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Spin and valley dependent
transport and tunneling
magnetoresistance in irradiated
ferromagnetic WSe,double barrier
junctions

Ming Li*’, Zheng-Yin Zhao & Jia-Yi Sheng

Spin and valley polarizations (P_and P,,.) and tunneling magnetoresistance (TMR) are demonstrated

in the ferromagnetic/barrier/normal/barrier/ferromagnetic WSe, junction, with the gate voltage and
off-resonant circularly polarized light (CPL) applied to the two barrier regions. The minimum incident
energy of non-zero spin- and valley-resolved conductance has been derived, which is consistent with
numerical calculations and depends on the electric potential U, CPL intensity AQ, exchange field h, and
magnetization configuration: parallel (P) or antiparallel (AP). For the P (AP) configuration, the energy
region with P,,,=-1 or P_=11is wider (narrower) and increases with AQ. As hiincreases, the P =1
(Pyy.-=-1or P_=1) plateau becomes wider (narrower) for the P (AP) configuration. As U increases, the
energy region with P ,,= -1 increases first and then moves parallel to the E_-axis, and the energy region
with P_=1 for the P configuration remains unchanged first and then decreases. The energy region for
TMR =1 increases rapidly with h, remains unchanged first and then decreases as U increases, and has
little dependence on AQ. When the helicity of the CPL reverses, the valley polarization will switch. This
work sheds light on the design of spin-valley and TMR devices based on ferromagnetic WSe, double-
barrier junctions.

Keywords Transfer matrix method, WSe,, Spin/valley polarization, Landauer-Biittiker formula, Circularly
polarized light, TMR

In recent years, monolayer transition-metal dichalcogenides (TMDCs) have attracted extensive attention
for promising applications in future devices!™. In TMDCs, according to the requirement of time-reversal
symmetry®~, the conduction and valence band extrema occur at the two degenerate valleys (K, K’) located at the
corners of the hexagonal Brillouin zone’, which can be broken by the helicity of light!°. In monolayer TMDCs,
because of the broken inversion symmetry and the strong spin-orbit coupling (SOC), the spin and valley
degrees of freedom are coupled (spin-valley locking), and the spin splitting of the valence band is opposite at the
two valleys due to the time-reversal symmetry'!. Therefore, in TMDCs, full spin and valley polarizations can be
achieved, which is crucial for spintronics and valleytronics. Significantly, high-quality WSe, with strong SOC
exhibits novel behaviors that differ from other TMDCs and two-dimensional materials. Moreover, a monolayer
WSe, provides a suitable platform for developing novel spintronics and valleytronics devices, as it is a direct
band-gap semiconductor (band gap E_ =0.85 eV)!2.

Several methods have been adopteé to manipulate spin and valley degrees of freedom in TMDC:s. First is the
peculiar magnetic field'. The Zeeman effect induced by the magnetic field opens different spin-dependent band
gaps at the K and K’ valleys, leading to spin- and valley-polarized transport in normal/ferromagnetic/normal
(N/F/N) WSe, junctions’. Second is the magnetic modulation induced through magnetic doping'* or proximity
effect!>~20, The magnetic proximity effect in WSe,/EuS can lead to a giant valley splitting in monolayer WSe,".
Thirdly, utilizing the optical Stark effect, the pseudomagnetic field induced by the off-resonant CPL is used to
select one of the two inequivalent valleys?>-?’. The influence of the off-resonant CPL on the valley polarization in
monolayer TMDCs has attracted widespread attention recently>!%23-2>28-30 For example, Hao et al. predicted the
quantum spin and valley Hall effects in MoS, irradiated with the off-resonant CPL'?, and Qiu et al. demonstrated
that the perfect spin and valley polarizations in WSe, are caused by the off-resonant CPL and the massive SOC*.
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Tunneling magnetoresistance (TMR) is another key topic in spintronics, which has been widely applied to
storage and magnetic sensor technologies®!, magnetic random access memory>?, and hard disk drives®. So far,
the spin- and valley-dependent transport and TMR have been investigated theoretically and experimentally in
many ferromagnetic junctions based on graphene***, silicene'®!’, and Mo§,'®!%33”. Moreover, the spin-valley
current in many ferromagnetic junctions based on silicene®®, MoS,*, and WSe,***** can also be controlled
by the off-resonant CPL. Liu et al. demonstrated that the normal/barrier/normal/barrier/normal (N/B/N/B/N)
WSe, junction modulated by the off-resonant CPL and gate voltage can function as a valley filter and valley
valve device??. Hajati et al. found highly spin- and valley-polarized current and high TMR in the ferromagnetic/
ferromagnetic/normal (F/F/N) WSe, junction in the presence of gate voltage and off-resonance CPL in the
middle ferromagnetic region’’. However, by designing appropriate geometric structures, it is possible to further
improve or modulate the energy region of full spin and valley polarizations as well as large TMR in WSe,
junctions. As an extension of the system and model studied in Ref.??, here we consider the ferromagnetic/barrier/
normal/barrier/ferromagnetic (F/B/N/B/F) WSe, junction, where the same gate voltage and off-resonance CPL
are applied in the two barrier regions. The spin- and valley-resolved effective potential for electrons in each
region of the F/B/N/B/F WSe, junction will depend on the spin and valley degrees of freedom, the helicity of
the off-resonance light, and magnetization configuration. This will certainly affect the spin- and valley-resolved
conductance, spin and valley polarizations, and TMR in this junction. Furthermore, to my knowledge, existing
literature has not considered the tunneling properties of the F/B/N/B/F WSe, junction, as well as how the spin
and valley polarizations and TMR in the junction depend on the exchange field, the electrostatic potential, and
the strength of the oft-resonance CPL.

This paper discovers full spin and valley polarizations, as well as large TMR in the F/B/N/B/F WSe, junction,
with gate voltage and off-resonance CPL applied to the barrier regions. We demonstrate that the energy regions
of full spin and valley polarizations and large TMR can be regulated by the electric potential (U), CPL intensity
(AQ), and exchange field (h), and discover the underlying physical mechanisms, which have not been reported
in similar ferromagnetic-TMDC junctions'®. We derived the minimum incident energy for non-zero spin- and
valley-resolved conductance, and verified it through numerical calculations. The energy region for TMR=1
increases (decreases) with i (U) and has little dependence on AQ. For the P (AP) configuration, the energy
region with Py,.=-1 or P =1 is relatively wider (narrower) and widens as AQ increases. As h increases, the
energy region with P =1 (P,,.=-1 or P =1) widens (narrows) for the P (AP) configuration. As U increases, the
energy region with P,,..=-1 increases first and then moves parallel to the E-axis, and the energy region with
P =1 for the P configuration remains unchanged first and then decreases. When the helicity of the off-resonance
light reverses, the valley polarization will switch, while the spin polarization and TMR will not.

The remainder of the paper is organized as follows. In Sec. II, the theoretical model and the schematic
structure of the F/B/N/B/F WSe, junction are presented. Sec. III studies the spin and valley polarizations along
with TMR of the WSe, junction in the presence of off-resonant CPL and gate voltage. Finally, Sec. IV gives a
summary.

Theory and model

The proposed symmetric F/B/N/B/F WSe, junction is shown schematically in Fig. 1, where the two barrier
regions are formed by the electrostatic potential U induced by the gate voltage and illuminated by the oft-
resonant CPL with a frequency of Q0. An electromagnetic potential can describe the CPL as A(f) = [Esin(+ Qt)/Q,
E cos (£Qt)/Q], where+ (-) corresponds to the right-handed (left-handed) circular polarization, and E is the
amplitude of the electric field. Due to broken inversion symmetry, monolayer TMDCs exhibit valley-dependent
optical interband excitation, i.e. electrons from different valleys are selectively excited by CPLs with different
helicities*!. Moreover, the magnetization orientation in the left ferromagnetic region is assumed to be always

FM

Fig. 1. Schematic diagram of WSe,-based F/B/N/B/F junction. The two barrier regions are formed by the top
gate voltage and illuminated by the off-resonant circularly polarized light.
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positive, while that in the right ferromagnetic region can be positive or negative, resulting in two types of
magnetization configurations: parallel (P) and antiparallel (AP).
For eAv,/Q < <1 (v,=5x10° m/s is the Fermi velocity in WSe,), the low-energy effective Hamiltonian for

the proposed WSe, junction is given by®?>2342;

H = hwp(kaT200 + kyoy) + (Eg + 2 AQ)o; + T25:(Acot + Ayo—) + U(z) — s.h(z) (1)

Here E_is the band gap of WSe,?>%, AQ = (eAv,)*/h(} is the effective energy term describing the CPL intensity*’.
s,= +1 (-1) denotes the up (down) spin of eléctrons, 7,= +1 (-1) stands for the K (K’) valley. o, represents
the Pauli matrix in the sublattice space, and 0, =0,+0,, with g, being the unit matrix?%%,” ’c= 7.5 meV
(A, =112.5 meV)*** is the spin splitting at the conduction (valence) band edge caused by the intrinsic SOC. The
last term in Eq. (1) represents the magnetic modulation in the ferromagnetic region, where # is the exchange
field.

The electrostatic gate potential and off-resonance CPL in the two barrier regions can be
defined as U(z) =UO(x)0(Lp —2)+UOB(z — Lg — Lw)©(2Lp + Lw — ) and
AQ(z) = AQO(z)O(Lp — z) + AQO(x — L — Lw)O(2Lp + Lw — x), respectively, with [©(z)] being
the Heaviside step function. Moreover, the exchange field in the two ferromagnetic regions can be described as
h(x) = h©(—x) £ h©(xz — 2L — Lw ), where+ (-) corresponds to the P (AP) magnetization configuration.

The energy dispersion relation in the modulated regions is?2%:

Ei = i\/(hvpk)2 + (Eg + T2 AQ + 725 A-)2 + Tos: Ay + U(x) — s h(x) (2)

with A, =A_+ A, Thus the spin- and valley-resolved conduction band minimum (CBM) energy of the WSe,
junction can be written as:

Er s, = Eg+271.8.Mc + 2 AQ(z) + U(x) — s.h(x) (3)

As shown in Egs. (2) and (3), the exchange field, off-resonance CPL, and SOC collectively lift the spin and valley
degeneracy of the energy dispersion relation. Figure 2 shows the spin- and valley-resolved CBM energy (effective
potential for electrons) in each region of the F/B/N/B/F WSe, junction, which depends on the spin and valley
degrees of freedom and magnetization configuration, and will affect the spin- and valley-resolved conductance,
spin and valley polarizations, as well as TMR of this junction. As shown in Egs. (2) and (3), Fxs, (Fk’s,) for
AQ >0 approximately equals Ex/s_ (Eks,) for AQ <0, because the term |27, 5. Ac|=15 meV is relatively small.
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Fig. 2. Spin- and valley-resolved conduction band minimum (CBM) energy in each region of the F/B/N/B/F
WSe, junction. The width of the two barrier layers is L, =5 nm, and the width of the central well layer is
L,=5nm. The left (right) column corresponds to the P (AP) configuration. The horizontal line denotes the
energy level with E= E,=850 meV. 1 (J) denotes the up (down) spin of electrons, respectively.
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Therefore, when AQ) reverses the sign, the valley polarization (Py,.) will reverse the sign synchronously, while
the spin polarization (Ps) and TMR will not be deeply affected. Thus, we will only discuss the case where AQ > 0.

As can be concluded from Eq. (1) and Fig. 2, the critical minimum incident energy of non-zero spin- and
valley-resolved conductance (Ecr, s, ) equals the highest CBM energy of the F/B/N/B/F WSe, junction, which
can be expressed as follows:

E [ Eg+22:.+U+AQ for P configuration, 4)
BT = Ey + 2X: + max{h,U + AQ} for AP configuration,
Ec.xy = Eg — 2Xc + max{h,U + AQ} for both configurations, (5)
B _ [ Ey—2X\:+max{0,U — AQ} for P configuration, ©)
KT = Ey — 2Xc + max{h,U — AQ} for AP configuration,

E.kry = Eg 4 2Xc + max{h,U — AQ} for both configurations. (7)

The wave function in each region can be expressed in the following form?*:

1 . 1 )
d(r)=a < hopky ) e +b ( hopk_ ) e 1" (8)
s 5

Here § = E — U + s:h(x) — 2725\ + Eg + 72 AQ, a and b are the scattering coefficients. The parallel and
perpendicular wave vectors in each region are

\/(E —T28: A — U+ 5:h(x))2 — (Eyg + T2 AQ + 728.A_)2

ky = fror sin 0
9 (E =1 A1 — U+ s.h(2))? = (Ey + . AQ + 7.5,)0-)2 2
P = —k )
(h’UF)Z Y

Here 6 denotes the incident angle. Using the continuity condition of the wave function at the interfaces and the
transfer-matrix method, the spin- and valley-dependent transmission probability (7%,s,) can be calculated.
Then, the conductance at zero temperature is given by the Landauer-Biittiker formula**:

zSz

Gr.s, = GO/TTZSZ cos 0do (10)

Here G, =2e%h is the quantum conductance.

The spin- and valley-resolved conductance can be written as?*>4:
Gry = (Grra) + Grrrw) /2 (11)
Grxy = (Grxyr + Grxni)/2 (12)

Using the spin- and valley-resolved conductance, the valley and spin polarizations (P,. and P ) are defined as
follows*:

Pxxr = (Gxk — Gx/)/ (Gx + Gkr) (13)
P, = (Gt — G))/ (Gt +GY) (14)

Finally, TMR can be defined as**:
TMR = (Gp — Gar)/Gp (15)

Here G, (G,,) is the total conductance of the F/B/N/B/F WSe, junction in the P (AP) configuration, with
Gpapy =Gy +Gp =Gk + GgP.

Results and discussion

In this section, we calculate the spin- and valley-dependent conductance and TMR in the F/B/N/B/F WSe,
junction for both parallel and antiparallel magnetization configurations in the presence of off-resonant CPL
and gate voltage. Firstly, the cases of electric potential U=100 meV, exchange field # =200 meV, and different
CPL intensity (AQ) are explored. Secondly, the cases of AQ =200 meV, h=200 meV, and different U are studied.
Finally, the cases of U=100 meV, AQ =200 meV, and various h are examined.

Figures 3 and 4 show the spin- and valley-resolved conductance of the F/B/N/B/F WSe, junction in P and
AP configurations with U= 100 meV, h =200 meV, and different AQ. Figure 9 exhibits the corresponding total
conductance as well as TMR, and Tables 1 and 2 depict the corresponding critical incident energy for the non-
zero spin- and valley-resolved conductance.

For U=100meVandh=200meV,U + AQ > 0andU — AQ < hhold.So Ecx'y = Eg + 2A. + h = 1065
meV, and it is the same for both P and AP configurations and does not change with AQ, as shown in Fig. 3(c) and
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Fig. 3. Spin- and valley-resolved conductance of the F/B/N/B/F WSe, junction with AQ =50, 100, 200,
and 300 meV. Here h=200 meV and U=100 meV. In the left (right) column, the junction is in the P (AP)
configuration. The solid (dotted) lines correspond to spin-up (-down) electrons.

(d), as well as Tables 1 and 2. For the P case, E.x+ = E4 + 2X: + U + AQ = 965 + AQ meV, and increases
with AQ), as seen in Fig. 3(a) and Table 1. For the AP case, E.x+ = E4 — 2A. + h = 1035 meV, and does not
change with AQ, as illustrated in Fig. 3(d) and Table 2.

When AQ <100 meV,U — AQ > 0and U + AQ < h hold. So Ecx) = Eg — 2Ac + h = 1035 meV, and
it is the same for both P and AP configurations and does not vary with AQ, as depicted in Fig. 3(a) and (b), as
well as Tables 1 and 2.

For the P case, Ecxtr = Eg —2Ac+U — AQ =935 - AQ meV, and decreases with AQ, as
described in Fig. 3(c) and Table 1. So E.x = min{E.kt, Eckxy} = min{965 + AQ,1035} meV,
Ecx = Ecky =935 — AQ meV, Eop = Ecxr =935 — AQ meV, Eu:EcKlz 1035 meV, as seen
in Fig. 4(a) and (b), and Table 1. Therefore, for the P case, Py,.=-1 in the energy region [935 — AQ2
,min{965 + A, 1035} meV], which is relatively wide and increases with AQ, as shown in Fig. 4(c). P,.=1
in the energy region [935 — A2,1035 meV], which is relatively wide and increases with AQ, as shown in
Fig. 4(d).

For the AP case, Ecxt = Eg 4+ 2Ac + h = 1065 meV, and does not vary with AQ), as seen in Fig. 3(b) and
Table 2. So EcK=EcKl =1035meV, E ,.=E ., =1035 meV, ECT =EcK,T =1035meV, E  =E ; =1035 meV, as seen
in Fig. 4(e) and (f), and Table 2. Therefore, for the AP case, the energy region with Py,.=-1 (P,=1) does not
exist, as shown in Fig. 4(g), (h).

TMR =1 in the energy region [935 — A2,1035 meV], which is relatively wide and increases with AQ, and its
upper limit does not change with AQ, as shown in Fig. 9(a) and (b).

WhenAQ >100meV,U — AQ < 0andU + AQ > hhold.SoFcxy = Eg —2A: + U + AQ =935 + AQ
meV, and increases with AQ, regardless of P or AP configuration, as depicted in Fig. 3(a) and (b), as well as
Tables 1 and 2.

For the P case, Ecx+ = Eg — 2A. = 835 meV, and does not vary with AQ, as seen in Fig. 3(c) and Table
1. So E.x = EcKi = Eg — 2 +U + AQ =935+ AQ) meV, E.x> = EcK’T = Eg — 2A: = 835 meV,
Ec.t = Ecky = Eg — 2Xc = 835 meV, E.;, = min{935 + AQ, 1065} meV, as seen in Fig. 4(a) and (b) and
Table 1. For the P case, Py.=-1 in the energy region [835,935 + AQ meV], which is relatively wide and increases
with AQ, as seen in Fig. 4(c). As shown in Fig. 4(d), P =1 in the energy region [835,min{935 + A2, 1065}
meV]. This increases with AQ when 100 < AQ < 130 meV, and remains at [835,1065 meV] when AQ > 130 meV,
with a width of 230 meV.
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Fig. 4. G (dotted lines), G (solid lines), G1 (solid lines), G| (dotted lines), Py, and P, versus Ej, for the
E/B/N/B/F WSe, junction with AQ =50, 100, 200, and 300 meV. Here #=200 meV and U=100 meV. In the
left (right) column, the junction is in the P (AP) configuration.
For the AP case, Ecxtr = Eg + 2X\c + U + AQ = 965 + AQ meV and increases with AQ, as seen in
Fig. 3(b) and Table 2. So E.x = Ed@ =935+ AQ meV, E oy =1035 meV, E_ =E . =1035 meV,
E.;, = min{935 + AQ, 1065} meV, as seen in Fig. 4(e) and (f) and Table 2. For the AP case, Pip.=-1
in the energy region [1035 935 + AQ meV], which increases with AQ, as shown in Fig. 4(g). As shown in
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AR | Exr Bt |Eat |Eaet |EBa  |Eae |Ex |En

50 | 1028 1028 876 1068 | 1028 876 | 876 1028
100 | 1076 1036 836 1068 | 1036 836 | 836 1036
200 | 1180 1140 812 1068 | 1140 812 | 812 1068
300 | >1200 | >1200 | 824 1068 | >1200 | 824 | 824 1068

Table 1. The critical incident energy (in units of meV) of non-zero spin- and valley-resolved conductance of
the F/B/N/B/F WSe, junction in the P configuration with U=100 meV, h=200 meV, and AQ =50, 100, 200,
and 300 meV, respectively.

AQ | Exr |Egu | Eger | Egu |Ex Ep |Ex |Eg
50 | 1068 |1036 |1036 | 1068 | 1036 | 1036 | 1036 | 1036
100 | 1068 | 1036 |1036 | 1068 | 1036 | 1036 | 1036 | 1036
200 | 1176 | 1140 | 1036 | 1068 | 1140 | 1036 | 1036 | 1068

300 | >1200 | >1200 | 1036 1068 | >1200 | 1036 | 1036 | 1068

Table 2. The critical incident energy (in units of meV) of non-zero spin- and valley-resolved conductance of
the F/B/N/B/F WSe, junction in the AP configuration with U=100 meV, h=200 meV, and AQ =50, 100, 200,
and 300 meV, respectively.

Fig. 4(h), P.=1 in the energy region [1035,min{935 + AQ, 1065} meV]. This region increases with AQ when
100 < AQ <130 meV, and remains at [1035,1065 meV] when AQ > 130 meV, with a width of 30 meV.

Therefore, when AQ >100 meV, TMR =1 in the energy region [835,1035 meV], which is relatively wide and
remains at 200 meV, as described in Fig. 9(a) and (b).

Figures 5 and 6 show the spin- and valley-resolved conductance of the F/B/N/B/F WSe, junction in P and
AP configurations with AQ =200 meV, h =200 meV, and different U. Figure 9 exhibits the corresponding total
conductance as well as TMR, and Tables 3 and 4 depict the corresponding critical incident energy for the non-
zero spin- and valley-resolved conductance.

For AQ =200 meV and h=200 meV, U + AQ > h holds. So Ecxy = Eg + 2Xc + U + AQ = 1065 + U
meV, Ecxy = Eg — 22X + U 4+ AQ = 1035 + U meV, and they are the same for both P and AP configurations
and increase with U, as seen in Fig. 5(a) and (b), as well as Tables 3 and 4.

When U<200 meV, U — AQ <0< h holds. So Ecx'y = Eg + 2Ac + h = 1065 meV, and does not
change with U, whether P or AP configuration, as shown in Fig. 5(c) and (d), as well as Tables 3 and 4.

ForthePcase, Ecxt = Eg — 2X\. = 835 meV, and does not change with AQ, as seen in Fig. 5(c) and Table 3.
SoEcx = Ecixy = 1035 + UmeVE =835meV,E =E ., =835meV, Fc; = min{1065,1035 + U}
meV, as illustrated in Fig. 6(a) and (b) and ”llable 3. Therefore, for the P case, P,,.=-1 in the energy region
[835,1035 + U meV], which increases with U, as seen in Fig. 6(c). As shown in Fig. 6(d), P,.=1 in the energy
region [835,min{1065, 1035 4+ U} meV]. This region increases with U when 0 < U<30 meV, and remains at
[835,1065 meV] when 30 < U< 200 meV, with a width of 230 meV.

For the AP case, E.x't = Eg —2\. + h = 1035 meV, and does not change with U, as seen in

Fig. 5(d) and Table 4. So Ecx = Ecxy = 1035+ U meV, E (.=E ., =1035 meV, E =E ., =1035 meV,
E.; = min{1065, 1035 4+ U} meV, as seen in Fig. 6(e) and (f) and Table 4. For the AP case, PKK,=—1 in the

energy region [1035,1035 + U meV], which increases with U, as seen in Fig. 6(g). As shown in Fig. 6(h), P =1
in the energy region [1035,min{1065,1035 + U} meV]. This region increases with U when 0 < U<30 meV,
and remains at [1035,1065 meV] when 30 < U< 200 meV, with a width of 30 meV.

Therefore, when U <200 meV, TMR=1 in the energy region [835,1035 meV], which is relatively wide and
remains at 200 meV, as shown in Fig. 9(c) and (d).

When 200< U<400 meV, 0 < U — AQ < h holds. So Ecky = Eg + 2A: + h = 1065 meV, and it is the
same for both P and AP configurations and does not vary with U, as seen in Fig. 5(c) and (d), as well as Tables
3 and 4.

For the P case, Ect = Eg — 2Ac + U — AQ = 635 4+ U meV, and increases with U, as seen in Fig. 5(c)
and Table 3. So Ecx = Eexy = 1035+ U meV, Ecxr = Ecxp = 635+ U meV, By = Ecxy =635+ U
meV, E =E ., =1065 meV, as seen in Fig. 6(a) and (b) and Table 3. For the P case, P;,.=-1 in the energy region

[635 + b 1035 + U meV], which is relatively wide and remains at 400 meV. As U increases, it moves parallel
to the E-axis as a whole, as seen in Fig. 6(c). P,.=1 in the energy region [635 + U,1065 meV], which decreases
with U, as seen in Fig. 6(d).

For the AP case, Ecxr = Eg —2Ac + h = 1035 meV, and does not change with U, as seen in
Fig 5(d) and Table 4. So Fex = FEcx) = 1035+ U meV, E =1035 meV, E, —E —1035 meV,
E, =1065 meV, as seen in Fig. 6(e) and (f) and Table 4. For the AP case, Py .= By m the energy region
[1035 10%5 + U meV], which increases with U, as seen in Fig. 6(g). As seen in Fig. 6(h), P, =1 in the energy
region [1035,1065 meV], which is relatively narrow and remains at 30 meV as U increases.

Therefore, when 200 < U<400 meV, TMR=1 in the energy region [635 + U,1035 meV], which decreases
evidently with U, as shown in Fig. 9(c) and (d).
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Fig. 5. Spin- and valley-resolved conductance of the F/B/N/B/F WSe, junction with AQ =200 meV,
h=200 meV, and U=50, 100, 200, 300 and 450 meV. The solid (dotted) lines correspond to spin-up (-down)
electrons. In the left (right) column, the junction is in the P (AP) configuration.

When U>400 meV, U—-AQ>h holds. Ecxq =E;3—2\.+U—-AQ=6354+U meV,
Ecgy = Eg 42X + U — AQ = 665 + U meV, and they are the same for both P and AP configurations and
increase with U, as seen in Fig. 5(c) and (d), as well as Tables 3 and 4. So Ecx = E.xy = 1035 + U meV,
Eex = Ecgr =635+ U meV, Ecy = Ecgr =635+ U meV, B, = Ec.xp = 6654 U meV, as seen in
Fig. 6(a), (b), (e), and (f) and Tables 3 and 4. Thus P;,.=-1 in the energy region [635 + U,1035 + U meV],
which is relatively wide and remains at 400 meV. As U increases, it moves parallel to the E -axis as a whole, as
shown in Fig. 6(c) and (g). In theory, P.=1 in the energy region [635 + U,665 + U meV], which is relatively
narrow and moves parallel to the E-axis as U increases. However, when U=450 meV, as seen in Fig. 6(b) and
(f) and Tables 3 and 4, E_, (1096 meV) and E, " (1100 meV) are very close, making it difficult to see the energy
region with P.=1 in Fig. 6(d) and (h).

Therefore, the energy region with TMR=1 does not exist when U>400 meV, as described in Fig. 9(c) and
(d).

Figures 7 and 8 show the spin- and valley-resolved conductance of the F/B/N/B/F WSe, junction in P and
AP configurations with U=100 meV, AQ =200 meV, and different /. Figure 9 exhibits the corresponding total
conductance as well as TMR, and Tables 5 and 6 depict the corresponding critical incident energy for the non-
zero spin- and valley-resolved conductance.

For U=100 meV and AQ=200 meV, U — AQ < 0 < h holds. So FEcxy = Eg+ 2\ +h =865+ h
meV, and it is the same for both P and AP configurations and increases with h, as described in Fig. 7(c)
and (d), as well as Tables 5 and 6. For the P case, Ecxt = Eg+ 2. + U + AQ = 1165 meV,
Eexr = Eg — 2X: = 835 meV, and they do not change with 5, as seen in Fig. 7(a) and (c) and Table 5. For
the AP case, Ecit = Eg — 2Xc + h = 835 + h meV, and increases with A, as shown in Fig. 7(d) and Table 6.

When h <300 meV, U + AQ > hholds. Ecxy = Eg — 2Ac + U + AQ = 1135 meV and does not change
with h, whether P or AP configuration, as depicted in Fig. 7(a) and (b), as well as Tables 5 and 6.

ForthePcase,E ; =E , =1135meV.E , .=E ., =835meV,E , =E ;. =835meV,E; = min{1135,865 + h}
meV, as seen in Fig. 7(a) and (b) and Table 5. Therefore, for the P case, as h increases, the energy region with
Py »=-1 remains at [835,1135 meV], which is relatively wide and remains at 300 meV, as shown in Fig. 8(c). As
shown in Fig. 8(d), P,=1 in the energy region [835,min{865 + h, 1135} meV]. This region increases evidently
with & when 0 <h <270 meV, and remains at [835,1135 meV] when 270 <h <300 meV.
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Fig. 6. G, (dotted lines), G (solid lines), G1 (solid lines), G| (dotted lines), Py, and P, versus E,, for the
E/B/N/B/F WSe, junction with U= 50, 100, 200, 300, and 450 meV. Here 7 =200 meV and AQ =200 meV. In
the left (right) column, the junction is in the P (AP) configuration.
For the AP case, Ecxt = Eg +2Ac + U + AQ = 1165 meV, and does not change with A, as shown in
Fig. 7(b) and Table 6, just hke in the P case. So E (=E , =1135 meV, Eox = Ecxgt = 835+ h meV,
Eot = FEexor = Eg —2 e +h =835+ hmeV, £, = mln{l1135 865 + h} meV, as seen in Fig. 8(e) and (f)
and Table 6. For the AP case, Py,.=-1 in the energy region [835 + h,1135 meV], which decreases evidently with
h, as seen in Fig. 8(g). When h = 300 meV, the energy region with P,,.=-1 disappears completely. As shown in
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U |Exr |Egd |Eger |Egs |Ex Ep |Er |Ey
50 |1128 |1092 |820 |1068 |1092 |820 |820 | 1068
100 | 1180 | 1140 |812 | 1068 |1140 |812 |812 |1068

200 | >1200 | >1200 | 836 1068 | >1200 | 836 | 836 1068

300 | >1200 | >1200 | 932 1068 | >1200 | 932 | 932 1068
450 | >1200 | >1200 | 1096 1100 | >1200 | 1096 | 1096 | 1100

Table 3. The critical incident energy (in units of meV) of non-zero spin- and valley-resolved conductance of
the F/B/N/B/F WSe, junction in the P configuration with AQ =200 meV, k=200 meV, and U= 50, 100, 200,
300 and 450 meV, respectively.

U |Ext |Exd Ext | Exed | Bx Ex |Etr |Ed

50 | 1108 1092 1036 1068 | 1092 1036 | 1036 | 1068
100 | 1176 1140 1036 1068 | 1140 1036 | 1036 | 1068
200 | >1200 | >1200 | 1036 1068 | >1200 | 1036 | 1036 | 1068
300 | >1200 | >1200 | 1036 1068 | >1200 | 1036 | 1036 | 1068
450 | >1200 | >1200 | 1096 1100 | >1200 | 1096 | 1096 | 1100

Table 4. The critical incident energy (in units of meV) of non-zero spin- and valley-resolved conductance of
the F/B/N/B/F WSe, junction in the AP configuration with AQ =200 meV, =200 meV, and U= 50, 100, 200,
300 and 450 meV, respectively.

1 1 N | 2 | 1 - 2 | N 1 " | 1
0T 00 meV (b)0.7 J— =100 mev I
0 8_' —h=200 meV [ 0.6{—#=200 meV -
%] —h=300 mev 1—h=300 mev i
g‘o ¢ — =400 mev —h=400 meV -
= T e =100 mev i ] U4 h=100 meV N
S h=200mev | ®gal... h=200 meV :
Qfo iy h=300 meV h=300 meV
1 h=400 mev i VAl h=400 meV
0.2 :E
L ) T : T J T ) T : T : T .
()0.9 g T y T ) T y | T T T T 7 .
0.84—/7=100 meV . 0.8]— /=100 meV P L
1— /=200 meV NS N 1—#/7=200 meV S
] 0.7-_ . -t - H0.7-_ =300 meV ::" N
w067 C 00— h=400mev " N
= 0.5H..... - < 0.57..... =100 meV N
= 0.4..... L 5 0.4 #=200 meV -
0.3 [ 20.3] k=300 meV d
0.2 L~ 021 =400 meV/: o
0.1 - 0.14 -
(N = R SR S— 0.0 s e
800 900 1000 1100 1200 800 900 1000 1100 1200
E, (meV) E, (meV)

Fig. 7. Spin- and valley-resolved conductance of the F/B/N/B/F WSe, junction under different / and fixed U
(100 meV) and AQ (200 meV). The solid (dotted) lines correspond to spin-up (-down) electrons. In the left
(right) column, the junction is in the P (AP) configuration.
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Fig. 8. G, (dotted lines), G, (solid lines), G1 (solid lines), G| (dotted lines), Py, and P, versus E,, for the
E/B/N/B/F WSe, junction with U=100 meV and AQ =200 meV, k=100, 200, 300, and 400 meV, respectively.
In the left (right) column, the junction is in the P (AP) configuration.

Fig. 8(h), P,=1 in the energy region [835 + h,min{865 + h, 1135} meV]. When 0 < <270 meV, this region
remains at [835 + h,865 + h meV], with a width of 30 meV. When 270 </ <300 meV, it decreases evidently
with h. When h =300 meV, it disappears completely.

Therefore, when /1 < 300 meV, TMR =1 in the energy region [835,835 + h meV], which is relatively wide and
increases rapidly with A, as shown in Fig. 9(e) and (f).
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Fig. 9. The total conductance (left column) of the F/B/N/B/F WSe, junction in P and AP configurations,
as well as the corresponding TMR (right column). The solid (dotted) lines correspond to the P (AP)
configuration. Here U=100 meV and /=200 meV in the first row, h=200 meV and AQ =200 meV in the
second row, and U=100 meV and AQ =200 meV in the third row.

h | Egr |Exd  |Egt |Eged |Ex |Ege |[Ea |Ed
100 | 1180 1140 812 968 1140 | 812 | 812 968
200 | 1180 1140 812 1068 1140 | 812 | 812 1068
300 | 1180 1140 808 1168 1136 | 808 | 808 1136
400 | 1180 >1200 | 808 >1200 | 1180 | 808 | 808 > 1200

Table 5. The critical incident energy (in units of meV) of non-zero spin- and valley-resolved conductance of
the F/B/N/B/F WSe, junction in the P configuration with U=100 meV, AQ =200 meV, and /=100, 200, 300,
and 400 meV, respectively.
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h |Ext |Bad |Ext |[EBat |Ex  |Eie |Ex |Ex
100 [1180 | 1140 |936 |968 |1140 |93 |936 | 968
200 [ 1176 | 1136 | 1036 | 1068 | 1140 | 1036 | 1036 | 1068
300 [ 1176|1136 | 1136 | 1168 | 1136 | 1136 | 1136 | 1136
400 | >1200 | >1200 | >1200 | >1200 | >1200 | >1200 | >1200 | >1200

Table 6. The critical incident energy (in units of meV) of non-zero spin- and valley-resolved conductance of
the F/B/N/B/F WSe, junction in the AP configuration with U=100 meV, AQ =200 meV, and k=100, 200, 300,
and 400 meV, respectively.

When £>300 meV, U + AQ) < hholds. So Ecx) = Eg — 2Xc + h = 835 + h meV, and increases with A,
regardless of P or AP configuration, as seen in Fig. 7(a) and (b), as well as Tables 5 and 6.

For the P case, Ecx = min{1165,835+ h} meV, EcK,=EcK,T =835 meV, E, =E6K,T=835 meV,
Ec, = Ecxy = 835+ h meV, as seen in Fig. 8(a) and (b) and Table 5. For the P case, Pip=-1in the energy
region [835,min{835 + h, 1165} meV], as shown in Fig. 8(c). When 300 </ <330 meV, it increases with
h. When h>330 meV, it remains at [835,1165 meV], with a width of 330 meV. P=1in the energy region
[835,835 + h meV], which increases with k, as seen in Fig. 8(d).

For the AP case, Ecxt = Eg + 2Ac + h = 865 + h meV, and increases with h, as seen in Fig. 7(b) and
Table 6. So E.x = ECKJ, =835+ h meV, E.x = ECK’T = 835 + h meV, EcT = ECK’T = 835+ h meV,
Ec, = Ecxy = 835+ h meV, as seen in Fig. 8(e) and (f) and Table 6. For the AP case, the energy region with
Py o=-1 (P ,=1) does not exist, as seen in Fig. 8(g), (h).

Therefore, when h >300 meV, TMR=1 in the energy region [835,835 + h meV], which increases with A, as
seen in Fig. 9(e) and (f).

Conclusion

In conclusion, by tuning the exchange field / in the FM region, the electrostatic potential U and CPL intensity
AQ in the barrier region, the energy region of full spin and valley polarizations as well as large TMR in the
F/B/N/B/F WSe, junction can be modulated, and the underlying physical mechanisms have been unveiled.
We have derived the minimum incident energy of non-zero spin- and valley-resolved conductance, which is
demonstrated by numerical calculations. The sign of the valley polarization P, depends on the helicity of the
CPL, which does not happen to TMR and P_. The energy region with TMR =1 increases with h rapidly, remains
unchanged first and then decreases as U increases, and has little dependence on AQ. The energy region with
Py o=-1or P =1 for the P case is much wider than that of the AP case, and they both increase evidently with
AQ. With increasing h, the P =1 plateau widens for the P configuration, while the Py,.=-1 or P =1 plateau
narrows for the AP configuration. For the P configuration, as U increases, the energy region with P,.=-1
(P,=1) increases (decreases) and that of P, =1 (Py.=-1) remains unchanged when U is relatively small (large).
When U increases to a certain degree, the plateaus with P,,.=-1 or P, =1 move parallel to the E -axis, regardless
of P or AP configuration. Our research helps the practical application of ferromagnetic WSe, double-barrier
junctions in fabricating spin-valleytronic and TMR devices.
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