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In this article, the spin-dependent electronic and transport properties of the armchair boron—phosphorous nanorib-
bons (ABPNRs) are mainly studied by using the non-equilibrium Green function method combined with the spin-polarized
density function theory. Our calculated electronic structures indicate that the edge hydrogenated ABPNRs exhibit a ferro-
magnetic bipolar magnetic semiconductor property, and that the Si atom doping can make ABPNRs convert into up-spin
dominated half metal. The spin-resolved transport property results show that the doped devices can realize 100% spin-
filtering function, and that the interesting negative differential resistance phenomenon can be observed. Our calculations
suggest that the ABPNRs can be constructed as a spin heterojunction by introducing Si doping partially, and it would be

used as a spin-diode for nano-spintronics in future.

Keywords: armchair boron—phosphorous nanoribbon, Si doping, bipolar magnetic semiconductor property,

negative differential resistance
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1. Introduction

Owing to the unique structure and physical properties,
two-dimensional (2D) materials have potential applications
in electronics and spintronics devices and have attracted
widespread attention in recent years.l'"") Some interesting
phenomena have been found in 2D materials, such as, spin-

10.11] the rectification effect,!!>13] negative differen-

filtering,!
tial resistance (NDR),[14-16] egc.

Seeking novel 2D candidate materials with high carrier
mobility, mechanical stability, and high thermal stability, a
moderate band gap has become crucial to a perfect electronic
device. Recently, the III-V group semiconductors (B, P, As,
Sb) 2D structures have received a great deal of attention, 7~
of which the most prominent is boron phosphide (BP). Theo-
retical researches show that the single layer hexagonal boron
phosphide (h-BP) is a direct-gap semiconductor!®®! and has
[27-291 Experiments
show that BP has good stability.!'3?%) Overall h-BP would be

a candidate for future optical and electronic devices.

high electron mobility and hole mobility.

Up to now, only a few attempts have been made to un-
derstand the mechanical electronic properties in pristine h-

BP, but whether the spin-dependent electronic transport prop-
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erties of the h-BP can be modulated is still unknown to us.
Generally, edge modifications or doping atoms can affect
the magnetic and electrical properties in unexpected ways,
which are commonly used to modulate artificially the elec-
tronic structures and spin transport properties of 2D materials
based nanodevices, such as graphene, 3331 graphdiyne, 343
silicene,3%371 phosphorene, 38! etc. Recent studies have re-
vealed that when the B or P atom in h-BP is passivated
with hydrogen, the h-BP becomes a metal which exhibits
a giant spin splitting effect, and the spin density distribu-
tion is independent of the atom bonded with H, but localized
on the other two adjacent atoms.*"! In addition, monolayer
semiconductors can also be functionalized by doping which
can significantly change the electronic properties. The dop-
ing atoms can change the local atomic configuration of the
host system and their electronic structures are substantially
modified.[*>*!) However, so far how the edge modifications
and doping atoms affect the electronic transport properties of
h-BP is unclear. Owing to the previous work showing that the
zigzag boron—phosphorous nanoribbons (ZBPNRs) are metal-
lic while the armchair boron—phosphorous nanoribbons (ABP-
NRs) are semiconductor,!!”! in this paper we study the effects
of the edge hydrogenation and silicon (Si) doping on the elec-
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(Grant No. 2018JJ2481), and the Fundamental Research Funds for the Central Universities of Central South University, China (Grant No. 2018zzts328).
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tronic and spin-dependent transport properties of the ABP-
NRs.

2. Models and methods

The first-principles calculation software used in this paper
is the Atomistix ToolKit (ATK) package,*?! which is based
on the spin-polarized density functional theory (DFT)[*3 and
the non-equilibrium Green’s function (NEGF). The exchange—
correlation functional selects and uses the generalized gradient

n.[44 The k-points selected in the x, y, and z di-

approximatio
rections are 1, 1, 100, where the z direction represents the di-
rection of electron transport. In order to avoid the interaction
between layers, the vacuum layer of 15 A is selected. The cut-
off energy is 150 Ry (1 Ry =13.6056923 eV). When the struc-
ture is optimized, the convergence standard of the system is set
to be 0.01 eV/A, and the total energy is converged to 107 eV.
Applying the double-zeta polarized basis to wave functions,
the electrode temperature is 300 K. Open boundary conditions
are used to describe the electronic and transport properties of

the nano-devices. The spin-polarized current through the sys-

tem is calculated by using the Landauer—Buttiker formula*!
Is (Vo) = ) {T>(E, )
h Sy (%)
X [fL(E,Vb) — fR (E, V)] }dE. (1)

Here, e is the electron charge, & is Planck’s constant, Ty is the
transmission, and o refers to the spin state. fi (g) (E, V) is the
Fermi—Dirac distribution function of the left (right) electrode,
which depends on the external bias voltage V4. Here in this

work, Ty is obtained from the following equation:

Ts (E,Vy) = Tr[Im{X_(E,W)} G5 (E,Vp)
xIm{Z; (E.W)} G5 (E\W)]. (@

Here, G%; (G2 ) is the retarded (advanced) Green function ma-
trix, and Xj (2}%) is the retarded self-energy matrix for the
left (right) electrode.

According to the number of boron (B) atoms on the ABP-
NRs, the studied system can be denoted as N-ABPNR, and
Fig. 1(a) shows the model of 7-ABPNR. Note that the edges
of ABPNRs are saturated with hydrogen (H) atoms to improve
the stability of the system. Each of the edge B atoms is satu-
rated by one H atom, and the edge P atom is saturated by two

H atoms.

3. Results and discussion

Firstly, we calculate the formation energy of 7-ABPNR,
which is based on the formula Efom = EX,ppng —

tol 1 tol tol
(EABPNR + ENHEﬂz)’ where E7” s gpng > EAppnr: Vi, and Eq,

represent the total energy of the 7-ABPNR, the total energy
of the 7-ABPNR without modifying by H atoms, the num-
ber of H atoms, and the energy of the isolated H, molecules,
respectively. The calculated formation energy for 7-ABPNR
is -6.22 eV, indicating that the edge hydrogenation improves
the stability of 7-ABPNR. Moreover, we calculate the energies
in the three spin states of ferromagnetic (FM), antiferromag-
netic (AFM), and nonmagnetic (NM), respectively. Taking 7-
ABPNR for example, our results show that the total energy of
7-ABPNR in NM is 2.75 meV higher than that in AFM, and it
is 64.32 meV higher than that in FM. Thus, we can infer that
the FM magnetic configuration would be the ground state for
ABPNRs.

As shown in Figs. 1(b)—1(d), we calculate the energy band
structures of 6-ABPNR, 7-ABPNR, and 8-ABPNR unit cells,
denoted as M0, M1, and M2, respectively. It is interesting that
the spin-splitting behavior can be observed clearly for each
ABPNR, in which there are two down-spin subbands that are
above the fermi level (FL), and two up-spin subbands that are
below the FL. This phenomenon shows that the N-ABPNR is
a bipolar magnetic semiconductor (BMS). The distinctiveness
of BMS lies in the fact that the valence band (VB) and con-
duction band (CB) approaching to the FL have opposite spin
channels, which can provide completely spin-polarized cur-
rents with tunable spin polarization by regulating the FL.[46]
Such a spin-splitting behavior of ABPNRs would open a new
way to spintronic devices.

To further illustrate the nature of electronic structure, the
density of state (DOS), projected density of state (PDOS), and
spin density distribution of 7-ABPNR are calculated, which
can be seen in Fig. 1(e). We can see from the 7-ABPNR DOS
that there are two spin-splitting peaks near the FL, the spin-
down peak is above the FL, and the spin-up peak is below the
FL, which corresponds to the energy band structure. From the
PDOS, we can find that the spin-spilt DOS peaks are mainly
caused by the p orbits of the B atoms.

In the following, taking 7-ABPNR for example, the two-
probe device structure used in transport calculations is shown
in Fig. 2(a). This device is denoted as M3 and is divided into
three areas, namely the left electrode, the right electrode, and
the scattering area. Here, the electrode with 7-ABPNR in the
ground state is modeled as being semi-infinite. Owing to the
fact that the FM state for ABPNRs could be realized by using a
certain magnetic or electronic field, we describe two spin con-
figurations, in which the spin orientations between two elec-
trodes are parallel configuration (PC) and antiparallel config-
uration (APC), corresponding to [1, 1] and [1, —1] magnetic

configurations, respectively.
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(a) S
Fig. 1. (color online) (a) Structure of 7-ABPNR along z aixs, the red dashed rectangle represents the unit cell. (b)—(d) Band structures of

6-ABPNR, 7-ABPNR, and 8-ABPNR, the black and red lines refer to up-spin and down-spin states, respectively. (e¢) DOS and PDOS of
7-ABPNR in FM state. Pink, orange, and white balls denote B, P, and H atoms, respectively.
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Fig. 2. (color online) (a) Top view and (b) side view of the two-probe system of M3. (c) [(d)] TS for M3 in PC [APC] at 0.0 V. (e)—(h) refer
to LDOS of M3 in 0.3 eV at 0.0 V, followed by up-spin state in PC, down-spin state in PC, up-spin state in APC, and down-spin state in APC,
respectively, and the isovalue is 0.1 A=3.

The transmission spectrum (TS) of M3 at 0.0 Vin PCis  opposite spin bands, which means a fully bipolar spin filtering
shown in Fig. 2(c). It can be observed that the positive and  effect. Then, as plotted in Figs. 2(e)-2(f), to further explain
negative energy regions near the FL are occupied by the two  the spin polarization of TS, the local density of state (LDOS)
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of M3 at 0.3 eV is given. It can be observed that there is no
up-spin electron density, and the up-spin electrons cannot be
transmitted in the device either. For the down-spin state, it can
be found that the electron density is delocalized throughout
the device and the down-spin electrons can pass through the
transmission channel from the left electrode to the right elec-
trode. Moreover, the TS for M3 in APC at 0.0 V is also shown
in Fig. 2(d). The transmission spectra for both spin states are
zero near the FL, and we can find that the LDOS of M3 at
0.3 eV in APC is localized for each spin state, and the corre-
sponding electrons passing through channels are suppressed.
Next, we also consider the electronic structure and spin-
dependent transport on the Si doped 7-ABPNR. Also, the cal-
culation of the energy difference among Si doped 7-ABPNRs
with different spin states indicates that the ferromagnetic state
has the lowest energy, therefore we built a two-probe system
(marked as M4) as shown in Fig. 3(a), and the corresponding

electronic transport properties are calculated. The transmis-

"‘i
Qﬂ

sion spectra of M4 in PC and APC at bias of 0.0 V are plot-
ted in Figs. 3(b)-3(c), respectively. We can clearly see that
the TS in PC is spin-splitting, while that in APC is degener-
ate. Comparing with the TS of M3 at 0.0 V in PC, it can be
found that the doping of Si atoms results in the up-spin TS
moving to the positive energy region and across the FL, and
thus M4 with FM spin configuration present the perfect spin-
filtering and half-metallic property around the FL. Moreover,
figures 3(d)-3(e) show the LDOS of M4 in PC, where the dis-
tribution of the up-spin state is delocalized, which is in favor
of the electron transmission. Nevertheless, one cannot find any
electronic density for the down-spin state in Fig. 3(e), which
indicates that the corresponding transport channel is forbid-
den. Also, the up-spin and down-spin LDOS of M4 in APC
at 0.0 V are shown in Figs. 3(f)-3(g), and we can see that the
electron density is localized for each spin state, which is con-
sistent with the result that no transmission coefficient appears
near the FL in Fig. 3(c).
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Fig. 3. (color online) (a) Two-probe system of M4. (b) [(c)] TS for M4 in PC [APC]. (d) [(e)], (f) [(g)] LDOS of up-spin [down-spin] for M4 in PC
[APC] at the FL under bias of 0.0 V, the isovalue is 0.1 A=3. The Si atoms are denoted by ared ball.
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Fig. 4. (color online) (a) [(b)] I-V curves of M3 M4, with insets showing SFE. (c¢) and (d) [(e) and (f)] Spin-resolved TS as a function of electron energy
and BV for M4 in PC [APC]. Region between black solid lines denotes BW, and negative (positive) BW is on the left (right).

In the following, we simulate the spin-dependent trans-
port properties of the ABPNRs systems. By applying a bias
voltage (BV) across the left electrode and the right electrode,
the corresponding /-V curve of the device can be obtained.
As shown in Fig. 4(a), we can find that the current of M3 in
PC is almost zero throughout the bias voltage region ([-0.5V,
0.5 V]). As for the APC spin configuration, there is only down-
spin current in the positive bias region, and the negative bias
region is opposite to it, indicating that M3 in APC has an ideal
bipolar spin-filtering effect. Furthermore, in the bias region
of [0 V, 0.5 V], the down-spin current increases first when
BV < 0.2V, reaches a maximum at BV = 0.4 V, and then starts
to decrease, which indicates that the down-spin current has an
NDR effect. The up-spin current in a bias region of [—0.5 V,
0 V] is symmetrical with respect to the down-spin current in
the bias region of [0 V, 0.5 V], and an interesting NDR effect
has also been observed.

When the Si atoms are introduced, the /-V curves are
very different, which can be seen in Fig. 4(b). For M4 in PC,
one can see that only the up-spin current appears in the en-
tire bias voltage range, which indicates that the up-spin elec-
trons pass through the transmission channel, and the down-
spin electrons are suppressed. For a more intuitive view of spin
filtering, we calculate the spin-filtering efficiency (SFE) from
the formula SFE = | (I, —1,) / (It +1,)| x 100%. As shown
in Fig. 4(a), the SFE is greater than 99% in most of the bias
range, which shows that M4 has excellent spin filtering char-
acteristics. Moreover, in the bias region of [-0.5 V, 0 V],
the up-spin current increases first when BV < 0.3 V, reaches
a maximum at BV = 0.3 V, and then starts to decrease, which

shows the NDR effect for the up-spin current of M4. In ad-
dition, for M4 in APC, it can be seen that the positive bias
region has only down-spin current, and the reverse bias region
is opposite, which indicates that M4 has a perfect bipolar spin-
filtering effect.

We also give the spin-resolved TS as a function of elec-
tron energy and bias voltage for M4 with PC and APC spin
configurations in Figs. 4(c)-4(f), respectively. The integral of
the T (E,V;) in the bias window (BW) determines the mag-
nitude of the current as shown in Figs. 4(c) and 4(d), when
the applied bias increases, the up-spin transmission peak en-
ters into the BW while the down-spin transmission peak is ab-
sent, which leads to only the up-spin current conducting, and
thus M4 shows a perfect spin-filtering effect. Also, we can see
that the area of the up-spin TS in the BW first increases and
then decreases, thus resulting in the NDR phenomenon of up-
spin current of M4 in PC. Furthermore, as shown in Fig. 4(e),
there are transmission peaks in the negative bias region rather
than in the negative bias region for the up-spin state of M4
in APC, as a result, the up-spin current of M4 in the negative
bias region is much larger than that in the positive region. The
reverse can be observed for the down-spin state, namely, the
down-spin current of M4 in the positive bias region is much
larger than that in the negative region.

To gain an in-depth understanding of the mechanism of
spin transport of Si doped ABPNR, figures 5(a) and 5(b) show
the band structures and corresponding transmission spectra of
the left and right electrode under PC and APC with a BV of
0.3 V. For M4 in PC, when the external BV is 0.3 V, the en-
ergy band of the left electrode part moves down by 0.15 eV
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while the right electrode is opposite to it, which can be seen
in Fig. 5(a). The left and right electrode have up-spin energy
bands that enter into the BW and overlap each other inside,
although both the left and right electrodes have down-spin en-
ergy bands that enter into the BW but have no overlapping
portions. Therefore, the up-spin transmission peak in the BW
has no down-spin transmission peak, and thus leading M4 to
have a perfect spin-filtering behavior. For M4 in APC, which
is shown in Fig. 5(b), the addition of a 0.3 V bias makes the
bands of the left (right) electrode shift downward (upward)
by 0.15 eV, the down-spin energy bands of the left and right
electrode overlap each other within the BW, and only the right
electrode has the up-spin band enter into the BW, so there is
only the down-spin transmission peak in the BW.

2
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-t \ \
LN . &
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() 2
/ ij /up
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>
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Fig. 5. (color online) (b) [(c)] Band structures for the left electrode (left pan-
els), transmission (middle panels) and band structures for the right electrode
(right panels) of M4 in PC [APC] at V;, = 0.3 V. The blue area refers to BW.

The above calculations show that the ABPNR is a ferro-
magnetic bipolar magnetic semiconductor, and when a P atom
is replaced by an Si atom, the up-spin would cross the FL, and
leads the system to exhibit the half-metallic property in the FM
state. Then, we built a heterojunction (marked as M5), which
is shown in Fig. 6(a), in which the left part is for the perfect
7-ABPNR and the right part is for the Si doped 7-ABPNR.
The calculated /-V curves can be seen in Fig. 6(b). For M5
in the PC spin configuration, one can find that the down-spin
current is almost zero in the entire bias region [—0.5 V, 0.5 V],
while the up-spin current only appears in the negative bias re-
gion and linearly increases below 0.5 V. We can find that M5

acts as a perfect bipolar spin-filter in the APC spin configura-
tion, showing that the down-spin current only appears in the
positive bias region and the up-spin current only appears in
the negative bias region. In order to be more intuitive, three-
dimensional transmission spectra are shown in Figs. 6(c)—6(f).
We can find that there are considerable spin-up transmission
peaks in the negative bias region but hardly any value in the
positive bias region, which is shown in Fig. 6(c), indicating
that only the spin-up current of M5 in PC appears in the nega-
tive bias region. For the down-spin situation, there is no trans-
mission peak appearing in the whole BW, so the corresponding
current is zero, and thus a single polarized spin-filtering effect
can be observed for M5 in the PC spin configuration. Further-
more, for MS in APC, the spin-up current is the same as in the
case of PC, while the down-spin current in the positive bias
region is much larger than that in the negative region. As a
result, the perfect bipolar spin-filtering effect can be observed
for M5 in the APC spin configuration.
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Fig. 6. (color online) (a) Two-probe system of MS5. (b) I-V curve of MS5.
(c) and (d) [(e) and (f)] Spin-resolved transmission as a function of electron
energy and BV for M5 in PC [APC].

4. Conclusions

In summary, the electronic structures and transport prop-
erties of the two systems of ABPNRs and Si-doped ABPNRs
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have been studied. The results show that the ground state of
ABPNRs is an FM configuration and exhibits the properties
of BMS behavior, which is independent of ribbon width. The
7-ABPNR device has a bipolar spin-filtering phenomenon and
an NDR phenomenon under APC spin configuration. The in-
troduced Si atom doping can transform ABPNRs from BMS
into up-spin dominated semi-metal, and the 100% spin filter-
ing and obvious NDR phenomenon of the Si-doped ABPNR
device can be observed. Moreover, we also build a heterojunc-
tion based on the pristine ABPNR and Si-doped ABPNR, and
find that the single polarized spin-filtering effect can happen
in the PC spin configuration, while the perfect bipolar spin-
filtering effect happens in the APC spin configuration. Our
results suggest the ABPNR would be a candidate material for
applications in nanoelectronic and spintronics devices due to
its attractive spin-dependent electronic transport properties.
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