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We investigate the electronic and transport properties of vanadium-doped zigzag blue
phosphorus nanoribbons by first-principles quantum transport calculations. We study the
spin-dependent transport properties and obtain current-voltage curves showing obvious spin
polarization and negative differential behaviors. These interesting transport behaviors can be
explained by the band structure of the vanadium-doped zigzag blue phosphorus nanoribbons.
The tunnel magnetoresistance and spin filter effects under different magnetic configurations
originates predominately from the symmetry matching between the band structures of the
electrodes. According to our results, vanadium-doped zigzag blue phosphorus nanoribbons can
be used as a perfect spin filter with a large tunnel magnetoresistance. This also indicates that

blue phosphorus nanoribbons are a promising candidate for the future application in spintronics.

1. Introduction

Spintronics aims to utilize the spin degree freedom of electrons for novel information
storage and logic devices. !> Due to the potential applications in novel electronic devices,
2D materials, such as graphene, graphdyne, MoS; and silicene, are being study intensively
in both theoretical and experimental researches in recent years.*’ The ultra-low spin orbit

coupling in graphene already made it to be one of the most promising candidates for spin



channel applications.®!* The nanostructures of graphene such as nanoribbons, nanotubes, and
their interconnections have opened up new directions for experimental and theoretical studies in
the field of nanoelectronics.!> Black phosphorene (BP), a single layer of black phosphorus, had
been successfully peeled off from bulk black phosphorus through mechanical exfoliation. BP has
carrier mobility up to 1000 cm?/ (Vs), which is superior to other 2D semiconductors.'*'* Therefore,
its outstanding electronic properties have aroused enormous interest for future electronic device
applications.!*-2*

As the allotrope of BP, blue phosphorus has a buckled honeycomb structure with a high
stability. Unlike zero band gap graphene, blue phosphorus possesses a wider band gap (2.0 eV),
which is remarkably higher than that of BP (0.5 e¢V).?* Recently, Zhang and Xu had successfully
grown monolayer blue phosphorous on Au (111) film via molecular beam epitaxy (MBE).22

Nanoribbons exhibit many exploitable electrical, optical, and magnetic properties.?® In principle,
black phosphorus can be etched or patterned along a specific lattice direction, forming
nanoribbons for future nano-electronic devices.?-** Furthermore, it has been a long-standing goal
to achieve controllable magnetism in nonmagnetic 2D pristine materials, which can potentially
facilitate the applications of these materials in recording media, magnetic inks, and spintronic
devices.?> 3¢ However, unlike graphene and MoS,, blue phosphorene is not expected to show
magnetism. A simple way to introduce magnetism in the blue phosphorene is by doping metals,
which carry magnetic moments such as 3d transition-metal (TM) adatoms.?” In this regard, it is of
great significance to understand the electronic and magnetic behaviors of TM-decorated blue
phosphorene (denoted as TM-BlueP systems hereafter) nanoribbons. Given that the reliable
control of magnetic states is essential to the application of magnetic nanostructures, it is also
indispensable to develop an effective method to control the magnetism of the TM-BlueP
nanoribbon system. In our previews work, we investigate the electronic and magnetic properties
of substitution metal atom impurities in two-dimensional (2D) blue phosphorene nanoribbons by
using first-principles calculations. In impure zigzag blue phosphorene nanoribbons (zBPNRs), a
metal atom is a substitute for P atom. The V- doped structure shows half-metallic properties.*® So,
we select V atom to dope zZBPNR without any other element.

In this work, we study the spin current characteristics of doped zigzag blue phosphorene
nanoribbons (zBPNR), with ab initio density functional theory calculation.*® ** We demonstrate
that V-substituted blue phosphorene nanoribbons possess magnetic properties. The transport
properties are investigated through density functional theory combined with nonequilibrium
Green’s function (NEGF). In our calculations, relaxation of the whole system including atomic

positions and spin-dependent electronic structures are all taken into account.



2. Computational methods

Optimization of all geometric structures are performed using the Atomistix ToolKit which is
based on Density Functional Theory (DFT) as implemented in the well-tested SIESTA method
combined with the NonEquilibrium Green’s Function (NEGF) technique. The local density
approximation (LDA) is utilized in the calculation with only valence electrons self-consistently
calculated. An 8 x 4 x 2 k mesh with the conjugate gradient algorithm is used. All the atomic
positions are relaxed until the energy and the force on each atom are less than 107 eV and 0.05
eVA™!, respectively.

After optimization, the subsequent spin-dependent transport properties of these systems are
analyzed using by the density functional theory (DFT) and Keldysh nonequilibrium Green’s
function formalism (NEGF). In the transport calculations, the valence electronic orbitals are
expanded in a double-{ plus polarization (DZP) basis set for all atoms. The cutoff energy for the
real space grid is set to 150 Ry and a 1 x 1 x 100 k-points mesh is employed in the Brillouin zone
for the electrodes. The spin-dependent transmission coefficients for the spin channels Gmajority

and ominority at energy E and bias voltage Vy, are calculated as:
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where the trace is taken over the basis functions. Here G" is a 2n X 2n NEGF matrix where the
factor 2 is due to the spin and n is the size of the basis set; )" is the self-energy describing the

coupling between the semi-infinite ferromagnetic leads and the scattering region which includes
the pristine zZBPNR segment and the two V-doped zBPNR leads. For our system, X, is

diagonal and given by
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The spin-current (spin-polarized charge current) is calculated as:
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where f'is the Fermi-Dirac distribution, p and pr are the chemical potentials of the left (L) and the

right (R) leads.

3. Results and discussion

Fig. 1a shows a centre vanadium-doped 12-zBPNR (VE-zBPNR) model device. It consists of
three parts: the left and right electrode contacts and the scattering region. In order to eliminate the
dangling bonds, the edges of the nanoribbons are terminated by hydrogen atoms. Here, the left and
right electrodes are modeled by a semi-infinite replica of the doped unit (see Fig. 1b) effectively
expanding the modeled electrodes along the transport direction (i.e. x-direction) to x = -oo for the
left electrode and x = +oo for the right electrode. We assume that the doping is performed by
substituting a single phosphorus (P) atom close to the centre or the edge by a vanadium (V) atom
every three zZBPNR unit cells as shown in Fig. 1b. The right electrode is the same as the left one.
The scattering region contains four pure unit cells, of which the leftmost cell belongs to the left
electrode, and the rightmost cell belongs to the right electrode. They can screen the interaction
between the electrodes and the center region, and serve as the buffering regions, as shown in Fig.
la (The substrate is only displayed on the schematic to simulate experiment, actually, it is not
been considered in our calculation). A vacuum layer, which is thicker than 15A, is used to
eliminate interactions between periodic images in the Y and Z directions.

We substitute the V atom for the P atom at either the center or the edge position. To
qualitatively verify the feasibility of our approach, we calculate the spin-resolved band structures
of the electrode units (Fig. 1b), and the band structures are shown in Fig. 1c and 1d. Fig. 1c
reveals that the V-center-doped zBPNR (VC-zBPNR) is half-metallic and that the spin-majority
channel is metallic, while the spin minority channel is semiconducting. Our results also shows that,
under the strong crystal field, the 3d orbitals of V split into dx2y> (HOMO-1), d2 (HOMO) and dyy
(LUMO) orbitals (marked as (1)-(3)). The V-edge-doped (VE) lead unit cell exhibits the 3d
orbitals dx2y> (HOMO-1), d2 (HOMO) and dy, (LUMO) (marked as 1-3) as shown in Fig. 1d. But
because of the strong hybridization, the split energy level of dxy (LUMO) orbitals for the
V-centre-doped lead is higher than that for dy,. This causes dxy orbital to intersect the Fermi level
(in the XY plane).

Experimentally, the magnetization of the left and the right electrodes can be aligned in either
parallel spin configurations (PC) or antiparallel spin configurations (APC), which can be
controlled by a sufficiently strong magnetic field. Therefore, in our 2D systems, the PC and APC
spin configurations can be used to study the spin-polarized transport properties. The inset of Fig.
2c shows the spin alignment of the centre VC-zBPNR system for the PC and APC spin
configurations. Fig. 2a and 2b display the spin-resolved I-V curves of the VC-zBPNR and
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VE-zBPNR systems for the PC and APC spin configurations.

From Fig. 2(a), the PC and APC majority-spin currents are nonlinear and in the off state for the
bias voltage ranging from [0 V - 0.5 V]. When the positive bias is further increased, the currents
of the majority-spin increase rapidly. The PC and APC minority-spin currents become off state
when the bias is equal to 1.5V. To observe the variation of the current at low bias, we plot the I-V
characteristics for spin configurations in semi-log scales, as illustrated in Fig. 2(a). The
majority-spin currents are four orders of magnitude larger than that of the minority-spin currents at
low bias. It also demonstrates nearly perfect spin filter effect (SFE) causing by the 100% spin
polarizations at the bias voltage ranging from 0.1 to 1.5V as shown in Fig. 3(b). When the bias
voltage is in between 1.5V and 1.8V, the majority-spin decreases rapidly, showing a significant
negative differential effect (NDR-a property of some electrical circuits and devices in which an
increase in voltage across the device's terminals results in a decrease in electric current through it.).
In Fig. 2(b), the majority- and minority-spin currents of the VE-zZBPNR system are less than the
VC-zBPNR ones. Moreover, the PC and APC majority-spin currents are both nonlinear and in the
off state for a bias voltage ranging from 0 V to 1.0 V. When the positive bias is increased, the
currents of the majority-spin are turned on and increase rapidly. The PC and APC minority-spin
currents cut off when the bias is 1.5V. To observe the variation of current at low bias, we also plot
the I-V characteristics in semi-log scales in the set in Fig. 2(b). The majority-spin currents are
larger than the minority-spin currents at low bias and demonstrates high spin filter effect (SFE) as
shown in Fig. 3(d) [at bias 0.8-1.4V].When the bias is from 1.6V to 1.8V, the majority-spin
current similarly decreases rapidly, showing a significant negative differential effect (NDR) effect.
Fig. 2(c) and (d) show the total PC and APC currents of the two systems. When the bias is higher
than 1.0V, the PC and APC currents in time-current curves can cross each other. But at low bias,

the two junctions possess a large tunneling magnetoresistance(TMR) ratio.

In Fig. 3(a) and (c), plots the TMR ratio defined as Rtmr= | (Irc — Iapc)/Iarc | X 100%, where

Iapc and Ipc are the total currents for PC and APC at the same bias, respectively. TMR of around
10° % and 10°% are obtained at 0.1V bias as calculated from the equilibrium conductance. This
behavior shows that the device at the V doped-zBPNR junctions can also be used as a spin valve.
To gain further insight into the transport mechanism in these structures, we calculate the
spin-dependent transmission spectra as a function of electron energy E and bias voltage for the
VC-zBPNR and VE-zBPNR junctions. The transmission spectra of the spin transport with spin
alignment in the PC and APC setups are shown in Fig. 4(a) and 4(b) for the VC-zBPNR system. In
a PC majority-spin state, the transport peaks enter the bias window for a bias if 1.1V (Region 1),
leading to a rapid increase of current as shown in Fig. 2(a). However, when the bias exceeds 1.5 V,
the transmission peaks in the bias window are reduced (Region II). When the bias voltage is
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higher than 1.8 V, the bias window again includes the transmission peaks, leading to another rapid
increase of the current (Region III). In the PC minority-spin state setup, no transmission peak
enters the bias window of [0V, 1.5 V], leading to the suppression of the minority current. When
the bias is increased further, only a small portion of the transmission spectra moves into the bias
window (Region I), and then the minority current increases by only a small amount (Region II).
As a result, it is up to SFE 100% based on the PC setup of VC-zBPNR junction. In the APC
junction, the transmission spectra show characteristics similar to those of the PC ones (Fig. 4b).

In Fig. 4(c) and (d), for the VE- zBPNR junction, the spin transmission spectra have certain
features in common with the VC-zBPNR, but at variance in two respects. First, when the bias is
applied, the shifts of transmission spectral peaks are less pronounced, and fewer transmission
peaks move to energy bias windows. Second, the effective number of transmission channels in the
bias window is slightly less than that for VC- zBPNR, and this leads to a slightly smaller spin
current in Fig. 2(b).

Moreover, the transmission spectra describe electron transmission between the two electrodes.
As previously discussed when the symmetry of the spin subbands of the electrodes matches, the
transmission channel is open. When they differ, the channel is closed. Likewise, Fig. 5 shows that
the I-V characteristics and transmission spectra. We take the conditions of three typical bias (0V
(a), 1.5V(c), and 1.8V (e)) of the device VC- zBPNR and two magnetization configurations (PC
and APC) for example. Fig. 5 displays the band structures of the left electrode (left panel) and the
right electrode (right panel) along with the transport coefficient (middle panel) under in different
conditions.

We label the majority-spin 3d bands of the left and the right electrodes near the Fermi level
with the symbols W1, W2 and W3, and the minority bands of the right electrode in the vicinity of
the Fermi level with the symbols W1’, W2’ and W3’, respectively. The shadow frame represents
the efficacious transmission channel of majority-spin (minority-spin) electrons within the bias
window, which has a detectable effect to the spin-depended transmission. In Fig. 5(a), for the PC
majority-spin, the left subbands have the same symmetry with the right one, so the transport
channel is opened. There is a transmission peak of the majority-spin channel near the Fermi level,
while the minority-spin channel has no transmission band near or below the Fermi level. Thus a
perfect spin filtering behavior is anticipated in the PC system.

When a bias is added to the electrodes, a positive (negative) bias moves the energy bands
upward (downward). The movement of the bands leads to a variation of the symmetry matching
between the left and the right leads. For both majority- and minority-spin electrons in Fig. 5, the
W, subbands on the left and the W, subbands on the right have mismatched symmetry and the

transport channel will be closed. Here, the bands for two other typical biases (1.5 V and 1.8 V) are



shown in Fig. 5c and 5Se, and the bias window is indicated by the shaded regions. As seen from Fig.
5c, because of the shifts of the band structures, the symmetry is changed within the bias window.
The energy levels at the two electrodes are matched for a bias in [0.4-0.75¢V]. For other biases,
the left subbands and the right subbands have different symmetries, so the transport channel is
closed. For the spin-down condition, the efficacious transport channel is below the Fermi level.
However, because of the symmetry mismatching, the transport channel is still closed. When the
bias voltage is further increased to 1.8V (Fig. 5e), the bias window enlarge. Though the symmetry
is matching, the range of efficacious transmission channels in [0.6-0.9eV] is reduced. As a result,
the majority-spin dependent current falls suddenly for bias 1.8V. Some other minority-spin
subbands show the same symmetry as the right electrode, leading some transmission peaks
channels, and the minority-spin current increase rapidly (Fig. 2a).

In contrast, for the APC (Fig. 5b, 5d and 5f), we take the conditions of three typical biases (0V
(b), 1.6V (d), and 1.9V (f)) as examples. In a wide energy range, the majority-spin and
minority-spin transmission peaks in the vicinity of the Fermi level are almost suppressed. These
phenomena can be deduced from the band structures of the electrodes, as there are only
majority-spin bands near the Fermi level (WI,W2 and W3) of left electrode and minority-spin
bands near the Fermi lever(W1',W2'and W3") of the right electrode.

In APC configuration, with a 0 V bias, since the spin orientation of left electrode is up and the
right one is down, the spin-resolved band structures are changed and shown in the left and right
panels of Fig. 5b. Around the Fermi level, for the majority-spin, the left subband (Wn) and the
right subbands (W,") have different symmetries, so both the majority- and minority-spin transport
channels are closed. Therefore, a zero transmission spectra can be seen in the transport spectrum
(Fig. 5b middile panel). When the bias voltage is added, the shifts of the left and the right band
structures lead to two diametrically different consequences to majority-spin and minority-spin
transport channels. When the bias reaches between 1.6 V and 1.9V (Fig. 5d, 5f), the transmission
and band structures show a similar character as the PC system.

The above analysis indicates that the current of the majority-spin channel through the PC and
APC systems are larger than that of minority-spin channel. The current-voltage curve displays
obvious spin-filter behaviors, implying that the 2D material can be a promising building block for
designing 2D spintronics devices. From Fig. 6a, one can see the molecular projected
self-consistent Hamiltonian (MPSH) eigenvalues for VC-zBPRN device shift to the low energy
area by increasing the forward bias from 0 V to 2.0 V. Fig.s 6b and 6¢ show the spin transmission
spectra within the energy range from 0.4 to 1.0 eV at bias 1.5 and 1.8 V. Here, the Fermi level is
set as zero for clarity, and the inverted triangles stand for the eigenvalues of the MPSH, which can

be referred to as perturbed molecular orbitals (MOs). Apparently, for the majority-spin of



VC-zBPNR PC system with a bias reaching 1.5V, the majority-spin electron passing through the
scattering region has several broad transmission peaks located within 4.0 and 1.0 eV (from
LUMO+4 to LUMO+6). In contrast, for a bias voltage 1.8 V, the transmission peaks are less
significant as the energy range of 0.4 and 1.0 ¢V and have much denser bands than at a bias 1.5V
(from LUMO++5 to LUMO+S).

The conductive capability of the nanoribbon is determined not only by the energy of the
molecular orbitals near the Fermi level but also by the spatial distribution of the frontier molecular
orbital. Hence, to understand the origin of these transmission peaks around Er and their changes
upon the increase of the bias, we calculate the spatial distribution of the MPSH eigenvalues which
have a contribution to current integral at 1.5 V and 1.8 V.

Table 1 shows the spatial contribution of these MPSH eigenstates, for 1.5V: LUMO+4,
LUMO+5 and LUMO+6, for 1.8V: LUMO+5, LUMO+6, LUMO+7, LUMO+8, LUMO+9
LUMO+10, LUMO+11 and LUMO+12, which are all in the bias window. We can see that at bias
voltage 1.5V, the three MPSH eigenstates are not localized along the X direction. When the bias
voltage is increased to 1.8 V, the spatial contribution of LUMO+5 and LUMO+6 are reduced. In
particular, the molecular orbital states of scattering region P atoms are most reduced. For the new
channels, only LUMO+8 shows the nonlocal characteristic along the X direction. The other
channels are all localized. The reduction and localization weaken the coupling between the
scattering region and the left (right) electrode, and then the electrons entering the device from one
electrode cannot leave the junction again and reach the end. As a result, the transmission through
the nanoribbon junction will be suppressed and the current will be decreased. The majority-spin

current of PC system thus shows significant negative differential resistance (NDR) effect.

4. Conclusion

In summary, we have carried out first-principles calculations in combination with the NEGF
approach to examine the spin polarized transport of vanadium centre- and edge-doped zigzag blue
phosphorus nanoribbons. Perfect spin filter efficiency with almost 100% spin polarization, TMR
and NDR behaviors can be obtained by tuning the external magnetic field in vanadium centre- and
edge-doped zBPNRs devices. But for edge-doped zBPNRs devices, the TMR can reach 10°. The
spin filter behavior mainly originates from the shifts of the energy levels of Vanadium 3d
electrons at the electrodes. The different conductive properties of zZBPNRs in the PC and APC
states lead to a giant magnetoresistance effect with a large magnetoresistance ratio. The above

results indicate that this V doped zZBPNRs can be applied in multifunctional 2D spintronic devices.
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Fig. 2 Spin polarized I-V curves for PC and APC setups of the magnetizations at the leads for the (a)VC-zBPNR and (b)VE-zBPNR

systems. (c)I-V curves for total current of PC and APC for the VC-zBPNR and (d)VE-zBPNR systems.
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Fig. 3
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Fig. 3 TMR of the (a)VC-zBPNR and (c)VE-zZBPNR systems as a function of bias. Rryr=(Ipc-1apc)/Iapc X 100%. Also shown is the SEF
of (b)VC-zBPNR and (d)VE-zBPNR systems as a function of bias.
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Fig. 4
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Fig. 4 Spin-dependent transmission spectra as a function of electron energy E and bias voltage for VC-zBPNR systems in (a) PC state

and (b) APC states, and for VE-zZBPNR systems in (¢) PC and (d) APC states.
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Fig. 5
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Fig. 5 The spin-resolved band structures and the transmission spectra. The spin-resolved band structures for the PC setup at biases of
0.0 V (a), 1.5 V (¢), and 1.8 V and for the APC setup at biases of 0.0 V (b), 1.6 V (d) and 1.9 V (f) for the VE-zZBPNR systems. The
blue solid and red dotted curves correspond to the majority-spin and minority-spin channels, respectively. The Fermi level is at zero

energy and is indicated by a blue dotted line.
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Fig. 6
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Fig. 6 (a) The energy spectrum depending on the bias for the VE-zZBPNR systems. The range of bias voltage is from
0.0 V t0 2.0 V. (b) Spin-resolved transmission spectra of VE-zBPNR systems at V= 1.5 V (b) and V=1.8 V(c).
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Table 1

Table 1 The spatial distribution of the MPSH eigenstates of VE-zBPNR systems at 1.5 V and 1.8 V.
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