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Tunneling optoresistance effect in two-dimensional modulated quantum structures
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Spin- and valley-resolved transport properties of a double beam off-resonant circular polarized light-
modulated (CPL-modulated) junction based on monolayer transition-metal dichalcogenides (TMDc) are studied.
We find that tuning between a high resistance configuration and a low resistance one can be realized with
pure CPL modulation. Numerical results of spin- and valley-resolved transport show the tunneling resistance
induced by CPL is different from previously reported tunneling magnetoresistance (TMR) effect based on
two-dimensional materials. Out of analogy, we name it as the tunneling optoresistance (TOR) effect, and
introduced TOR ratio to depict the difference between configurations with high and low tunneling resistance.
Our results imply that TOR,,,x = 1 can be realized when the CPL-induced gap is beyond a certain limit. We
also give an intuitive explanation under near the K/K’ valley approximation which matches numerical results
well. Our results show optically modulated quantum structures based on TMDc materials may dynamically tune
between a high resistance configuration and a low resistance configuration, indicating its promising potential for
applications in high-speed storage and spintronic or valleytronic devices.
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I. INTRODUCTION

In recent years, optoelectronic and spintronic devices have
attracted substantial attention due to their potential for high-
density information storage and low-power computing [1-4].
Monolayer transition-metal dichalcogenides (TMDc) are a
family of two-dimensional (2D) materials in the form of MXj,
where one transition metal atom (M = Mo, W, etc.) is sand-
wiched between two chalcogen atoms (X = S, Se, Te, etc.).
Several materials in the family of monolayer TMDc, such as
monolayer molybdenum disulfide (MoS,) [5,6], monolayer
tungsten diselenide (WSe;) [7,8], and monolayer molyb-
denum diselenide (MoSe;) [9,10] have been synthesized
recently. Monolayer TMDc have a large direct band gap and
strong spin-orbit coupling (SOC), thus they are appropriate
candidates in the research of spintronics and valleytronics
[11-19]. Similar to graphene, the conduction and valence-
band edges of monolayer TMDc are located at the corners (K
points) of the first hexagonal Brillouin zone. Thus, low-energy
carriers are assigned a new index by the two inequivalent
valleys K and K’'. Two important distinctions between TMDc
and graphene are the inherently broken inversion symmetry
and strong SOC. These two distinctions lead to the spin-valley
locking phenomena [20]: the spin-splitting of the valence
band is opposite at the two valleys, which is required by
time-reversal symmetry [21,22].

The tunneling magnetoresistance (TMR) effect [23,24] is a
promising topic that has been extensively studied, which has
obtained applications in storage and computing devices such
as magnetic random access memory (MRAM) [25] and hard
disk drives (HDDs) [26]. The TMR effect is concerned with
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the electrically controlled charge switch under different mag-
netizations. Based on 2D materials (i.e., graphene, silicene,
phosphorene, etc.), several practical symmetric junctions that
produce the TMR effect have been proposed [27-38]. Es-
pecially, owing to the broken inversion symmetry, optical
pumping is introduced as an approach to obtain valley po-
larization in several works based on monolayer TMDc. In
a ferromagnetic-ferromagnetic-normal (FFN) MoS, tunnel
junction, asymmetrical magnetization and the valley degener-
acy breaking of off-resonant light causes spin imbalance, thus
spin-valley filtering is achieved [39]. In a study of magnetore-
sistance in asymmetric ferromagnetic WSe, tunnel junctions
[35], spin and valley polarizations are found to be tunable and
switchable in the presence of an off-resonant circular polar-
ized light (CPL), and TMR can be tuned to one. Compared
with applying strain or magnetic fields, the approach of optical
pumping with CPL allows dynamic control compared with
applying strain or magnetic fields, and its viability has been
demonstrated experimentally [40,41].

While the approach of optical pumping is no longer novel
in searching for the possibility of valley-based electronic
applications, the tunneling resistance caused by the purely
optical Stark effect has never been studied. In fact, by utilizing
the valley switch under different helicity of light, an effect
in the same magnitude with the TMR effect can be achieved
based on TMDc materials, without the involvement of the
magnetic field. Inspired by research on magnetoresistance,
we studied a pure CPL-modulated junction, which resem-
bles previous studied ferromagnetic-normal-ferromagnetic
(FNF) junction [42]. We find tunneling resistance can be
induced by switching between parallel and antiparallel con-
figurations of CPL. Such an effect is named the tunneling
optoresistance (TOR) effect, which resembles the TMR
effect.
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FIG. 1. (a) Schematic diagram of a CPL-modulated 2D quantum structure, (b) CPL-induced gap in PH configuration, and (c) APH
configuration. (d) Schematic diagram of an FNF junction, () exchange splitting in PM configuration, and (f) APM configuration.

II. MODEL AND METHODS

The schematic diagram of our proposed model is shown
in Fig. 1(a). The CPL-modulated regions are of the same
width L. The central region is unmodulated, with the width
of L’. The electromagnetic potential of CPL can be described
by vector A(t) = [Ag sin(£2t), Ag cos(£2t)], where Ag is
the amplitude of potential and 2 is the frequency. When the
CPL illuminated on regions is off resonance, which requires
n|2] > t (7 is the nearest-neighbor hopping parameter), the
electron band gap is modified by virtual photon absorption
process. According to Floquet theory [43,44], off-resonance
CPL interacts with carriers by second-order virtual photon
absorption processes, which can be depicted by an effective
static Hamiltonian. For eAgv, /A2 < 1, the effective Hamil-
tonian near the Dirac point can be written as

H = fivp (k.8 + k,8,)
+[A £ AQ)7:16; + 7:5:40(60 — 62), (1)

where §;, 7);, and 6; are Pauli matrices for spin, valley,
and sublattice pseudospin spaces (6p is identity matrix
for the sublattice space), vy is the Fermi velocity, A is
half of the band gap, and 4X, is the spin splitting on

the valence band caused by the SOC. The sign + corre-
sponds to the right-handed and left-handed CPL in region
I. The CPL-induced gap AQ(x) = AQ[OX)O(L —x) £+
O — (L+L))OQRL + L' — x)], where O(x) is the Heavi-
side step function, and ARy = (eAgv f)2 /h<2. Here, the sign
=+ corresponds to two configurations: parallel helicity (PH)
and antiparallel helicity (APH) [see Figs. 1(b) and 1(c)].
Note that the CPL-induced band gap in regions I and II
is set to be the same in this work, since we only focus
on the difference between configurations. Different CPL-
induced band gaps in regions I and II will bring further
differences in the same configuration, which is beyond our
discussion here.

Here, we design and compare two configurations of junc-
tion: the parallel helicity (PH) configuration and antiparallel
helicity (APH) one. In the PH configuration, CPL in regions
I and II are with the same helicity, while in the APH config-
uration, CPL in regions I and II have opposite helicity, i.e.,
AQr = —AQ = AQy = (eAvs)? /.

Assuming k; is the wave vector in the jth region, due to the
translational invariance in the y direction, we have a conserved
transverse wave vector k,. By boundary conditions, it is easily
resolved that k, is identical for all regions. The wave function
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in region j can be written as
w (x) — A 1 eikx_/-x-&-ikyy + B: 1 e—ikx,,'x-i-ikyy (2)
J Nvi 4 I\ _ .

By solving the energy eigenequation, we obtain the vector
coefficients v; +:

N hUF(:I:T)ZkXJ + lk})
A+ nAQX) +E; —2n.5.h,

3

Vj+

where 1, = %1 corresponds to the valleys K and K', s, = +1
represents spin up and spin down. In region j, the longitudinal
wave vector k, ; is correlated to carrier energy E; as

k2 =1A4n:AQ0) — Ejl[—A — n:AQ(x)
— E; + 2050,/ (hvp ) — ks . 4)

For comparison, a magnetically modulated model—
ferromagnetic-normal-ferromagnetic (FNF) junction—based
on TMDc is also considered [see Fig. 1(d)]. The effective
Hamiltonian near the Dirac point is given as

H = hvy (ks + k6,
+ A6, + 1.8, A,(60 — 6;) — §;h(x). (5)

The exchange splitting induced by ferromagnetic regions
h(x) can be described through the Heaviside step function:
h(x)=ho[®(xX)O(L—x) £ O(x — (L + L'))O2L + L' — x)].
Similar to the CPL modulated case, £ corresponds to two
configurations: parallel magnetization (PM) and antiparallel
magnetization (APM) [see Figs. 1(e) and 1(f)].

In this work, the transfer matrix method is used to solve the
spin- and valley-resolved transmission T,  (Eo, 6p), where
Ey stands for the incident energy, measured from the en-
ergy of the Dirac point, and 6 is the incident angle. The
spin-valley-resolved conductance is given by the Landauer-
Biittiker theory [45]:

/2

Gy.s (Er) = Go / T, (Er. 60)cos6pdbo,  (6)

- /2

where Gy = EzLyEF /(2w hhvg) is the conductance-reduced
unit with the system transverse length L, and E is the Fermi
energy.

The spin-resolved conductance and valley-resolved con-
ductance, G4}y, Gy, 1(} ), are defined as

Gr) = 2, Gor)s (M

Gk = 25, Gr(K).s.- ®)

The total conductance is defined as

Guow = )_ Gys.- ©
1,8

To distinguish between the CPL-modulated and magneti-
cally modulated cases, total conductances are further labeled
as Gl and GAPH for the PH and APH configurations, as G2

total total total

and GAPM for the PM and APM configurations.

total

III. NUMERICAL RESULTS AND DISCUSSION

First, we show and compare the transport properties of a
FNF junction with our proposed optically modulated quan-
tum structure. Without losing generality, we choose material
parameters of monolayer MoS, for concrete numerical cal-
culation throughout this work: 7 =1.10 eV, vy =53 x
10° ms™', A =0.833 eV, and 4Ar, = 150 meV. For the
validity of our model, width of each regions are set as
L=L =5nm.

In the magnetically modulated case, we set iy = 100 meV
and consider only the case of normal incidence, which means
6y = 0°. The spin-dependent term s,/4(x) contributes to main
difference when we traverse all spin and valley indices, since
Ay is significantly smaller than /. As a result, we find major
differences between the transmission of spin-up and spin-
down electrons. In the PM configuration [see Figs. 2(a) and
2(b)], line-type resonant tunneling peaks appear with tiny
energy shifts for K 1 and K’ 1 electrons. These resonant
tunneling peaks derive from barriers of magnetic effective po-
tentials brought by term s_.4(x). Quasibound states are formed
in the unmodulated region between regions I and II. Resonant
tunneling occurs when the energy of tunneling carriers is
exactly the same with discrete quasibound levels. However,
for spin-down electrons, s h(x) is negative in modulated re-
gions, forming potential wells rather than barriers. Thus the
transmission is enhanced and no resonant peaks show up. The
significant difference in the transmission spectra of different
spins vanishes in the APM configuration [see Figs. 2(c) and
2(d)]. This peculiarity is attributed to the ns degeneracy in
the APM configuration. When the sign of n and s are both
reversed, the Hamiltonian can still be kept invariant by flip-
ping the signs of k, and h(x) correspondingly. In this case,
the new Hamiltonian depicts a right-to-left transmission pro-
cess, where the direction of magnetic exchange field in both
modulated regions are reversed. In the APM configuration, the
new potential function acquired after flipping signs is identical
with the original one, therefore transmission channels with the
same ns value are degenerate. Such degeneracy requires the
same transmission after flipping only the spin or valley index,
thus the transmission difference between opposite spins and
valleys is also restricted to be the same.

For comparison, we set AQy = 100 meV, 6y = 0° in the
CPL-modulated case. Calculation of the conduction-band en-
ergy using Eq. (4) shows that, when & is much smaller than
A/(hvg), the energy shift can be approximately as AE =
Mok? /[(A + nAQ)? — A2], which is a small energy at the level
of k%A,/A?. This result is particularly evident in the small
energy shift of linear resonance peaks of K spin up and down
shown in Figs. 2(e) and 2(g). In the contrast, valley-dependent
term AQ(x)7),6, contributes to main difference between the
Hamiltonian for spins and valleys, making the transmission
for K and K’ valleys significantly different [see Figs. 2(e)-
2(h)]. For the K valley, ideal line-type resonant tunneling
peaks appear in the PH configuration [see Fig. 2(e)]. Dis-
tinct from the magnetic modulated case, CPL-induced term
AQ(x)7),6, changes band gap rather than lift or lower band
energy. When CPL is right-hand polarized, the band gap
is enlarged for the K valley potential. As a result, in PH
configuration the conduction-band energy is raised in both

085131-3



WANG, LUO, AND GUO

PHYSICAL REVIEW B 109, 085131 (2024)

PM APM PH APH
10 10 1.0 < 1.0
o 08 0.8} g 08 08
5 [ o
Z 0.6 06} 7 06 0.6
é 0 ] o4l " é 04 » 04
0.2 . [ 0.2 0.2
& (a) — KT 0.2: (b) — k1 = (e) — Kt (f)
0.0 nnt 0.0 0.0
10 ~ 10 1.0 10
= l?‘-“\ A N I\ ]
Eosf miyn i/ 0.8 i 208 1 os
'i "\ 1 “\ Ly ” .g
2 0.6 V] \\\},7 0.6 % 06 106
I i g Lo
=1 0.4 :I 0.4 i » 0.4 e 0.4
ozl it R e éo.z ! 02 B B
oo(c) o e eI (d) J_j K o (g) i N B ) j K'd
_ H . _ Ll e 100 s
080 085 090 095 1.00 080 090 095 1.00 080 085 090 095 100 0.80 085 090 095 100
Ey (eV) E (eV) E, (eV) E, (eV)

FIG. 2. (a)—(d) Spin- and valley-resolved transmission in 2D magnetically modulated quantum structures at 2y = 100 meV. (a), (b): In the
PM configuration; (c), (d): in the APM configuration. (e)—(h) Spin- and valley-resolved transmission in 2D CPL-modulated quantum structures
at AQ; = 100 meV. (e), (f) In the PH configuration, (g), (h) in the APH configuration.

modulated regions, forming potential barriers in the conduc-
tion band. Similar to the case of magnetically modulation,
quasibound states are formed in the central region of the
optically modulated structure, which explains the appearance
of ideal line-type resonant tunneling peaks. For K’ valley
particles, the band gap is narrowed in both modulated regions,
forming two potential wells in the conduction band. Trans-
mission is enhanced in such cases, and no line-type resonant
tunneling peaks can be observed [see Fig. 2(f)]. In the APM
configuration, owing to ns degeneracy, the difference between
the transmission of spin up and down, valley K and K’ is still
restricted as in the magnetically modulated case.

Figure 3 displays a color map of the CPL-modulated trans-
mission as a function of A2 and incident angle 6. The Fermi
energy is set as a constant Er = 1.5A in the following discus-
sion. The value of transmission probability ranges from zero
(blue) to one (red). Zero and one indicate total reflection and
ideal transmission, respectively. Perfect transmission zones
colored with red are dominant when A is close to zero. As
A2 increases, total transmission zones shrink towards low
incident angles, and the highest A2 in transmission zones
correspond to 6y = 0. In the PH configuration, the transmis-
sion for K valley is completely blocked when A€ is above
0.5A [see Figs. 3(a) and 3(b)], while for the K’ valley, total
transmission can still be achieved with ARy > A around cer-
tain 6. In the APH configuration, the transmission for K and
K’ valleys are both blocked when Ay > 0.5A. Moreover,
the transmission zones of K 1, K |, K’ 1, and K’ | are almost
consistent, which verifies the ns degeneracy rule once again.

The spin- and valley-resolved conductances with respect
to Fermi energy in magnetic modulated and CPL-modulated
quantum structures are shown in Fig. 4. For FNF magnetic
junctions, G| is significantly higher than G4 in the PM con-
figuration, especially with low Fermi energy. Still, a tiny
difference can be observed between the conductance of K and
K’ valleys. In the APM configuration, spin polarization and
valley polarization are tiny because of ns degeneracy, which
is a repetition of transmission results discussed in Fig. 2.

AQ,/A

44 0.0 H
10 -1.0

0o(/2)

FIG. 3. Transmission maps as a function of A, and incident
angle 6y, in CPL-modulated quantum structures. (a)—(d) Transmis-
sion maps for the PH configuration. (e)—(h) Transmission maps
for the APH configurations. The parameters here are £y, = 1.5A
and L = 5 nm.

-0.5 0.0 0.5

085131-4



TUNNELING OPTORESISTANCE EFFECT IN ...

PHYSICAL REVIEW B 109, 085131 (2024)

PM APM

1.0
5
2 — Kt
Y .
& (c — K7
p—4
8 10
§ o0} et L
15 S
Z o0s -
= 0.4 ot
o .
S K : LK

0.2 .

0o (b) LK (d) LK

0.90 0.95 1.00 1.05 1.10 1.15 1.20 0.90 0.95 1.00 1.05 1.10 1.15 1.20

Fermi Energy (eV) Fermi Energy (eV)

PH APH
10 e S
08— —
~ 06
S 04
3oz ( -« — Kt
2 92 (e e —«
S 00 (g
N
8 10
[ e T R
8 osl LT “
; - e n,..‘,-'._.,‘-“‘
3 06
04 -
S 02 S K E e
. (f)» LK (h}‘ e

0.0bes
0.90 0.95 1.00 1.05 1.10 1.15 1.20 0.90 0.95 1.00 1.05 1.10 1.15 1.20

Fermi Energy (eV) Fermi Energy (eV)

FIG. 4. (a)—(d) Spin- and valley-resolved conductance with respect to Fermi energy, in magnetically modulated quantum structures, my =
100 meV. (a), (b) PM configuration. (c), (d) APM configuration. (e)—(h) Spin- and valley-resolved transmission in 2D CPL-modulated quantum
structures, at AQ2; = 100 meV. (e), (f) In the PH configuration. (g), (h) In the APH configuration.

For CPL-modulated structures, Gk is significantly larger
than Gk in the PH configuration. With Er lower than 0.93 eV
[see Figs. 4(e) and 4(f)], Gk is close to zero, while Gk
is still considerable, thus the conductance is close to fully
K polarized. The consequence that Gk is higher in the
PH configuration than in the APH configuration can also
be indicated by the high transmission of K’ valley beyond
0.5A in the PH configuration [see Fig. 3]. In contrast,
both Gx and Gk are close to zero when Ep is lower
than 0.93 eV in the APH configuration [see Figs. 4(g) and
4(h)]. Moreover, both the spin and valley polarization are
very weak for any Fermi energy due to the existence of ns
degeneracy.

Gtotal / GO

Gtotal / GO

0.5

0.0
AQy/A

-1.0 -0.5 1.0

We show the total conductance with respect to modula-
tion parameters in Fig. 5. Obviously, for both magnetically
modulated and CPL-modulated cases, the difference between
total conductance of parallel and antiparallel configurations
is enlarged under stronger modulation [see Figs. 5(a) and
5(¢)]. In CPL-modulated structures, total conductance for the
APH configuration (G2F) rapidly decays to zero as |AS|
increases. For the PH configuration, a rather small decay
rate of total conductance (GLIL)) is observed when ASy/A
approaches one. Furthermore, The decay rate of Gy, in either
configuration declines significantly as Er varies from 1.1 to
1.5 eV. These results are completely consistent with the case

of magnetic modulation.

1.0
0.8}
0.6}
0.4f
0.2}

0.0
-1.

TMR

1.0
0.8}
0.6}
0.4t}
0.2}

0.0
-1.0

TOR

-0.5 0.0 0.5 1.0

AQy/A

FIG. 5. (a) G/ Go and (b) TMR with respect to /g in 2D magnetically modulated quantum structures. (¢) G/ Go and (d) TOR with

respect to A2 in 2D CPL-modulated quantum structures.
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FIG. 6. The effective conduction-band energy near the K and K’ valleys with respect to the CPL-induced gap in each CPL modulated

region. (a), (b) PH configuration. (c), (d) APH configuration.

For 2D magnetic junctions, difference between the total
conductance of PM configuration and APM configuration is
usually depicted by the TMR ratio as follows:

Giota — Giotar

total

Correspondingly, we introduce the tunneling optoresistance
(TOR) ratio to depict the difference between the total con-
ductance of PH configuration and APH configuration:

TOR = —Gg?aIG;HGQgI{ : (11)

total

Note that higher TOR represents more significant relative
difference between total conductance of the PH configuration
and the APH configuration.

Figure 5(d) shows the calculated TOR with respect to A2
at different Er. At Er = 1.1 eV, TOR increases from zero to
one with AQy/A = 0.3, while AQy/A =~ 0.7 is required for
TOR =1 at Er = 1.5 eV. As we discussed above, in CPL-
modulated models Gk in the PH configuration is significantly
larger than Gk, along with Gk, Gk’ in the APH configuration
[see Fig. 3]. When A/ A is sufficiently large, the electronic
transport in the APH configuration is completely blocked,
which results in TOR = 1.

In general cases, the limit of A, which can induce
100% TOR differs in each type of TMDc materials. We
may roughly evaluate this limit by analyzing the effective

conduction energy bands near the K and K’ valleys. To give
a clear interpretation of each valley’s contribution to total
conductance, the conduction-band energy near the K and
K’ valleys in CPL-modulated regions is shown in Fig. 6. If
both K and K’ valleys contribute to electronic transport in
the CPL-modulated region, Ef — nsk, > |A + nAQ — nsi,|
should be satisfied. Thus, AQ should satisfy the condition
2shy —Ep — A < AQ < Ep — A for the K valley and
A—FEr < AQ < Er +A+2sA, for the K valley.
Generally, for monolayer TMDc materials, A, is much
smaller than A, therefore, the range of A can be simplified
as A — Er < Q < Er — A. When the absolute value of AQ,
goes beyond Er — A, the electronic transport become totally
K polarized or K’ polarized due to optical Stark effect. In
the PH configuration, the energy-band shift induced by CPL
are the same in regions I and II, AQ; = AQ;; = AQp. The
valley-polarized energy windows are ARy < A — Er for
K polarization and AQy > Er — A for K’ polarization [see
Figs. 6(a) and 6(b)]. However, such valley-polarized energy
windows do not exist in the APH configuration, where the en-
ergy shift caused by optical Stark effect is opposite in regions
I and II, AQ; = —AQy; = AQy. When AQy < A — Ep,
the K polarized particles that transport through region I are
blocked in region II, therefore, no particles may contribute
to electronic transport within this energy window. And
the same result is gained in the case AQy > Er — A [see
Figs. 6(c) and 6(d)]. This conclusion well explains why total
conductance rapidly decays to zero in the APH configuration
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shown in Fig. 4(a). It also implies that Er — A can be a good
estimation of A€ limit to achieve 100% TOR (the deviation
from calculation results in Fig. 4(a) is less than 0.1 eV).

IV. CONCLUSION

In summary, we have studied both spin- and valley-
resolved electronic transport properties of the double-beam
CPL-modulated quantum structure. Significant differences in
total conductance can be found between PH and APH config-
urations in CPL-modulated structures, which quite resembles
the TMR effect observed in FNF junctions. However, nu-
merical results of spin- and valley-resolved transmission and
conductance show an inconsistent origin of tunneling resis-
tance. We name the tunneling resistance effect observed in
CPL modulated quantum structures as the tunneling optoresis-
tance effect, and subsequently introduce ratio TOR to describe
such a quantum effect. Calculation results imply that TOR =
1 can be realized when the CPL-induced gap is beyond a

certain limit. We give an intuitive explanation near K and K’
valleys, together with an evaluation of A2, limit for junctions
based on different TMDc materials to achieve TOR = 1.

For CPL-modulated quantum structures, we propose that
high resistance and low resistance can be achieved only
by optical pumping, thus the conversion between two con-
figurations can be dynamically controlled, which cannot
be achieved in models of magnetic modulation. This work
reveals that CPL-modulated quantum structures based on
monolayer TMDc have promising potential for applications
in high-speed spintronic and valleytronic devices.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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