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Piezotronic effect on monolayer MoS, has been investigated based on a
normal-ferromagnetic-normal structure. The piezoelectric field at the interface of two-dimensional
materials can modulate quantum transport by applied strain, which can effectively control spin and
valley polarization. The quantum piezotronic transistor can act as a block unit of spin and valley
filters for quantum information and storage.
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Abstract

Piezotronics and piezo-phototronics based on thd tieneration semiconductors are
two novel fields for low power consumption, selfwmred technology and internet of things.
Strain-induced piezoelectric field plays a key rate modulate not only charge-carrier
transport but also quantum transport propertiggemoelectric semiconductors, especially for
two-dimensional materials which can withstand lasgrin. In this paper, we theoretically
study piezotronic effect on the modulation of spimd valley properties in single-layered
MoS,. Spin- and valley-dependent conductance, elearomensity distribution and
polarization ratio are investigated by quantum gpamt calculation. Because of piezotronic
effect, strain-gated spin and valley transistorgehexcellent quantum state selectivity using
by strain. Our work provides not only piezotronfteet on spin and valley quantum states,

but also a guidance for designing novel quanturagtrenic devices.
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1. Introduction

Piezotronics and piezo-phototronics are two emgrdialds which can be used for
self-powered systems, flexible electronic deviceasd human-computer interface [1-3].
Owing to coupling characteristics of piezoeledtyjcsemiconductor and photoexcitation,
piezotronic and piezo-phototronic effect can bedusecontrol electronic transport and optical
excitation process by strain-induced polarized gbsi{4-7]. A variety of high performance
piezotronic devices such asanogenerators [8], flexible piezotronic strain s [9],
piezotronic logic nanodevices [10], photolumineseemlevices [11] have been developed
based on piezoelectric semiconductors materialsh sis ZnO, GaN and monolayer MoS
[12]. Recently, piezotronic effect on quantum mialerhas been studied theoretically, and
piezo topological insulator devices have ultraf@W/OFF ratio and low power consumption
[13-15].

Transition-metal dichalcogenides (TMDs) have beend pmuch attention in both
fundamental physics and practical devices apptinat[16, 17]. The quantum spin Hall effect
is found in WSg[17]. Quantum wells based on two-dimensional (Byer-structuredMDs
have unique optical features of intersubband ttimmsi[18]. The symmetry and strong
spin-orbit coupling of TMDs can obtain spin andleglpolarization [19, 20]. Valley is a local
extremum point of the Bloch. For example, valleg il®cal maximum in the valence band, or
local minimum in the conduction, and can be usedidsign new quantum devices as an
internal quantum degree of freedom due to brea&arger inversion symmetry [20], such as
reversible valley NAND gate, valley filter and v@llvalve [21, 22]. Spin and valley quantum
devices are good candidates for quantum informationess and storage [23], for example, a
valley sensitively response to different polariaatiof light due to the strong valley-light
coupling [24].

Single quantum state of spin or valley need uligirlelectric field in 2D materials
[25-28], which is a great challenge [26]. Gate ag# provides an electric field intensity of

100 kV/cm [29, 30]. It is very difficult to furtheincrease the electric field. Using MoS
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transistor with gate length of 1 nm, electric fielan reach up to 1 MV/cm [31]. There are
ultra-high electric field in piezoelectric semicammtior quantum wells, which can reach over
10 MV/cm [29, 32]. Ultra-high electric field will fier unique modulation for quantum
devices, which is important for quantum piezotrenic

In this paper, a piezotronic normal-ferromagneticaal monolayer MoSis studied
theoretically. The ferromagnetic material in theddie structure can magnetize Mo&hd
bring in an exchange field under the magnetic fi8R]. Transport characteristics of spin and
valley is controlled by strain, which is superiorthe gate voltage control mode [34]. This

work paved a new way to the control of the spin aailtby by piezotronic effect.

2. Theoretical Model of Piezotronic Effect on QuantumTransport

Take monolayer MoS piezotronic transistor as an example, we use
normal-ferromagnetic-normal Me3unction. The ferromagnetic region with the exdajn
field connects to the two normal Mg®gions in the monolayer Mg®&ansistor, as shown in
Figure 1(a). The ratio of piezoelectric coefficidot relative permittivity of Mogis ~ 18
pC/m, higher than MoSeWS, and WSe (16, 15 and 12 pC/m). Mg@®as been successfully
synthesized to integrate into ferromagnetic maefigs]. The model can be used for other
two-dimensional materials, such &0Se, WS, and WSe Spin- and valley-dependent

guantum transport properties can be obtained frmnSchrédinger equation

Hy =&y (1)
where H donates a Hamiltoniany stands for wave function ané is eigenvalue. The
main transport properties including the transmisst@nductance and electronic density
distribution can be obtained by solving the Schnddr equation under special boundary
condition.

Spin and valley polarization can be obtained iroamnal-ferromagnetic-normal junction
based on 2D materials applying a high intensity me#ig field [36]. The model can be

described by the Hamiltonian [20, 34, 37]

H :hv(rzlgax+ Ig,ay)+AaZ+(—/1rzsg FAT S5)— s/ L (2)

where 7,=+1 donates the valleys index (1 fé&r valley and -1 forK' valley), s,=+1
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represents the electron spin up and spin dod@nis the Pauli matricesk, and k, are the

wave vector momentumA is the energy gapJ is the spin splitting energy of the valence
band andV is the Fermi velocity.h is the exchange field existing in the ferromagneti
region andU is the externally applied electric potential.

While a uniform strain is applied on MgSstrain-induced piezoelectric charges at the
two boundaries generate piezoelectric field, wiialm be considered approximately as an
one-dimensional field [38]. The direction of monga MoS is shown in Figure 1(a) where
armchair direction is electronic transport from re@uto drain. The strain is applied along
armchair direction, and piezoelectric charges aduced at the zigzag interfaces due to
nonzero piezoelectric coefficiem;. The piezoelectric charges has been reported i6, Mo

based nanogenerators [39]. The piezoelectric patanside the materials can be written as

[40]:
@In|x|+ul,—d< X< 0
27E, &,
_) &S X
Uu. = In ,0<x<d 3
piezo 27Er£0 d _ X‘ ( )

1% |y~ d+U,, d< x<2d
27, &,

r

where €, is the piezoelectric constang; is the applied straing is relative dielectric

constant, & is vacuum permittivityx is the distance away from the boundary dnd the

width of the ferromagnetic regioin order to ensure that the electric potential gsia¢ at

different regional interfaces and the logarithmigndtion is meaningful, we set the
corresponding parameters, which are representedohgtantsU, and U, , respectively.

The piezoelectric field and piezopotential inside heterojunction is shown in Figure 1(b)
under an external strain -1%. Due to large pieztedity for monolayer Mog piezoelectric
charges are generated at two interfaces betweemahand ferromagnetic region. The
positive and negative piezoelectric charges casebeed as an electric dipole, and its electric
field distribution is shown in Figure 1(b). For ghpiezoelectric dipole, piezoelectric field is
very strong with order of MV/cm near piezoelectif@arges (or interfaces) but becomes weak

away from the charges (or interfaces). It shouldded that direction of piezoelectric field is
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positive in ferromagnetic region but negative i tmormal regions, which is a typical feature
of electric dipole. The localization of piezoeléctiield induces an antisymmetric distribution
of piezoelectric potential that can effectively tohspin and valley transport.

In the normal-ferromagnetic-normal structure, thavev function is divided into three

parts, the left lead, the ferromagnetic strip, tedright lead [41], which can be written as
Wt = ikm~(x—>%)z)(rlr.m¢n(y) +z d%X'Lm ng‘m(x—&)¢r( y
qJF :Za;)(;nékm(x—m¢n(»_,_z W-an&'m(x—g)qji( y (4)
YR = Zag)(n'?nékrﬁ(x—ﬁwn( y)

k. and K',, are the wave vectors in the left lead and righd kesspectively. K. represents

wave vectors in a given subband' in the left lead,K',, is the same in the right lead},

and b, donate the coefficients of the scattering matrhilev y stands for the expanded
coefficients. We can calculate the coefficientgach strip by using scattering matrix theory.
Therefore, the density distribution of the electriw(x, y)|2 and the total conductance can be

obtained by the Landauer-Buttiker formula [36],

Grs = GOZ

2

Is
tmn

(5)
where t.> is the valley ¢ ) and spin §) dependent scattering coefficient from timeth

incoming mode to the-th outcoming mode. G, = ez/ h is the conductance unit
We then obtain valley- and spin-dependent condeetanby using

G = (G, +G.,)/2, G, =(Gy, + G.)/2- The capability of valley and spin filtering can

be characterized by the degree of valley and spi@rigation [36], defined ad}, and P,

_G -G
Pv—m (6)
P—GKT+Q<'T_QI_(§Il (7)

) GKT+C:‘k'T+(i1+§'l
Valley magnetoelectricity effect, the phenomenon ilflucing a valley-dependent

magnetization by piezoelectric field, has recebien observed in monolayer Moshen a
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current flows in a piezoelectric field. According the theoretical analysis [42], the current

perpendicular to strain-induced piezoelectric fiedsh produce an out-of-plane magnetization,

following the relationshipM, ~E , xJ with net valley magnetizatioM , , piezoelectric

field EpZ and currentJ . Piezoelectric field is parallel to source-drainrent, as shown in

Figure 1. Therefore, valley magnetization is neiglédn this study.
3. Results and Discussion

To compute the transport properties, we use thatgoatransport package KWANT
which is based on the wave function method. Thizr@gch is mathematically equivalent to
the commonly used nonequilibrium Green's functié8][ Owing to size effect, electronic
transport properties depend on the strip length witlh [44, 45]. According to typical
normal-ferromagnetic-normal structure [46], we assuhat the strip width is 40 nm and the
length is 140 nm while the width of the ferromagmetgion is 20 nm. In this size, the
piezoelectric potential is same order of magnitwith the energy intervals between subbands.
The Fermi velocityv= 5.3 x 10 m-s?, the spin splitting A =37.5 meV andband gap A =833
meV [34, 37].

The strain distribution is uniform and strain-inddc piezoelectric potential is
symmetrical. The elastic modulus of middle layerfefromagnetic material is ~ 200 GPa
( EuO and EuS), and polyethylene terephthalate YHET< 100 MPa. [47, 48]. When
substrate is bent with a small strain, the piezgtecharges are located at interface between
normal and ferromagnetic monolayer MoS

In this paper, we study spin and valley conductamith various strain by quantum
transport calculation. Figure 2(a) shows optimifeami level of -0.98 eV, which indicate
spin polarization. In experimental, Fermi leveliscurately controlled by means of material
doping orsubstrategate voltage [49, 50]. Figure 2 shows the residtsvalley and spin
conductance as a function of strain under Fernglle¥-0.98eV. The blue curves donate the
spin up conductance while the red curves repretienspin down conductance. The solid
curves are theK valley conductance and the dashed lines corresgon&’ valley
conductance. As strain varies from -1.0% to 1.08erd are three regions of conductance

distribution. In the left regiow, strain ranges from -1.0% to -0.3%. It shows tleeteons in
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K valley has high conductance but near zero condoetaK'’ valley. In this case, both spin
up and spin down electrons i valley can be effectively selected by externahistr The
electrons irK’ valley are filtered out. In this way, the chargerent is fully valley polarized

in the left region. In the middle regid®, the total conductance & valley (solid line) is
greater tharK’ valley (dashed line) with various strain from 9.30 0.6%. It is obviously
that the flowing current is mainly contributed frdnvalley electrons. In this way, the middle
region shows the incomplete valley polarizationjolhis result from the imbalance of the
conductance contribution frok andK’ valley. In the right regiorC, a fully spin-polarized
conductance is obtained while strain increases o to 1.0%. The spin degeneracy of the
conduction band edges can be eliminated by theamgehfield. It is observed that spin-down
electrons (red line) have nonzero conductance béiig a good selectivity of spin electrons
by external strain. The exchange field in F rediane been studied in graphene, silicene and
TMDs [36, 51]. Spin splitting can be induced byngsthe magnetic insulator EuO deposited
on graphene [33]. Although previous works presdmsvalley filtering in graphene structures
by strain control [27, 28], it is difficult to okitavalley and spin at the same time. In addition,
previous works also need large magnetic field [32Jmaybenot suitable for low power
consumption and miniaturization of the devices. Bk&ctivity of spin and valley in their
transport is theesult of strong electric field produced by piesa#iic charges at the interface,
which is piezotronic effect on quantum materials.

Figure 2(b) show the case of E -0.9 eV, which is nonzero conductance for kKie
valley and down spin electron. Figure 2(c) showdhee of E = -1.0 eV, which is up spin
polarization (blue solid and dashed) for straimfrel.0% to -0.25%. This polarization is
mixed byK andK' valley conductance. For:EE -1.1 eV case in Figure 3(d), there are two
polarization regions where oneKs valley, up spin polarization at strain <-0.25%¢ alown
spin polarization at strain > 0.75%.

Figure 3 displays the density distribution of spmelectrons ifK valley. Strain is fixed
at -0.2% and thus a steady potential distributsoprbduced. Different quantum states appear
in the system. At Fermi energy of -1.19 eV, thecetens mainly reside in the middle of the
ferromagnetic region while two normal Mof&gions have little electrons, as shown in Figure

3(a). This highly localized distribution of the efens is due to the piezoelectric potential.
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The potential well is in the ferromagnetic regiamd potential barrier is in the two sides.
When the electronic energy is higher than potemt&l and lower than barrier, the electronic
wave function will oscillate at the well and damgpidly at the barrier. The properties can
also be found in GaAs and GaN quantum well [53]t#es Fermi level decreases to -1.20 eV,
electronic channels in the left region is open. 8aiectrons are blocked before entering the
left ferromagnetic region owing to the high piezmttic potential barrier generated from the
left ferromagnetic boundar®wning to the quantum size effect, there are distiransport
modes and many quantum states, as shown in FigbjeaBd 3(c). The electrons can be
completely blocked by the piezoelectric potentiairier of the left ferromagnetic region in
Figure 3(b). The electrons can also partially trdle barrier for some special channels by
guantum tunneling effect, as shown in Figure 3fgure 3(d) shows the decrease of
electrons in the ferromagnetic region at Fermi gynef -1.21 eV. Although we take spin up
electrons irK valley as an example, other spin and valley edestishow similar transport in
this device.

Figure 3(e) is band dispersion with strip width1® and 40 nm. Figure 3(f) is the enlarged
band dispersion. For improving controllability, eme interval between two subbands can be
changed by device size. While the width of MdfScrease from 10 to 40 nm, energy interval
between two subbands decrease from ~ 0.1 eV t0%; 8s shown in Figure 3(f).

Although Figure 3(b) and 3(c) have a same EF =0-1¥, the different transport
channels will induce various transport behaviorbewelectronic momentum Kx is small, the
electrons will oscillate along y direction. In Figu3(b), oscillation is strong and the electrons
will exhibit coupling [44, 45].

Figure 4 gives a full insight of piezotronic effeant the transport properties. The strain
varies from -1.0% to 1.0% and Fermi level is setrfr-1.4 eV to -0.7 eV. The distribution of
conductivity regions is corresponding to differesaileys and spins. 1K valley, spin up
electrons exist a relatively high conductance, &vkiérmi level is fixed from -1.2 eV to -0.95
eV and strain is set from -1.0% to 0.5%, as shawfigure 4(a), alternatively, spin down
electrons exist a relatively high conductance wihemmi level is fixed from -1.4eV to -0.9eV
and strain is set from -0.75% to 1.0%, as showrignire 4(b). InK' valley case, the conduct

region of spin up electrons is concentrated orbtteom left of parameter plane when Fermi
8



energy is from -1.35 eV to -1.1 eV and strain @fr-1.0% to 0.5%, as shown in Figure 4(c).

Figure 4(d) shows the nonzero conductance regiapiof down electrons at the upper right,

while the Fermi energy is from -1.05 eV to -0.78 &\ the strain is applied from -0.75% to

1.0%. The spin and valley distribution give a clgaidance of the quantum state selection by
piezotronic effect.

Figure 5 shows spin-polarized rati®, and valley-polarized ratid’,, which are an
effective parameter to describe the performancdiltefing behavior for spin and valley
transport properties. For spin-polarized casegthee two regions with highly polarized ratio,
as shown in Figure 5(a). The blue region in theeloleft corner shows a distinct spin-up
selection while the red region in the upper rightner presents a clear spin down selection.
The absolute value of spin-polarization ratio igsel to 1, demonstrating the excellent
selective behavior by externally applied strairraiét can also effectively modulate valley
polarization. For valley-polarized case, two sefgtaegions oK' valley polarization and
one region folK valley polarization is shown in Figure 5(b). Thesults reveal the potential
of the proposed region for application in spin- aatley-based electronics.

Piezotronic Mo$ transistors can server as block units of spin\aliey filters. Figure
6(a) displays the experimental realization of theppsed spin and valley transistors.
Monolayer Mo$ is placed on a polyethylene terephthalate flexildstrate underneath
which a thinelectrode material Si is imposed faccuratelytuning Fermi level. Ferromagnetic
material EuO is placed on the middle of Mo® induce exchange field, and source-drain
electrodes are welded for providing transport \get&;. By bending flexible substrate, strain can
be applied to MogSfor modulating spin and valley transport.

When the current passes through the channel, sminvalley are regulated by the
strain-induced piezoelectric field. Figure 6(b) wisathe spin-polarized characteristics while
the Fermi level in the spin up energy bands. Thadaotion current comes mainly from the
contribution of the spin up state. Valley polarnaatselection is shown in the Figure 6(c).
While the Fermi level is between the spin-up and spwn energy bands, spin selectivity by
strain disappear, as shown in Figure 6(d). Sinyilahe selectivity of the strain to the valley
also disappears, as shown in Figure 6(e). Figulea®@ Figure 6(g) show the cases at the

Fermi level in spin down band and K’ valley barespectively. Corresponding to Figure 6(b)
9



and 6(c), there are the spin-down and K’ valleyapahtion states.

4. Summary

In this study, piezotronic effect on electronicrsjpind valley transport properties have
been studied by using a normal-ferromagnetic-normalnolayer Mog transistor. The
transport characteristics are significantly affdchy the strain-induced strong piezoelectric
field. Spin and valley polarization can be indubgdstrain. Spin and valley filters have novel
selectivity of piezotronic spin and valley tranerst which have potential application in
guantum information. This study provides a prongspiatform to develop novel quantum

piezotronic devices.
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Figure caption

Figure 1. (a) Schematic illustration of normal/ferromago&tormal monolayer MoS

junction device. The current direction is along elnair direction of MoS2. (b) Piezoelectric

field and potential distribution under the strafiy =—1%. Strain distribution is uniform in

two normal regions and zero in ferromagnetic regiBositive and negative interfacial

piezoelectric charges form an electric dipole, isnfield direction is also displayed.

Figure 2. Spin- and valley-dependent conductance agairshsainder the Fermi level of (a)
-0.98 eV, (b) -0.90 eV, (c) -1.0 eV and (d) -1.1 &nly the conductance at E -0.98 eV
shows good polarization labelled as regfo(spin up) andC (spin down). Regiom is mixed

by spin and valley conductance.

Figure 3. Density distribution of the up-spin electronKnvalley at the Fermi level of (a)
-1.19 eV, (b) -1.20 eV, (c) -1.20 eV, and (d) -1.2¥. (e) The enlarged valence band
dispersion of up-spink-valley electrons under the strip width of 10 nreftjl and 40 nm
(right). () The enlarged band dispersion. Fermiels at -1.19, -1.20 and -1.21 eV are

displayed by different color dashed.

Figure 4. The distribution of planar conductance as a foncdf Fermi energy and strain.
The left column (a, c) is for spin-up electrong tight column (b, d) donates the spin-down
electrons while the first row represents tevalley and the second row refers to e

valley.

Figure 5. Contour plots of (a) spin polarized conductancea@d (b) valley polarized

conductance as functions of Fermi energy and strain.

17



Figure 6. (a) Device diagram of spin-valley transistoy-(g) Schematic diagram of strain
and Fermi level regulating electron transport. Todumn on the left (b d, f) shows the
process of the selection of spin polarization ieficed by Fermi energy and strain. The right
column (c, e, g) shows the screening procedurén@fvalley result from the changing of
Fermi level and strain. Here the orange solid dresents spin up while the blue solid one
donates spin down. As for the hollow circle, thaebleft arrow refers t& valley while the

orange right arrow stands f&r valley.
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Highlight:
1. Piezotronic effect is wused to modulate quantum transport in a
normal -ferromagnetic-normal single-layered MoS,; transistor.
2. Strain-induced piezoelectric field can induce fully spin and valley polarization.
3. Piezotronic effect offer an effective way to design spin and valley filters for quantum
information and storage.
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