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Abstract: We investigated spin-dependent thermoelectric transport in zigzag phosphorene nanorib-
bons with a ferromagnetic stripe. We explored the possibility to enhance the spin thermopower via
modifications of the edge states in zigzag ribbons. Two methods are proposed to modulate the edge
transport: one is applying gate voltages on the edges; the other is including notches on the ribbon
edges. The transport gap is enlarged by the edge-state modifications, which enhance the charge and
spin Seebeck coefficients almost twofold. Our results suggest phosphorene to be a promising material
for thermoelectric applications and open a possibility to design a tunable spin-thermoelectric device.
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1. Introduction

Since the successful fabrication of graphene [1], two-dimensional materials have at-
tracted considerable interest due to their potential applications in the next generation of
nanodevices [2-7]. Among these materials, phosphorene, a monolayer of black phosphorus
atoms arranged in a puckered honeycomb lattice [8,9], has been intensively studied [10-12].
Phosphorene has some advantages over other two-dimensional materials such as graphene
and transitional metal dichalcogenides (TMDCs). Previous studies have shown that
graphene has a high carrier mobility but zero band gap [13], and TMDCs have a band
gap but low carrier mobility [14,15], which limits their device applications. However,
phosphorene has a band gap of 1.5 eV [16,17] and high carrier mobility [18,19]. Since its
experimental realization in 2014 [20,21], many studies have been conducted to explore
the possible potential applications in electronic devices. For example, Landau levels have
been considered [22-24]; the effects of strain on the optical properties [25] and thermo-
electric properties [26] have been addressed elsewhere; and high-performance field-effect
transistors based on phosphorene have been reported [27].

Nanoribbons of two-dimensional materials have many interesting electronic properties
due to the more tunable edge states and quantum confinement effects. The electronic
properties of phosphorene nanoribbons have attracted considerable attention [28-30]. One
unique characteristic of phosphorene nanoribbons is the emergency of a quasi-flat band
in the band gap of zigzag nanoribbons [31,32]. Ezawa [33] and Sisakht et al. [34] have
explained the presence of the quasi-flat band in the tight-binding model; it was shown
that the quasi-flat band can be controlled by a transverse electric field along the width of
the nanoribbon. The individual two-dimensional phosphorene nanoribbons have been
successfully synthesized by Watts et al. [35], which has already stimulated the experimental
research on phosphorene-nanoribbon-based solar cells [36]. Graphene nanoribbons with
zigzag edges are demonstrated to be unstable, but zigzag phosphorene nanoribbons are
stable.
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Spin-dependent thermoelectric transport is a new research field combining both
spintronics and thermoelectricity [37], which has potential applications in low-power-
consumption devices and environmental protection. The spin Seebeck effect [38], driven
by a temperature gradient across the material, generates spin current without applying
electrical gate voltages. The spin Seebeck effect has been observed in many experimental
studies [39,40], and it is also theoretically predicted in graphene [41,42].

Due to its band gap, phosphorene has been regarded as a promising candidate for
thermoelectric devices [43,44]. In their experimental study, Flores et al. [45] reported that
the Seebeck coefficient for bulk black phosphorus can be as large as 335 + 10 uV/K. Ma
et al. [46] obtained a high thermopower in zigzag phosphorene nanoribbons by applying
gate voltages to the ribbon edge. We want to point out that the Seebeck coefficients for
pristine graphene or silicene nanoribbons are much smaller than phosphorene nanoribbons.
Many studies have been carried out to enhance the Seebeck coefficient in graphene or
silicene; for example, the enhancement of Seebeck coefficients has been studied in strained
graphene [47,48], graphene quantum rings [49], graphene with antidots [50,51], and de-
formed silicene [52]. The band gap and edge states offer phosphorene many advantages
in thermoelectric applications, and it is much easier to enhance the Seebeck coefficient by
modulating the edge states. On the other hand, phosphorene is also a promising material
for spintronic-based devices because of its long spin lifetimes [53]. It is reported that
the exchange splitting of 0.184 eV can be obtained in phosphorene by depositing a EuO
ferromagnetic stripe on it [54].

In this study, we investigated the spin-dependent thermoelectric properties of zigzag
phosphorene nanoribbons in the presence of a ferromagnetic stripe. The ferromagnetic
stripe was deposited on a zigzag phosphorene nanoribbon, inducing exchange splitting
in phosphorene through the proximity effect. We found that both charge and spin See-
beck coefficients could be greatly enhanced by modifications of the edge states of zigzag
phosphorene nanoribbons. Two methods are proposed in this study to modulate the edge
transport in zigzag phosphorene nanoribbon: one is applying different voltages on the two
ribbon edges; the other is including notches on the two edges. The transport gap is enlarged
by the modulation of the edge states, which enhances the charge and spin thermopower
almost twofold.

2. Model and Methods

The device under consideration is shown in Figure 1a. A zigzag phosphorene nanorib-
bon (scattering region) was connected to two semi-infinite leads with different temperatures,
T+ AT/2and T — AT /2, respectively, where T is the equilibrium temperature of the sys-
tem and AT is the temperature difference between the left and right leads. A ferromagnetic
stripe was deposited on the scattering region, which will induce exchange splitting in
phosphorene through proximity effects. Two gate voltages were applied to the two zigzag
atomic chain on the ribbon edge, which is marked as a yellow region in Figure 1b. The
side view of the crystal structure of phosphorene is shown in Figure 1c. In our numerical
calculations, the dimensions of the device were chosen to be P = H = 40.

In the tight-binding approximation, the Hamiltonian function for phosphorene nanorib-
bons in the presence of a gate potential and an exchange field can be written as

H = Z ti]'CZija + MZ c acin + ng el cia (1)

i,j,0 0 in

where the summations run over all the lattice sites with ;; as the hopping energies between
two sites, and ¢! creates an electron with spin « on site i. Vg and M are the gate potential
and exchange splitting, respectively, and o is the z component Pauli matrix. In Figure 1b,c,
we show the top and side views of the monolayer phosphorene lattice structure, respectively.
The hopping energies between a site i and its neighbors are shown in Figure 1b, and the
suggested values of these hopping integrals are specified as t; = —1.220 eV, t; = 3.665 eV,
t3 = —0.205eV, t; = —0.105 eV, and t5 = —0.055 eV [55]. The exchange splitting was chosen
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to be 0.184 eV, in accordance with a previous study [54], and we also considered other
values to check the effects of exchange splitting strength. Two gate potentials, Vg1 and Vg,
were applied on the atomic chains of the left and right ribbon edges, respectively, which is
indicated as a yellow region in Figure 1b.

X
T armchair
Y
© 5N

Figure 1. Schematic illustration of the proposed thermoelectric device. (a) A zigzag phosphorene

nanoribbon is attached to hot and cold macroscopic reservoirs. (b) Top and (c) side views of the
crystal structures of monolayer phosphorene. The hopping integrals, t;, between the phosphorus
atoms are shown. The dimensions of a ribbon can be determined by number of atoms on the edges H
and P.

The Seebeck coefficient, also referred to as thermopower, is a measure of the magnitude
of the thermoelectric voltage induced by the temperature difference between the two ends
of the device. It is one of the most important properties of thermoelectric materials. The
spin-dependent Seebeck coefficient S, (thermopower) can be calculated in terms of the
transmission coefficient

ke () L)
¢ [dE(—3)Tu(E)

SIX = (2)

where fo = 1/[e(E~Er)/ksT 1 1] is the Fermi distribution function and T, (E) is the trans-
mission coefficient. Using the nonequilibrium Green’s function (NEGF), the transmission
coefficient from terminal L to terminal R is written as

To(E) = Tr{T'r(E)G"(E)I'L(E)G"(E)} ®)

where I'g(;) is the level broadening matrices written in terms of the self-energies of the
leads I'g(p) = i[Z%( L~ Z%( L)], and G"(@(E) is the retarded (advanced) Green'’s function.
The Green’s function is calculated from the Hamiltonian of the scattering region and the
interaction of the leads, which is given by

G'@ = [EI BT O 4)

where H is the tight-binding Hamiltonian of the scattering region and ZrL(a) (Z%(a)) is
the self-energy due to the left (right) lead. All numerical calculations were performed
using the Python package Kwant [56]. According to this definition, the energy-dependent
transmission coefficient plays an important role; thus, the transport properties of electrons
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in the quasi-flat band can have a considerable influence on the Seebeck coefficient. The
charge and spin Seebeck coefficients can be defined as

Sch:(ST"i_Si)/z ®)

Ssp = (51 —=51)/2
where S4(S) is the Seebeck coefficient for spin-up (down) electrons, which was obtained
from Equation (2). In the present study, we also considered the band structures and local
density of states of the proposed device, which were also obtained from Kwant.

3. Results and Discussion

The band structures, transmission, and LDOS of the device are presented in Figure 2.
In Figure 2a,b, we show the band structures for pristine and ferromagnetic zigzag phospho-
rene nanoribbon, respectively. We can see from Figure 2a that there is a quasi-flat-edge band
in the energy region —0.311 eV < E < 0, although it is composed of two separate bands
when we focus on this quasi-flat-edge band, which can be seen in the inset of Figure 2a.
In Figure 2b, we can see that the exchange splitting of the ferromagnetic stripe lifts the
degeneracy of the edge bands, and the spin-up bands are shifted upward (red), whereas
the spin-down bands are shifted downward (blue). In Figure 2c, we show the transmission
of the device. In the energy region —0.311 eV < E < 0, the transmission is contributed
from the quasi-flat-edge band, and the transmission for spin-up and spin-down electrons
are found at different energies. We can see that the transmission oscillates with the en-
ergy, which is caused by the electron scatterings in the scattering region. When electrons
move into the scattering region, electrons are backscattered in the scattering region, which
produces the transmission oscillations.
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Figure 2. The band structures for (a) pristine zigzag phosphorene nanoribbon and (b) ferromagnetic
zigzag phosphorene nanoribbon. (c) The transmission of the device. (d—f) LDOS of the device for
total, spin-down and spin-up electrons, respectively, with E = —0.25 (green dashed dotted line).

In Figure 2d—f, we plot the LDOS of the device at energy E = —0.25 eV (the dashed
green line). In Figure 2d, we show the total LDOS, including spin-up and spin-down
electrons, and it is found that the LDOS is localized near the ribbon edges. This means that
electrons from the quasi-flat band only move on the edges, which offers us a possibility to
control the transport by modifying the edge states. In Figure 2e,f, we show the LDOS for
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down spin and up spin, respectively. We can see that electrons move at the edge, and only
spin-down electrons can transport from the left lead to the right lead.

In the following discussions, we consider the spin-dependent Seebeck coefficients for
a phosphorene nanoribbon with a ferromagnetic stripe; then, we show the enhancement
of Seebeck coefficients via the modifications of the edge states of zigzag phosphorene
nanoribbons. In Figure 3a, the spin-up and spin-down Seebeck coefficients are plotted
as a function of the Fermi energy. It is noted that both spin-up and spin-down Seebeck
coefficients oscillate with the Fermi energy with different dependences. The amplitudes of
Seebeck coefficients are large in the energy region —1.2 eV < Er < —0.3 eV. The positive
peak height is around 14 kp /e, and the negative peak height is around —13.1 kg /e. The spin
and charge Seebeck coefficients are shown in Figure 3b. We can see that the amplitudes of
the spin Seebeck coefficient can be as large as 13.2kg /¢, and the amplitude of the charge
Seebeck coefficient can reach 11.6kp/e. Moreover, we could obtain some energy points
that had spin a Seebeck coefficient but zero charge Seebeck coefficient. For example, the
spin Seebeck coefficients for points P and Q are 13.2kp /e and 6.4kp /¢, respectively, but the
corresponding charge Seebeck coefficients are zero.

—
=
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>

=
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<
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Figure 3. (a) Spin-dependent Seebeck coefficient for a zigzag phosphorene nanoribbon with a
ferromagnetic stripe. (b) The corresponding charge and spin Seebeck coefficients. The parameters
for the device are: gate voltages V1 = Vgp = 0, exchange splitting M = 0.184 eV, and temperature
kpT = 0.03]t1].

It has been reported in some previous investigations [57] that the enlargement of the
transport band gap can enhance the Seebeck coefficients. The quasi-flat-edge band lies in
the band gap; thus, so the modulations of the edge states of the zigzag phosphorene ribbon
may enhance the Seebeck coefficient in our device. Here, we modulated the band gap by
applying two gate voltages on the left and right edges of the zigzag ribbon (yellow region
in Figure 1b. Firstly, we only applied one gate voltage on the left side of the ribbon, and the
corresponding band structure and spin-dependent coefficients are shown in Figure 4(al-a3).
It is noted in Figure 4(al) that the gate voltage lifts the degeneracy of the edge modes,
and both the spin-up and spin-down edge modes on the left side of the ribbon are shifted
upward. The edge state bands on this ribbon edge merge into the bulk conduction band.
Comparing the Seebeck coefficients shown in Figure 4(a2,a3) with Figure 3, we can see
that the peak heights of the Seebeck coefficients only have very small changes, because
the band gap is not actually opened although two edge state bands are moved out of the
gap. In Figure 4(b1-b3), we show the band structure and Seebeck coefficients for the device
with two different gate voltages applied on the left and right edges. The transmission in
the energy region —0.311 eV < E < 0 (see Figure 2c) becomes zero, which means that the
transport gap is enlarged. We can see from Figure 4(b2) that the spin-dependent Seebeck
coefficient can be as large as 22.6 kg /e, which is a large enhancement of the thermopower.
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In Figure 4(b3), it is noted that the peak heights of the spin and charge Seebeck coefficients
are 22.3 kg /e and 22.6 kp /¢, respectively. We can find a point with very high spin Seebeck
coefficient but zero charge Seebeck coefficient. The spin Seebeck coefficient is 22.2 kg /e at
point P, but the charge Seebeck coefficient is zero. It is obvious that the spin-dependent
Seebeck coefficients can be considerably enhanced when the edge states are modified by
the gate voltages. We also considered the spin-dependent Seebeck coefficient of the device
with ferromagnetic stripes deposited on the scattering region and the leads; it was found
that the Seebeck coefficients can still be enhanced via modifications of the edge states in
zigzag ribbons. We only observed small changes in the magnitude of the spin and charge
Seebeck coefficients.
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Figure 4. The band structures and spin-dependent Seebeck coefficients for the device with different
voltages applied on the left and right edges of the ribbon. (al-a3) The gate voltage is only applied
on left edge with Vg1 = 1€V and Vg, = 0 eV. (b1-b3) The gate voltages are applied on both edges
with Vo1 = 1 eV and Vg = —1.5 eV. The other parameters for the device are: exchange splitting
M = 0.184 eV and temperature kgT = 0.03|t1].

Energy(eV)

As already mentioned in Section 2, the Seebeck coefficient is determined by the
transmission coefficient, and only the electrons within several kgT around the Fermi
level contribute to the Seebeck coefficient. In a previous study [58], the authors found
that the conductance plateau contributed from the quasi-flat-edge band can be decreased
by notching atoms from the zigzag edges of the ribbon. Here, we plotted the Seebeck
coefficients as a function of Fermi energy when notches were considered on the ribbon
edges. Firstly, we considered a square notch on one edge of the ribbon (see Figure 5(al)).
The peak heights of the Seebeck coefficients only exhibited a very small change compared
with the results shown in Figure 3. For example, the peak heights in Figure 5(a2,a3) are
14.2 kp/e and 13.1 kg /e, which are almost the same as that in Figure 3. In Figure 5(b1—b3),
we show the spin-dependent Seebeck coefficients for the ribbon with notches on both
edges. The constrictions in the scattering region affect the scatterings and suppress the
transmission contributed from the edge states. The transmission in the energy region
—0.311eV < E < 0 (see Figure 2c) becomes zero due to the notches on the edges. It is noted
in Figure 5(b2) that the peak heights of spin-dependent coefficients are largely enhanced.
For example, the positive peak heights for spin-up and spin-down coefficients are 19.2 kg /e
and 23.3 kg /¢, respectively, which are largely enhanced compared with the results shown
in Figures 3a and 5(a2). We can also see that the spin and charge coefficients shown in

Figure 5(b3) are largely enhanced by modulating the edge transports on both edges of the
ribbon.
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Figure 5. Spin-dependent Seebeck coefficients for the device with notches on the edges of the ribbon.
(al-a3) The schematic illustration and spin-dependent Seebeck coefficients for the device with one
asymmetric square notch on the ribbon edge. (b1-b3) The schematic illustration and spin-dependent
Seebeck coefficients for the device with two square notches on the two ribbon edges. The other
parameters for the device are: exchange splitting M = 0.184 eV and temperature kg T = 0.03|t1].

The exchange splitting and temperature have been chosen to be M = 0.184 eV and
kgT = 0.03|t;|, respectively. Here, we consider the effects of exchange splitting strength
and temperatures. In Figure 6(al—a3), we justify the value of exchange appropriately, and
three values of exchange splitting, M = 0.05 eV, 0.1 eV, and 0.25 eV, are considered. This
is useful for future experimental studies, because other stronger or weaker ferromagnets
may be chosen in the experiments. We can see that very small changes are found in charge
Seebeck coefficients when we change the exchange splitting strength. The peak heights of
the charge Seebeck coefficient are around 22.6kg /e for all the exchange splitting strengths.
However, it is noted that the spin Seebeck coefficients are changed greatly due to the
change in exchange splitting strength. We can see in Figure 6(al—a3) that the spin Seebeck
coefficient is very small when the exchange splitting is very small. When the exchange
splitting M > 0.1 eV, the spin Seebeck coefficient is larger than 13kp /e. This means that we
do not need very strong ferromagnets in the experiments, and this theoretical prediction
can be realized in future experimental studies. The temperature kgT = 0.03|t1| can also be
expressed as T = 424 K, and we extend it to T = 200 K, 300 K, 500 K. We can see that the spin-
dependent Seebeck coefficient is larger when we have a lower temperature; for example,
the peak heights for T = 300 K is around (see Figure 6(b2)), which is larger than that of
Figure 4(b3). For a higher temperature T = 500 K, the peak heights of Seebeck coefficients
decrease slightly. It is no doubt that the device can be realized at room temperature.
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Figure 6. The effects of exchange splitting strength and temperature on the spin-dependent See-
beck coefficients. The gate voltages were applied on both edges and all the parameters are the
same as in Figure 4. (al-a3) The spin and charge Seebeck coefficients for kgT = 0.03|t;| and
M = 0.05eV,0.1eV, 0.25eV. (b1-b3) The spin and charge Seebeck coefficients for M = 0.184 eV
and T = 200 K, 300 K, 500 K.

4. Conclusions

In conclusion, we have investigated the spin-dependent thermoelectric transport in
zigzag phosphorene nanoribbons with a ferromagnetic stripe. We reveal that phosphorene
nanoribbons could be very promising for spin caloritronics applications. We calculated
the spin-dependent Seebeck coefficients of phosphorene nanoribbons in the presence of
exchange splitting fields induced by the proximity of ferromagnetic materials. The main
findings are that the spin-dependent Seebeck coefficient can be enhanced by modulating the
edge states of the zigzag phosphorene nanoribbon. We proposed two methods to modulate
the edge-state transport to enhance the Seebeck coefficients: one method is adding different
gate voltages on the edges; the other is including notches on the ribbon edges. It was found
that the transport gap opened between the valence and conduction bands, and the Seebeck
coefficients were enhanced almost twofold. The findings in this study will be useful for
the design of tunable spin-dependent thermoelectric devices, and it will stimulate more
interesting investigations of spin-thermoelectric phenomena in phosphorene nanoribbons.

Author Contributions: Conceptualization, Q.Z.; methodology, Q.Z. and J.O.; writing—original draft
preparation, ].O.; writing—review and editing, Q.Z.; project administration, Q.Z.; funding acquisition,
Q.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China. (NSFC,
Grant Nos. 11704078), and Guangdong University of Technology One-Hundred Young Talents
Program (Project No. 220413143).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Nanomaterials 2022, 12, 2350 90of 10

References

1. Novoselov, K.S.; Geim, A K.; Morozov, S.V,; Jiang, D.E.; Zhang, Y.; Dubonos, S.V.; Grigorieva, 1.V.; Firsov, A.A. Electric field effect
in atomically thin carbon films. Scienice 2004, 306, 666. [CrossRef] [PubMed]

2. Neto, A.C.; Guinea, F,; Peres, N.M.; Novoselov, K.S.; Geim, A K. The electronic properties of graphene. Rev. Mod. Phys. 2009, 81,
109. [CrossRef]

3. Manzeli, S.; Ovchinnikov, D.; Pasquier, D.; Yazyev, O.V,; Kis, A. 2D transition metal dichalcogenides. Nat. Rev. Mater. 2017, 2,
17033. [CrossRef]

4. Radisavljevic, B.; Radenovic, A.; Brivio, J.; Giacometti, V.; Kis, A. Single-layer MoS2 transistors. Nat. Nanotechnol. 2011, 6, 147.
[CrossRef] [PubMed]

5. Wu, Y,; Lin, YM,; Bol, A A ; Jenkins, K.A; Xia, F; Farmer, D.B.; Zhu, Y.; Avouris, P. High-frequency, scaled graphene transistors
on diamond-like carbon. Nature 2011, 472, 74. [CrossRef] [PubMed]

6. Yoon, Y.; Ganapathi, K.; Salahuddin, S. How good can monolayer MoS2 transistors be? Nano Lett. 2011, 11, 3768. [CrossRef]
[PubMed]

7. Cao, X.; Lei, Z.; Huang, B.; Wei, A; Tao, L.; Yang, Y.; Zheng, Z.; Feng, X.; Li, J.; Zhao, Y. Non-Layered Te/In253 Tunneling
Heterojunctions with Ultrahigh Photoresponsivity and Fast Photoresponse. Small 2022, 18, 2200445. [CrossRef] [PubMed]

8.  Batmunkh, M.; Bat-Erdene, M.; Shapter, ].G. Phosphorene and phosphorene-based materials-prospects for future applications.
Adv. Mater. 2016, 28, 8586. [CrossRef]

9. Qiu, D.Y,; da Jornada, FH.; Louie, S.G. Environmental screening effects in 2D materials: Renormalization of the bandgap,
electronic structure, and optical spectra of few-layer black phosphorus. Nano Lett. 2017, 17, 4706. [CrossRef]

10. Reich, E.S. Phosphorene excites materials scientists. Nature 2014, 506, 19. [CrossRef]

11.  Koenig, S.P; Doganov, R.A.; Schmidt, H.; Castro Neto, A.H,; C)zyilmaz, B. Electric field effect in ultrathin black phosphorus. Appl.
Phys. Lett. 2014, 104, 103106. [CrossRef]

12.  Xia, F; Wang, H ; Jia, Y. Rediscovering black phosphorus as an anisotropic layered material for optoelectronics and electronics.
Nat. Commun. 2014, 5, 4458. [CrossRef]

13. Sarma, S.D.; Adam, S.; Hwang, E.H.; Rossi, E. Electronic transport in two-dimensional graphene. Rev. Mod. Phys. 2011, 83, 407.
[CrossRef]

14. Mak, K.F; Lee, C.; Hone, J.; Shan, ].; Heinz, T.F. Atomically thin MoS2: A new direct-gap semiconductor. Phys. Rev. Lett. 2010, 105,
136805. [CrossRef]

15. Tongay, S.; Zhou, J.; Ataca, C.; Lo, K.; Matthews, T.S.; Li, J.; Grossman, J.C.; Wu, J. Thermally driven crossover from indirect
toward direct bandgap in 2D semiconductors: MoSe2 versus MoS2. Nano Lett. 2012, 12, 5576. [CrossRef] [PubMed]

16. Rodin, A.S,; Carvalho, A.; Neto, A.C. Strain-Induced gap modification in black phosphorus. Phys. Rev. Lett. 2014, 112, 176801.
[CrossRef] [PubMed]

17. Das, S.; Zhang, W.; Demarteau, M.; Hoffmann, A.; Dubey, M.; Roelofs, A. Tunable transport gap in phosphorene. Nano Lett. 2014,
14, 5733-5739. [CrossRef]

18.  Akhtar, M.; Anderson, G.; Zhao, R.; Alrugi, A.; Mroczkowska, J.E.; Sumanasekera, G.; Jasinski, ].B. Recent advances in synthesis,
properties, and applications of phosphorene. npj 2D Mater. Appl. 2017, 1, 5. [CrossRef]

19. Qiao,].; Kong, X.; Hu, Z.X;; Yang, E; Ji, W. High-mobility transport anisotropy and linear dichroism in few-layer black phosphorus.
Nat. Commun. 2014, 5, 4475. [CrossRef]

20. Li, L;Yu Y, Ye GJ.; Ge, Q,; Ou, X,; Wu, H,; Feng, D.; Chen, X.H.; Zhang, Y. Black phosphorus field-effect transistors. Nat.
Nanotechnol. 2014, 9, 372-377. [CrossRef]

21. Liu, H.; Neal, A.T;; Zhu, Z.; Luo, Z.; Xu, X.; Tomanek, D.; Ye, P.D. Phosphorene: An unexplored 2D semiconductor with a high
hole mobility. Acs Nano 2014, 8, 4033—4041. [CrossRef] [PubMed]

22. Junior, PE.F; Kurpas, M.; Gmitra, M.; Fabian, J. k - p theory for phosphorene: Effective g-factors, Landau levels, and excitons.
Phys. Rev. B 2019, 100, 115203. [CrossRef]

23.  Zhou, X.Y.; Zhang, R.; Sun, ].P; Zou, Y.L.; Zhang, D.; Lou, WK.; Cheng, F; Zhou, G.H.; Zhai, F; Chang, K. Landau levels and
magneto-transport property of monolayer phosphorene. Sci. Rep. 2015, 5, 12295. [CrossRef] [PubMed]

24.  Zhou, X.; Lou, WK.; Zhai, F; Chang, K. Anomalous magneto-optical response of black phosphorus thin films. Phys. Rev. B 2015,
92, 165405. [CrossRef]

25. Quereda, J.; San-Jose, P.; Parente, V.; Vaquero-Garzon, L.; Molina-Mendoza, A.].; Agrait, N.; Rubio-Bollinger, G.; Guinea, F;
Roldén, R.; Castellanos-Gomez, A. Strong modulation of optical properties in black phosphorus through strain-engineered
rippling. Nano Lett. 2016, 16, 2931. [CrossRef] [PubMed]

26. Lv,H.Y,;Lu, WJ,; Shao, D.E; Sun, Y.P. Enhanced thermoelectric performance of phosphorene by strain-induced band convergence.
Phys. Rev. B 2014, 90, 085433. [CrossRef]

27. Castellanos-Gomez, A.; Vicarelli, L.; Prada, E.; Island, J.O.; Narasimha-Acharya, K.L.; Blanter, S.I.; Groenendijk, D.J.; Buscema,
M.; Steele, G.A.; Alvarez, ].V,; et al. Isolation and characterization of few-layer black phosphorus. 2D Mater. 2014, 1, 025001.
[CrossRef]

28. Carvalho, A.; Wang, M.; Zhu, X.; Rodin, A.S.; Su, H.; Castro Neto, A.H. Phosphorene: From theory to applications. Nat. Rev.

Mater. 2016, 1, 16061. [CrossRef]


http://doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://doi.org/10.1103/RevModPhys.81.109
http://doi.org/10.1038/natrevmats.2017.33
http://doi.org/10.1038/nnano.2010.279
http://www.ncbi.nlm.nih.gov/pubmed/21278752
http://doi.org/10.1038/nature09979
http://www.ncbi.nlm.nih.gov/pubmed/21475197
http://doi.org/10.1021/nl2018178
http://www.ncbi.nlm.nih.gov/pubmed/21790188
http://doi.org/10.1002/smll.202200445
http://www.ncbi.nlm.nih.gov/pubmed/35373465
http://doi.org/10.1002/adma.201602254
http://doi.org/10.1021/acs.nanolett.7b01365
http://doi.org/10.1038/506019a
http://doi.org/10.1063/1.4868132
http://doi.org/10.1038/ncomms5458
http://doi.org/10.1103/RevModPhys.83.407
http://doi.org/10.1103/PhysRevLett.105.136805
http://doi.org/10.1021/nl302584w
http://www.ncbi.nlm.nih.gov/pubmed/23098085
http://doi.org/10.1103/PhysRevLett.112.176801
http://www.ncbi.nlm.nih.gov/pubmed/24836264
http://doi.org/10.1021/nl5025535
http://doi.org/10.1038/s41699-017-0007-5
http://doi.org/10.1038/ncomms5475
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1021/nn501226z
http://www.ncbi.nlm.nih.gov/pubmed/24655084
http://doi.org/10.1103/PhysRevB.100.115203
http://doi.org/10.1038/srep12295
http://www.ncbi.nlm.nih.gov/pubmed/26159856
http://doi.org/10.1103/PhysRevB.92.165405
http://doi.org/10.1021/acs.nanolett.5b04670
http://www.ncbi.nlm.nih.gov/pubmed/27042865
http://doi.org/10.1103/PhysRevB.90.085433
http://doi.org/10.1088/2053-1583/1/2/025001
http://doi.org/10.1038/natrevmats.2016.61

Nanomaterials 2022, 12, 2350 10 of 10

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

Guo, H.; Lu, N.; Dai, J.; Wu, X.; Zeng, X.C. Phosphorene nanoribbons, phosphorus nanotubes, and van der Waals Multilayers. J.
Phys. Chem. C 2014, 118, 14051-14059. [CrossRef]

Han, X.; Stewart, H.M.; Shevlin, S.A.; Catlow, C.R.A.; Guo, Z.X. Strain and orientation modulated bandgaps and effective masses
of phosphorene nanoribbons. Nano Lett. 2014, 14, 4607. [CrossRef]

Carvalho, A; Rodin, A.S.; Neto, A.C. Phosphorene nanoribbons. Europhys. Lett. 2014, 108, 47005. [CrossRef]

Ezawa, M. Highly anisotropic physics in phosphorene. |. Phys. Conf. Ser. 2015, 603, 012006. [CrossRef]

Ezawa, M. Topological origin of quasi-flat edge band in phosphorene. New |. Phys. 2014, 16, 115004. [CrossRef]

Sisakht, E.T.; Zare, M.H.; Fazileh, F. Scaling laws of band gaps of phosphorene nanoribbons: A tight-binding calculation. Phys.
Rev.B 2015, 91, 085409. [CrossRef]

Watts, M.C.; Picco, L.; Russell-Pavier, ES.; Cullen, P.L.; Miller, T.S.; Bartus, S.P; Payton, O.D.; Skipper, N.T; Tileli, V.; Howard, C.A.
Production of phosphorene nanoribbons. Nature 2019, 568, 216. [CrossRef]

Macdonald, TJ.; Clancy, A.].; Xu, W,; Jiang, Z.; Lin, C.T.; Mohan, L.; Du, T.; Tune, D.D.; Lanzetta, L.; Min, G.; et al. Phosphorene
nanoribbon-augmented optoelectronics for enhanced hole extraction. J. Am. Chem. Soc. 2021, 143, 21549-21559. [CrossRef]
[PubMed]

Bauer, G.; Saitoh, E.; van Wees, B. Spin caloritronics. Nat. Mater. 2012, 11, 391-399. [CrossRef]

Uchida, K.; Takahashi, S.; Harii, K.; Ieda, J.; Koshibae, W.; Ando, K.; Maekawa, S.; Saitoh, E. Observation of the spin Seebeck
effect. Nature 2008, 455, 778-781. [CrossRef]

Wu, S.M.; Zhang, W.; Amit, K.C.; Borisov, P.; Pearson, J.E.; Jiang, ].S.; Lederman, D.; Hoffmann, A.; Bhattacharya, A. Antiferro-
magnetic Spin Seebeck Effect. Phys. Rev. Lett. 2016, 116, 097204. [CrossRef]

Wu, S.M.; Pearson, J.E.; Bhattacharya, A. Paramagnetic Spin Seebeck Effect. Phys. Rev. Lett. 2015, 114, 186602. [CrossRef]

Inglot, M.; Dugaev, V.K.; Barnas, J. Thermoelectric and thermospin transport in a ballistic junction of graphene. Phys. Rev. B 2015,
92, 085418. [CrossRef]

Rameshti, B.Z.; Moghaddam, A.G. Spin-dependent Seebeck effect and spin caloritronics in magnetic graphene. Phys. Rev. B 2015,
91, 155407. [CrossRef]

Farghadan, R ; Ildarabadi, F. Gate-voltage induced giant spin Seebeck effect in phosphorene nanoribbons. Phys. Rev. B 2020, 102,
035430. [CrossRef]

Lee, S.; Song, ].P; Kang, S.H.; Kwon, Y.K. Oxidation-enhanced thermoelectric efficiency in a two-dimensional phosphorene oxide.
Sci. Rep. 2021, 11, 18525. [CrossRef] [PubMed]

Flores, E.; Ares, ].R.; Castellanos-Gomez, A.; Barawi, M.; Ferrer, 1].; Sanchez, C. Thermoelectric power of bulk black-phosphorus.
Appl. Phys. Lett. 2015, 106, 022102. [CrossRef]

Ma, R; Geng, H.; Deng, W.Y.; Chen, M.N; Sheng, L.; Xing, D.Y. Effect of the edge states on the conductance and thermopower in
zigzag phosphorene nanoribbons. Phys. Rev. B 2016, 94, 125410. [CrossRef]

Mani, A.; Benjamin, C. Strained-graphene-based highly efficient quantum heat engine operating at maximum power. Phys. Rev. E
2017, 96, 032118. [CrossRef]

Ildarabadi, F.; Farghadan, R. Spin-thermoelectric transport in nonuniform strained zigzag graphene nanoribbons. Phys. Rev.B
2021, 103, 115424. [CrossRef]

Saiz-Bretin, M.; Malyshev, A.V,; Orellana, P.A.; Dominguez-Adame, F. Enhancing thermoelectric properties of graphene quantum
rings. Phys. Rev. B 2015, 91, 085431. [CrossRef]

Wierzbicki, M.; Swirkowicz, R.; Barna$, J. Giant spin thermoelectric efficiency in ferromagnetic graphene nanoribbons with
antidots. Phys. Rev. B 2013, 88, 235434. [CrossRef]

Gunst, T.; Markussen, T.; Jauho, A.-P.; Brandbyge, M. Thermoelectric properties of finite graphene antidot lattices. Phys. Rev. B
2011, 84, 155449. [CrossRef]

Terada, T.; Uematsu, Y.; Ishibe, T.; Naruse, N.; Sato, K.; Nguyen, T.Q.; Kobayashi, E.; Nakano, H.; Nakamura, Y. Giant Enhancement
of Seebeck Coefficient by Deformation of Silicene Buckled Structure in Calcium-Intercalated Layered Silicene Film. Adv. Mater.
Interfaces 2022, 9, 2101752. [CrossRef]

Kurpas, M.; Gmitra, M.; Fabian, ]J. Spin properties of black phosphorus and phosphorene, and their prospects for spincalorics. J.
Phys. D Appl. Phys. 2018, 51, 174001. [CrossRef]

Chen, H.; Li, B.; Yang, J. Proximity Effect Induced Spin Injection in Phosphorene on Magnetic Insulator. ACS Appl. Mater. Interfaces
2017, 9, 38999-39010. [CrossRef]

Rudenko, A.N.; Katsnelson, M.I. Quasiparticle band structure and tight-binding model for single- and bilayer black phosphorus.
Phys. Rev. B 2014, 89, 201408. [CrossRef]

Groth, CW.; Wimmer, M.; Akhmerov, A.R.; Waintal, X. Kwant: A software package for quantum transport. New . Phys. 2014, 16,
063065. [CrossRef]

Hao, L.; Lee, T.K. Thermopower of gapped bilayer graphene. Phys. Rev. B 2010, 81, 165445. [CrossRef]

Pédez, C.J.; Bahamon, D.A ; Pereira, A.L.; Schulz, P.A. Zigzag phosphorene nanoribbons: One-dimensional resonant channels in
two-dimensional atomic crystals. Beilstein . Nanotechnol. 2016, 7, 1983-1990. [CrossRef]


http://doi.org/10.1021/jp505257g
http://doi.org/10.1021/nl501658d
http://doi.org/10.1209/0295-5075/108/47005
http://doi.org/10.1088/1742-6596/603/1/012006
http://doi.org/10.1088/1367-2630/16/11/115004
http://doi.org/10.1103/PhysRevB.91.085409
http://doi.org/10.1038/s41586-019-1074-x
http://doi.org/10.1021/jacs.1c08905
http://www.ncbi.nlm.nih.gov/pubmed/34919382
http://doi.org/10.1038/nmat3301
http://doi.org/10.1038/nature07321
http://doi.org/10.1103/PhysRevLett.116.097204
http://doi.org/10.1103/PhysRevLett.114.186602
http://doi.org/10.1103/PhysRevB.92.085418
http://doi.org/10.1103/PhysRevB.91.155407
http://doi.org/10.1103/PhysRevB.102.035430
http://doi.org/10.1038/s41598-021-97943-8
http://www.ncbi.nlm.nih.gov/pubmed/34535736
http://doi.org/10.1063/1.4905636
http://doi.org/10.1103/PhysRevB.94.125410
http://doi.org/10.1103/PhysRevE.96.032118
http://doi.org/10.1103/PhysRevB.103.115424
http://doi.org/10.1103/PhysRevB.91.085431
http://doi.org/10.1103/PhysRevB.88.235434
http://doi.org/10.1103/PhysRevB.84.155449
http://doi.org/10.1002/admi.202101752
http://doi.org/10.1088/1361-6463/aab5a2
http://doi.org/10.1021/acsami.7b11454
http://doi.org/10.1103/PhysRevB.89.201408
http://doi.org/10.1088/1367-2630/16/6/063065
http://doi.org/10.1103/PhysRevB.81.165445
http://doi.org/10.3762/bjnano.7.189

	Introduction 
	Model and Methods 
	Results and Discussion 
	Conclusions 
	References

