferromagnetism and selective
doping, may expand the research scope of spintronic devices.

4. Conclusions

In conclusion, we have investigated the intrinsic elec-
tronic structure and magnetic properties of the ZBPNRs. We
found that the antiferromagnetic state with intra-edge ferro-
magnetic and inter-edge antiferromagnetic is the ground state

for the narrow widths and the half-metallic phosphorene is
achieved by applying the out-of-plane electric field other than
magnetic metal doping, defects, magnetic field and selective
hydrogenation. Our findings may propose a new way to con-
struct the nanoscale spintronic devices based on black phos-
phorene.

Acknowledgment

This work is supported by Key Scientific Research
Projects of Colleges and Universities in Henan Province,
China (Grant No. 21A140022).

References

[1] Wolf S A, Awschalom D D, Buhrman R A, Daughton J A, Molnar S V,
Roukes M L, Chtchelkanova A Y and Treger D M 2001 Science 294
1488

Zuti¢ I, Fabian J and Das Sarma S 2004 Rev. Mod. Phys. 76 323
Awschalom D D and Flatte M E 2007 Nat. Phys. 3 153
Li X X and Yang J L 2016 Natl. Sci. Rev. 3 365

de Groot R A, Mueller F M, van Engen P G and Buschow K H J 1983
Phys. Rev. Lett. 50 2024

Novoselov K S, Geim A K, Morozov S V, Jiang D, Zhang Y, Dubonos
SV, Grigorieva I V and Firsov A A 2004 Science 306 666

Morozov S V, Novoselov K S, Katsnelson M I, Schedin F, Elias D C,
Jaszczak J A and Geim A K 2008 Phys. Rev. Lett 100 016602

Xu X, Yao W, Xiao D and Heinz T F 2014 Nat. Phys. 10 343

Mak K F, Lee C, Hone J, Shan J and Heinz T F 2010 Phys. Rev. Lett.
105 136805

Sahin H, Tongay S, Horzum S, Fan W, Zhou J, Li J, Wu J and Peeters
FM 2013 Phys. Rev. B 87 165409

Guan Z, Ni S and Hu S 2018 J. Phys. Chem. C 122 6209

Liu HL, Yang T, Chen J H, Chen H W, Guo H, Saito R, Li M Y and Li
L J 2020 Sci. Rep. 10 15282

Surucu O, Isik M, Gasanly N M, Terlemezoglu M and Parlak M 2020
Mater. Lett. 275 128080

Radisavljevic B, Radenovic A, Brivio J, Giacometti V and Kis A 2011
Nat. Nanotechnol. 6 147

LiL, KimJ, Jin C, Ye G J, Qiu D Y, Jornada F H D, Shi Z, Chen L,
Zhang Z and Yang F 2017 Nat. Nanotechnol. 12 21

XuR, Yang J, Zhu Y, Yan H, Pei J J, Myint Y W, Zhang S and Lu Y R
2016 Nanoscale 8 129

Liu H, Neal A T, Zhu Z, Xu X, Tomanek D and Ye P D 2014 ACS Nano
84033

Qiao J, Kong X, Hu Z, Yang F and Ji W 2014 Nat. Commun. 5 4475
Yoon S, Kim T, Seo S Y, Shin S H, Song S B, Kim B J, Watanabe K,
Taniguchi T, Lee G H, Jo M H, Qiu D Y and Kim J 2021 Phys. Rev. B
103 L041407

Dutreix C, Stepanov E A and Katsnelson M 1 2016 Phys. Rev. B 93
241404

[2]
[3]
[4]
[5]
[6]
[7]

[8]
[9]

[10]

[11]
[12]

[13]
[14]
[15]
[16]
[17]
[18]

[19]

[20]

077304-4


http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1038/nphys551
http://dx.doi.org/10.1093/nsr/nww026
http://dx.doi.org/10.1103/PhysRevLett.50.2024
http://dx.doi.org/10.1103/PhysRevLett.50.2024
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1103/PhysRevLett.100.016602
http://dx.doi.org/10.1038/nphys2942
http://dx.doi.org/10.1103/PhysRevLett.105.136805
http://dx.doi.org/10.1103/PhysRevLett.105.136805
http://dx.doi.org/10.1103/PhysRevB.87.165409
http://dx.doi.org/10.1021/acs.jpcc.8b00257
http://dx.doi.org/10.1038/s41598-020-71808-y
http://dx.doi.org/10.1016/j.matlet.2020.128080
http://dx.doi.org/10.1016/j.matlet.2020.128080
http://dx.doi.org/10.1038/nnano.2010.279
http://dx.doi.org/10.1038/nnano.2010.279
http://dx.doi.org/10.1038/nnano.2016.171
http://dx.doi.org/10.1039/C5NR04366B
http://dx.doi.org/10.1021/nn501226z
http://dx.doi.org/10.1021/nn501226z
http://dx.doi.org/10.1038/ncomms5475
http://dx.doi.org/10.1103/PhysRevB.103.L041407
http://dx.doi.org/10.1103/PhysRevB.103.L041407
http://dx.doi.org/10.1103/PhysRevB.93.241404
http://dx.doi.org/10.1103/PhysRevB.93.241404

Chin. Phys. B 31, 077304 (2022)

[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]
[32]

Wang X, Jones A M, Seyler K L, Tran V, Jia Y, Zhao H, Wang H,
Yang L, Xu X D and Xia F N 2015 Nat. Nanotechnol. 10 517
LiL,YuY, Ye GJ, Ge Q, Ou X, Wu H, Feng D, Chen X H and Zhang Y
2014 Nat. Nanotechnol. 9 372

Castellanos-Gomez A 2015 J. Phys. Chem. Lett. 6 4280

Kou L, Chen C and Smith S C 2015 J. Phys. Chem. Lett. 6 2794
Kumari P, Majumder S, Rani S, Nair A K, Kumari K, Venkata Ka-
malakarb M and Ray S J 2020 Phys. Chem. Chem. Phys. 22 5893

Luo Y, Ren C, Wang S, Li S, Zhang P, YuJ, Sun M, Sun Z and Tang W
2018 Nanoscale Res. Lett. 13 282

Feng J, Li G, Meng X, Jian X, Dai Z, Zhao Y and Zhou Z 2019 Fron-
tiers of Physics 14 43604

Seixas L, Carvalho A and Castro Neto A H 2015 Phys. Rev. B 91
155138

Wang Z, Wu Q and Shen L 2017 arXiv: 1701 01105

Wang G, Pandey R and Karna S P 2015 Appl. Phys. Lett. 106 173104
Khan I and Hong J 2015 New J. Phys. 17 023056

Yang G, Xu S, Zhang W, Ma T and Wu C 2016 Phys. Rev. B 94 075106

[33]
[34]
[35]
[36]

[37]
(38]
[39]
[40]
[41]
[42]

[43]
[44]

077304-5

Du Y, Liu H, Xu B, Sheng L, Yin J, Duan C and Wan X 2015 Sci. Rep.
58921

Zhu Z, Li C, Yu W, Chang D, Sun Q and Jia Y 2014 Appl. Phys. Lett.
105 113105

Liu Q, Zhang X, Abdalla L B, Fazzio A and Zunger A 2015 Nano Lett.
151222

Ghosh B, Singh B, Prasad R and Agarwal A 2016 Phys. Rev. B 94
205426

Ren Y, Cheng F, Zhang Z H and Zhou G 2018 Sci. Rep. 8 2932

Kresse G and Furthmiiller J 1996 Phys. Rev. B 54 11169

Kresse G and Furthmiiller J 1996 Comput. Mater. Sci. 6 15

Blochl P E 1994 Phys. Rev. B 50 17953

Perdew J P, Burke K and Ernzerhof M 1996 Phys. Rev. Lett. 77 3865
Wu Q, Shen L, Yang M, Cai Y, Huang Z and Feng Y P 2015 Phys. Rev.
B 92 035436

Lee H, Son Y. W, Park N, Han S and Yu J 2005 Phys. Rev. B 72 174431
Pisani L, Chan J A, Montanari B and Harrison N M 2007 Phys. Rev. B
75 064418


http://dx.doi.org/10.1038/nnano.2015.71
http://dx.doi.org/10.1038/nnano.2014.35
http://dx.doi.org/10.1021/acs.jpclett.5b01686
http://dx.doi.org/10.1021/acs.jpclett.5b01094
http://dx.doi.org/10.1039/C9CP05390E
http://dx.doi.org/10.1186/s11671-018-2696-x
http://dx.doi.org/10.1007/s11467-019-0904-5
http://dx.doi.org/10.1007/s11467-019-0904-5
http://dx.doi.org/10.1103/PhysRevB.91.155138
http://dx.doi.org/10.1103/PhysRevB.91.155138
https://doi.org/10.48550/arXiv.1701.01105
http://dx.doi.org/10.1063/1.4919389
http://dx.doi.org/10.1088/1367-2630/17/2/023056
http://dx.doi.org/10.1103/PhysRevB.94.075106
http://dx.doi.org/10.1038/srep08921
http://dx.doi.org/10.1038/srep08921
http://dx.doi.org/10.1063/1.4895924
http://dx.doi.org/10.1063/1.4895924
http://dx.doi.org/10.1021/nl5043769
http://dx.doi.org/10.1021/nl5043769
http://dx.doi.org/10.1103/PhysRevB.94.205426
http://dx.doi.org/10.1103/PhysRevB.94.205426
http://dx.doi.org/10.1038/s41598-018-21294-0
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.92.035436
http://dx.doi.org/10.1103/PhysRevB.92.035436
http://dx.doi.org/10.1103/PhysRevB.72.174431
http://dx.doi.org/10.1103/PhysRevB.75.064418
http://dx.doi.org/10.1103/PhysRevB.75.064418

	1. Introduction
	2. Methods
	3. Results and discussion
	4. Conclusions
	References

