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Due to the strong piezoelectric property of monetayloS, strain applied along the zigzag
direction can generate a piezoelectric field aldmgarmchair direction. The edge states can
be separated by the piezoelectric field. By apglyan exchange field produced from a
ferromagnetic insulator material, spin polarizatisnfound to be effectively controlled by
strain. For both spin up and spin down statesy f@arization intensity can be tuned up to
100% over a wide modulating region.
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Abstract: Two-dimensional (2D) materials are promising caatkd for atomic-scale
piezotronics and piezophototronics. Quantum edggeestshow fascinating fundamental
physics such as nontrivial topological behavior ot promising practical applications for
low-power electronic devices. Here, using the tigihding approach and quantum transport
simulations, we investigate the piezotronic effectthe spin polarization of edge states in a
zigzag-terminated monolayer Mp8anoribbon. We find that the strain-induced piézcieic
potential induces a phase transition of edge sfatas metal to semiconductor. However, in
the presence of exchange field, edge states bemmmmetallic with significant spin

splitting and polarization that can be tuned byemxl strain. We show that quantum transport
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conductance exhibits a 100% spin polarization @veride range of strain magnitudes. This
effect is used in a propose prototype of piezotrapin transistor. Our results provide a
fundamental understanding of the piezotronic effecedge states in zigzag monolayer MoS
nanoribbons and are relevant for designing higliep@ance piezotronic spin devices.

Keywords: Piezoelectric property, Mg@Sianoribbon, Spin transistors, Edge states.

I.  INTRODUCTION

Monolayers of transition metal dichalcogenides (T#Das an important class of two-
dimensional (2D) semiconducting materials, havevdra lot of interest in both fundamental
research and practical applications [1, 2]. Compavih gapless graphene, the TMD family
of materials exhibit many advantages in the realropioelectronic device designs due to
their wide direct-bandgap, high transparency anddgmechanical flexibility. The tunable
bandgap by altering layers or applying mechanitairs makes TMD materials operate over
a wide range of wavelengths that is important fobotpelectric detection [3]. Due to the
coupling of strong piezoelectric and semiconductprgperties, TMDs turn out to be
important for potential applications in electromawaital transducers and energy harvestings,
such as nanogenerators and solar cells [4, 5].

Spin, associated with the magnetic moment of theteln, serve as an internal quantum
degree of freedom that is promising for magnetforimation storage and future electronics
[6]. Although TMDs is a nonmagnetic material, itshalso widespread applications in
spintronics because of the presence of stronggitrispin-orbit coupling (SOC) (0.15 eV for
MoS, and 0.46 eV for WSg [7]. Many spin-relevant physical phenomena in Td/Bbave
been extensively explored including valley pseudo$®], quantum spin Hall insulator [9],
semimetallicity and metallicity. By breaking spatiaversal symmetry, an electric field will
act as a versatile control parameter for SOC [10].

Following the rapid development of various nanogetues, piezotronic and piezo-
phototronic starts to become appealing for manyh hjgerformance electronic and
photoelectronic applications. The primary mategiaups for those devices are piezoelectric

semiconductors including conventional three-dimemasi (3D) bulk materials such as ZnO,



GaN and CdS, and some 2D materials such as, Mo&-BN [11, 12]. Based on those 3D
and 2D materials, Wang et. al. have developed aMhdichted a large number of high
performance electro-chemical devices ranging fr@anogenerator [13, 14] and field effect
transistor [15] to strain sensor array [16] andagbtsensor integration [17]. Zhang et. al. has
demonstrated that the basic mechanism of piezatreffiéct is to exploit mechanical strain-
generated polarization field to control electrord dole behaviors in nanomaterials [18].
Moreover, a strain-controlled power device (SPD) swaesigned by using an
AlGaN/AIN/GaN heterojunction, which uses extern@s to modulate the output power by
emulating the human reflex process [19]. More rdgemiezotronic effect on quantum
materials has been reviewed in particular for splated characteristics [20]. Piezotronic
effect on topological insulators have been extaxgigtudied for several material systems,
such as HgTe/CdTe and GaN/InN quantum well [21,, 28t which large SOC is a
prerequisite for a topological phase transition.uZzét. al. have also reported that a
piezoelectric field can tune Rashba-type SOC at/BgX interface at room temperature,
paving the way for promising potential spintronpphcations based on the piezotronic effect
[23]. Quantum states can be tuned by the Piezatreifect, which is crucial for developing
guantum-related piezotronics. Unfortunately, thestaxg investigations are very limited
especially for spin-related electronic transpo€[2

Here, we theoretically investigate spin transpoyt dulge-states in a zigzag MoS
nanoribbon under uniaxial strain and an exchangkl.fiDue to the strong piezoelectric
property of monolayer Ma$ strain applied along the zigzag direction canegeate a
piezoelectric field along the armchair directiomis piezoelectric field can open a gap in the
edge state spectrum, leading to a metal-to-semigxtad phase transition. By applying an
exchange field produced from a ferromagnetic irtsulmaterial [24-26], spin polarization is
found to be effectively controlled by strain. Fasty spin up and spin down states, their
polarization intensity can be tuned up to 100% @maide modulating region. By performing
guantum transport calculations, we examine polaozaconductance, polarization ratio and

electronic density distribution.



II. THEORY AND MODEL

The studied system is schematically shown in F{@) With a zigzag molybdenum
disulfide nanoribbon (ZMDSN) connected to two ledtat act as electrodes. Generally,
monolayer Mognanoribbon has two types of boundary atomic arnaneges, i.e., armchair
and zigzag. Here, we focus on zigzag boundariesusec its edge states exhibit spin
polarization. Due to strong piezoelectric propeaftynonolayer Mog a polarized field can be
induced by external strain, as shown in Figs. 1{bjd). For tensile strain applied
perpendicularto the zigzag boundary, the induced polarization fiedpointed from S-
terminal to Mo-terminal, i.e., inverseaxis direction. For compressive strain, the paktion
field is alongy-axis direction. Such polarization field can chatige electronic properties of
MoS; ribbon, especially for edge-state electrons adiestiubelow.

The low-energy electronic properties of a monolayelS, can well be described by the
multi-band Slater-Koster tight-binding (TB) modditained from first principles calculations

[27-30]. This TB model is based on six reduced &tarrbitals as the basis set which consist

1, 1, 1,
of (dzz,dxz_yz,dxy) for Mo atoms and[ﬁ(pﬁpf) E(py +pf,),TZ(PZ ‘Ph)} for

S atoms, whereandb refer to the top and bottom S layers, respectiwithin this basis set,
the TB Hamiltonian is written as [31, 32]

_ Mt s gt MMt ss ot
H= Z(‘gi,ﬂci_ﬂci,ﬂ +£i,;zbi,ﬂbi_ﬂ) + Z (tif,wci,ycf,v +tif,uvbi,ybf,v)
i <<ij >>,uv

Ms .t 1)
+ z t.o c. b, +H.c.

U,V L1 g v
<ij>pv

where i, j and v run over the lattice sites and atomic orbits, resipely. ¢/, and

c (b:y and bl.,ﬂ) represent the creation and annihilation operdtorslectrons on Mo (S)

LM

SS MS H H
s and iz are given in Ref. [31].

atoms. All Slater-Koster hopping parametejj”%, t
In this work, we focus on spin-polarized edge statea monolayer MoS2 ribbon, which are
located in the low-energy region (i.e. within thdlkbgap of the ribbon) and therefore can be
described well by this six-band TB model. SimilarRef. [32], an exchange field is also

applied to produce spin splitting. The on-site gieex of Mo and S atoms are given by
4



A, O 0
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where h refers to the strength of the exchange fiel]. and A, represent the SOC

strengths of the Mo and S atoms [33], respectivalythe identity matrix, ands refers to the

spin angular momentum along thexis. The corresponding parameters are givenhbieTa

Table [1: On-site energies of the tight-binding parametersn monolayer MoS; (in eV) [34]

Symbol Value Symbol Value
A, -1.094 A, -1.512
A, -3.560 A, -6.886
Ay 0.075 Ag 0.052
. -0.467 " 1.225

When strain is applied, the TB parameters are dathmye to the variation in atomic
bond lengths. It was shown in recent work [34] ttie effect of strain is considered by
modifying the hopping energy as
- 0‘

r.—r.
_ 0 _ ‘ ij ij
t,-j,y.,(r,j)—t[j’w (ru) 1 Aij,w ‘ro‘

(4)

g

where ‘rf‘ is the distance betweératom andi atom without strain, ancjr ij‘ refers to the

distance in the presence of straif\ is the dimensionless bond-resolved local electron-

1,



phonon coupling. Following the Wills-Harrison argem, /\ij'S_S: 3, /\iijo_Sz 4, and

N, -0 = 5 [34, 35]. The variation of bond length has nfiuence on the on-site energy.

The other parameters can be found in Ref. [34].

In addition, when tensile or compressive straimpplied along the armchair edge, a
potential is produced across the monolayer Mughoribbon due to the piezoelectric effect.
Various studies obtained the dependence of theipalmn potential on the applied strain [36,

37]. Here, we give an explicit piezoelectric poiainivhich is written as

Viezo = 6118 ln y (5)
" 2mge \W -y

whereey; = 306 x 10™° C/m is the clamped-ion piezoelectric coefficie3s]}&,= 885 x 10

' F/m and & = 33 refer to vacuum dielectric constant and relatligectric constant of

MoS,, respectively. £ is the applied strain}y is the nanoribbon width, angd is the
coordinate along the armchair direction shown m E{a).

We employ the quantum transport software packadges:t and Pybinding to obtain
numerical results for the conductance [39, 40]nlasure the degree of spin polarization in

G -G
the electronic transport, we also calculate the rgt = GT—+(;

1 1

[32].

lll. RESULTS AND DISCUSSIONS

To calculate the spin polarized transport by edgées, we introduce a two-terminal
device based on a zigzag monolayer Ma&noribbon in the presence of uniaxial strain, as
shown in Fig. 1. The number of atomic layéalongy axis is used to describe the width of
the nanoribbon. The electronic properties of Moa8@noribbon depend sensitively on their
edge structure due to the different constituentmatdocated at opposite edges. Band
dispersions of a 21-ZMDSNVE21 stands for the number of atomic layer) is degién Fig.
2. In the absence of external strain, the dispersgectrum has two obvious band curves that
intersect each other. Those two curves are eddesstwith the electrons located at the

boundaries. Band intersection indicates the metigllof edge states. Because strain-induced
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piezoelectric charges also reside on the boundaetse-states electrons will be modulated
by external strain, as shown in Figs. 2(b) and\(éhen the strain is applied, a piezoelectric
field is induced across the ZMDSN, and its diretti® determined by the type of strain. As
shown in Figs. 1(b) and (d), the direction of pieleatric field under tensile strain is along
axis, and it is along the opposite direction fompoessive strain. The directional difference is
expected to result in different band dispersiors&actronic behaviors due to dissimilarity in
the chemical nature of the opposite edges. Fig. {bws that under compressive strain, the
edge states intersect more strongly, and consdgute corresponding inverted (negative)
gap becomes large, leading to stronger metallitufeaHowever, in the presence of tensile
strain edge states can be separated by a posapeas shown in Fig. 2(c). In this case,
ZMDSN becomes semiconducting due to the gapped &tdtgs. The change from metallic to
semiconducting by strain is mainly due to the stiaduced piezoelectric field. However, the
edge states under strain are still spin degenerate.

It is known that the nonlocal exchange field geteztaby the ferromagnetic substrate
breaks time reversal symmetry, which can lift tegeheracy between spin-up and spin-down
bands. Although there is a large spin splittingthy exchange field, no energy gap can be
opened between two successive subbands with the spim. Therefore, spin polarization
cannot be realized by only the exchange field. Harethis will be changed when an
exchange field is combined with tensile strain.. Bighows the band structure of 21-ZMDSN
under fixed strain (8%) where the spin-up subband of the lowest comuludiand exactly
touches the spin-down subband of the highest valeaad at a critical energy ¢5.383 eV.

As can be seen, the energy regions corresponditigetepin-up and spin-down subbands, as
shaded by different colors in Fig. 3(a), are welparated beyond this critical energy. This
indicates that by tuning the Fermi level within ¢betwo energy regions, excellent spin
polarization can be achieved. In an experiment,Rbeni level can be tuned by means of
doping or by a split gate voltage [41, 42]. To desteate such spin polarization, spin-
dependent transport conductance and spin polanzatatio were calculated and the
corresponding results are shown in Figs. 3(b) gnyl Bespectively. It is shown that the spin-

up conductance vanishes in the energy region fi#B8 to -0.383 eV, thereby leading to a



100% spin down polarization. On the contrary, sjgrelectrons dominate transport when the
Fermi level is located within the energy region-0f383 ~ -0.017 eV Outside those two
polarized regions, transport is led by both spinamgl spin-down states reducing the spin
polarization ratio below 1 (i.e., electronic traoggs not perfectly spin polarized).

Table. Il shows the critical exchange field stréisgbind the induced spin gaps for
different values of the strain. As can be seer bw strength of the critical field and the size
of the induced spin gap; also increase with the magnitude of strain. Tlasea is that the
strain induced gap increase with the strain as showrig. 2(c). Thus, spin splitting of edge

states caused by the exchange field can occulaitger energy region.

Table II: The critical exchange field and the induced spin gap
for half-metallic states under different strain.

£1% hil A, As(meV)
4 0.31 1146
5 1.02 11154
6 1.75 11262
7 2.47 11369

In order to further demonstrate the effect of stiaduced piezoelectric field on spin

polarized transport, Fig. 4 gives the energy spettand spin polarization under uniform

_ &y

piezo —

piezoelectric field, which is written a& . By taking the spatial gradient of the

oér
nonuniform piezoelectric potential [Eq. (5)], weufa that the corresponding piezoelectric
field has the largest (smallest) amplitude at tberlaries (interior) of the ribbon. This
directly leads to a significant spin polarizatiomuced by edge states, as expected. Now the
piezoelectric field is a constant and thus has lemualitudes both at the edges and the center.
Moreover, this uniform piezoelectric field at theumdaries is smaller than the nonuniform
piezoelectric field given by Eq. (5). Thereforegtbpin induced gapls decreases for

uniform piezoelectric field. Additionally, the spimduced gapd; is almost constant for

exchange fieldh >1.0754,, (h=1.075,, is the critical exchange field for half-metallic

states under strain 6.9%) under uniform piezoetefi&id.
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Fig. 5 plots the contour map of spin polarizatisragunction of strain and Fermi level at

fixed exchange field(h=1.075JIM ) As can be seen, full spin polarization cannotdatized

when the magnitude of tensile strain is less th&&63 This is because the low piezoelectric
field at small strain is not sufficient to triggarcomplete separation of spin subbands. In this
case, both the spin-up and spin-down states coériio transport at a fixed Fermi level, and

thus the conductance is composed of these twocgpitnibutions. As the magnitude of tensile
strain increases beyond a critical val(ig >3.6%) , the subbands with different spin are well

separated, and fully spin polarization emergesiéntivo energy regions indicated by red and

green colors and its sign can be switched betw&eand 1 by tuning the Fermi energy.

Another critical strain is€,=6.9%, for which the conduction and valence bands are no

inverted but instead touch each other [seeing B{a)]. It is an ideal situation for full spin
polarization. Further increasing strain from 6.9868t9% shows a zero polarization region
where the Fermi level is located in the band gaphis case, the conductance is zero at zero
temperature. Therefore, edge states exhibit semimtimg property. When strain is larger
than 8.9%, there is a gap between two fully poddian ranges of spin up and spin down
states.

In Fig. 6, we show the electronic band dispersiath density distribution of 21-ZMDSN
at Fermi energy -0.4 eV under three different s8ab6.6%, 7.6% and 8.6%, as labeleddby
B andC in Fig. 5. When strain is set to 6.6%, the ribleahibits a semi-metallic phase due to
the gapless edge states. In this phase, the camioeind minimum and valence-band
maximum correspond to different spin states anctldetronic spectrum has zero band gap. It
was shown that in the semi-metallic phase spinrizalon can be realized by changing the
Femi energy [32]. For example, only valence-baniti-dpwn band intersects at the Fermi
level of -0.4 eV, leading to a fully spin down patation. The left of Fig. 6(d) shows
electronic density distribution with this full peization, and only spin down electrons can
travel through the ribbon along the Mo boundary. iBgreasing strain to 7.6%, this ribbon
becomes semiconducting where no states are fouhe &ermi level of -0.4 eV, as shown in

Fig. 6(b). Further increasing the strain to 8.6P&, situation becomes distinctively different:



only spin-up electrons emerge in the ribbon, legdim a fully spin-up polarization. Its
electronic density distribution is shown in thehtigf Fig. 6(d).

The key idea of strain modulated spin polarizai®no utilize a piezoelectric field to
control the edge states of zigzag monolayer M@a®oribbon, which is a direct consequence
of the piezotronic effect. Based on this modulatianhigh-performance piezotronic spin
transistor can be designed. Recent experimentstegpthat edge states in Mgstems are
favorable to realize such type of devices [43].. Figlepicts the schematic diagram of such
spin transistor in an experimental set-up. A fergnetic insulator placed on a flexible
substrate is used to provide an exchange fieldroFexgnetic material EuO or EuUS is
deposited on monolayer MeSby reactive molecular beam epitaxy, which has been
successfully applied on graphene for the realinatib exchange proximity coupling [24].
Polyethylene terephthalate is very commonly used fhesxible substrate for MgSlakes [4].
When no strain is applied, spin polarization isozexs shown in Fig. 7(a). By mechanically
bending the flexible substrate, a tensile strain ba applied on the M@Sibbon. Strain-
induced piezoelectric field enhances the spin prdtion of edge-state electrons, giving rise

to pure spin current flowing through the Ma$bon in Fig. 7(b).

IV. SUMMARY

We have theoretically studied the impact of thezgimnic effect on spin-dependent
transport of the edge states in a two-terminal rMey®y MoS nanoribbon with zigzag
boundaries. We calculated the band dispersion,-dgpendent conductance, electronic
density distribution and spin polarization in tHes@nce and presence of external strain. We
found that monolayer MgSnanoribbon presents semiconducting or metallicp@riies
depending on the piezoelectric potential inducedtbsin. By using a combination of external
strain with an exchange field one can control thie polarization of edge states. We showed
that a 100% spin-polarized conductance is achiéat for spin-up and spin-down edge
states. Our calculations offer a method for desigriigh performance piezotronic spin

transistors.
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Figure captions

Figure 1. (a) Schematic illustration of a Me@&bbon. The red regions refer to the left and
right leads. The number of atoms along the armakdgeN is used to describe the width of
ZMDSN, which is indicated a&’-ZMDSN. (b) and (d) show the direction of piezogélec
field under tensile and compressive strain, respaygt (¢) Schematic illustration of the

piezoelectric field infv-ZMDSN, where W is the width of the nonoribbon.

Figure 2. The band dispersion of a 21-ZMDSN with (a) no istrgb) compressive strain
£=-2% and (c) tensile straire =5%. Band inversion in (a) and (b) indicates a negativ

gap.

Figure 3. (a) The band dispersion of 21-ZMDSN under tensilein (& =6.9%) and
exchange fieldh=2.44,, . Spin-up and spin-down region are labeled by redi lslue colors.
(b) Spin-dependent conductance and (c) spin paléoizp as a function of the Fermi energy.
A, is the induced spin gap, in which full spin patation can be achieved.

Figure. 4. (a) Energy dispersion of 21-ZMDSN unsieain 6.9% with uniform piezoelectric
field under various exchange field: (ah=1.075,, and (b) h=2.44, . (c) Spin

polarization p as a function of the Fermi energy.

Figure 5. Contour plot of the spin polarizatignversus strairr and Fermi energ¥:. At a
fixed Fermi energy of -0.4 eV, three detsB andC correspond respectively to strain 6.6%,
7.6% and 8.6%, which is used in Fig. 5. Three aaltistrains (dashed line) are identified:

g =3.6%, £ =6.9% and & =8.9%.

Figure 6. Energy dispersion of 21-ZMDSN under strain (a)6.§b) 7.6% and (c) 8.6%. (d)

Corresponding electronic distribution at Fermi gyesf -0.4 eV.

Figure 7. Schematic diagram of piezotronic spin transistrWithout strain and (b) with
tensile strain. Under tensile strain, spin polatistectrons travel through monolayer MoS

ribbon along the boundaries. Gate voltage is sagpb tune the Fermi level, and the gradient
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color in Mo$ ribbon labels the piezoelectric potential disttibn.
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Highlights:

1. The piezoelectric effect in Mg®ianoribbon induces a phase transition of edgesstat
from metal to semiconductor.

2. In the presence of exchange field, edge statesneesemi-metallic with significant
spin splitting and polarization that can be tungakternal strain.

3. By using a combination of external strain with exape field to control the spin
polarization of edge states, we showed that a 18p#-polarized conductance is
achieved both for spin-up and spin-down edge states a wide range of strain
magnitudes.



