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We study the Goos—Hinchen-like shift of single silicene barrier under the external perpendicular electric field, off-
resonant circularly polarized light and the exchange field modulation using the stationary-phase method. The results show
that the Goos—Hénchen-like shift of silicene resulting from the external perpendicular electric field does not have the
characteristics of spin or valley polarization, while that from off-resonant circularly polarized light or the exchange field is
spin-polarized. More importantly, the combined effect of the external perpendicular electric field and the exchange field or
off-resonant circularly polarized light can cause the Goos—Hénchen-like shift of the system to be spin and valley polarized.
It is particularly worth noting that when the three modulations are considered at the same time, as the exchange field
changes, the system will have a positive or negative Goos—Hénchen-like shift.

Keywords: Goos—Hinchen-like shift, silicene, polarization

PACS: 73.23.—b, 72.25.—b

1. Introduction

The Goos—Hinchen (GH) shift was first discovered by
Goos and Hinchen in 1947.1'21 This is an optical phe-
nomenon, which means that when a very narrow beam is to-
tally reflected, the reflection point and the incident point are
not at the same position, and the reflected light has a very
small lateral shift at the interface relative to geometric optics.
The GH shift is widely used in integrated optics, near-field op-
tics and optical devices. For example, optical switch based
on GH shift,[3! solution concentration sensor*! and tempera-
ture sensor.! In addition, quantum GH effect has been con-
sidered in electronics. For example, it has shown that the ef-
fect at a p—n interface in graphene is strongly dependent on
the sublattice degree of freedom.!® And it has been studied
in graphene double barriers,!”] which provides feasibility for
making valley splitter. Furthermore, the GH effect can be af-
fected by the presence of a magnetic field in graphene trian-
gular barrier.®! This GH shift can be applied to spintronics to
obtain spintronic devices.!’) Compared with traditional elec-
tronic devices, spintronic devices have the advantages of large
information storage capacity, fast data processing speed, and
low power consumption. %]

Combining semiconductor materials with the optical
phenomenon“l’m of GH shift, Chen er al.[13-151 extended it
to partial reflection to obtain Goos—Hénchen-like (GHL) shift,
which is similar to but different from GH shift and has nothing

DOI: 10.1088/1674-1056/aclel6

to do with evanescent waves. Researchers studied GHL shift
on various graphene-based nanostructures in single barrier, %]
and have proved that the GHL shift can be adjusted by chang-
ing the electrostatic potential and the induced gap. The GH
shift in Weyl semi-metallic electrons is analogous to that in
graphene.[!”) It is also found that the GHL shift, as the func-
tion of the barrier’s width and incidence angle, can be negative
and positive in the cases of Klein tunneling and classical mo-
tion. Studies in strained graphene!'32% have shown that the
GHL shift is the function of the strain tensor and direction. In
a gated monolayer WS,,?!l the GHL shift of spin-polarized
electrons extremely rely on the width of the gated region and
can be positive or negative in both Klein tunneling and classi-
cal motion regimes.

In addition, silicene is similar in structure and physical
properties to graphene. However, there is a significant dif-
ference between silicene and graphene, the strong spin—orbit
coupling (SOC), which results in a band gap in the energy

(22,23

spectrum of silicene. 11t has demonstrated that for a nor-

mal/ferromagnetic/normal silicene junction, the GHL shift is

[24.25] However, there are few further

negative and positive.
studies on simultaneous valley- and spin-polarized GHL shift
in silicene. Recently, it is reported that the off-resonant cir-
cularly polarized light can open a band gap of the Dirac cone
in silicene, 2281 which can lead to the valley separation.*’]
In this paper, we investigate the GHL shift of a single sil-

icene barrier with the external perpendicular electric field, the
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exchange field and the off-resonant circularly polarized light.
The GHL shift of spin-polarized can be achieved in silicene
with off-resonant circularly polarized light or the exchange
field. The addition of the external perpendicular electric field
can make the GHL shift of the system have the characteristics
of spin polarization and valley polarization at the same time.
What’s more, the continuous exchange field can realize the
transition between positive and negative GHL shifts.

2. Model and formalism

We place a ferromagnetic insulator on the bottom of the
silicene to form a ferromagnetic silicene. The external per-
pendicular electric field A, and off-resonant circularly polar-
ized light A are applied to the ferromagnetic silicene area, as
shown in Fig. 1. The low-energy effective Hamiltonian of the
ferromagnetic silicene region with the external perpendicular
electric field and off-resonant circularly polarized light can be

written as!28-31]

H = hve(ky Ty — NkyTy) — NAsoST; + AT, +sM +NAo ;. (1)

Here, vp &~ 5.5 x 10° m/s is the Fermi velocity, As =~ 3.9 meV
is the spin—orbit coupling in silicene, 7, . are the Pauli matrixs
in sublattice pseudo-spin space, M is the effective exchange
field obtained by the magnetic neighboring effect of ferromag-
netic insulators, A, is the external perpendicular electric field

and Ag is the effective energy induced by the off-resonant cir-

"

cularly polarized light.

Fig. 1. Schematic diagram of the normal-ferromagnetic-normal silicene un-
der the external perpendicular electric field A, and off-resonant circularly
polarized light Ao . The transport direction is along the x-axis.

Upon diagonalization of the Hamiltonian, the energy dis-
persion can be calculated as following:

Eny = sM 4/ (vik + (N5ho - MR - 2%, @)

— Ez_(nS)Lso)z — - .
where k 2 S +1 denotes the spin-up (spin
F

down) degree of freedom and 17 = %1 is the sign of the valley

K (K'). Because of the translation invariance in the y direc-
tion, the transverse wave vector k, is conserved. Inevitably,
ky = kcos 0, k, = ksin@ in this structure and 6 is the corre-
sponding incident angle. With taking into account the mod-
ulation along the x direction, the wave function of the plane
wave components in the incident region is given by

1 1
— i (kxx+kyy) r —1(kgx+kyy)
4 B ine ¢ + B —ine ¢
—e e
o (04]

(©)
the corresponding wave function in the transmitted region can
be expressed by

1
03 = ¢ ﬁ ei(kxx+kyy)’ (4)
P3 ine
o3
and the wave function in ferromagnetic silicene region can be
written as
ﬁ iné; —ing;
e 2 | e ’ .
¢ =a ellathy) L p) B e~ i(@wtkyy)
—iné; ino; ’
one 2 —0he 2

)
where r and ¢ are the reflection coefficient and transmis-

sion coefficient, respectively. o = a3 = 1/1 — % o =

V1T 2 Bi= By 14 5 and = 1 - Ay

E—sM>
among them, A = 1 (sAso — @) — A;. 6; = arctan(k,/q.) is re-

fraction angle, ¢*> = ¢,> + ky2 and the longitudinal wave-vector
gy in ferromagnetic silicene region can be further derived from
Eq. (2) as

o (E —sM)* — (nsho —NAo —A)*
* hvaZ

The total transfer matrix X relating wave function be-

k2 (6)

tween two leads is given by

X =R"'0R, (7

where

)

- BieinoL/2 B e—intL/2
| oge N2 gy eintu/2

Bseinbr/2 Bie—intr/2
PR = l ) (3)

| ogeiM0R/2 g eintr/2

and the transfer matrix silicene is

Qj=PjGij7] with

in ferromagnetic

], pie { Brei /2 Bye-ing }

G- eiad 0
i 0 eiad e M0I/2 g einbi/2
()

By applying the transfer matrix method, *?! the transmis-
sion coefficient ¢ can be calculated and expressed as the fol-
lowing form: 33341

tn,s = [cos(qd) + iy s sin(qxd)]_l, (10)
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with

s = QE\E2k} — E;k* — Erg?) [2E  Exkeqy. (1)

Here, E; = E + 1 sAso and E; = E — sM + A. The phase of the
transmission coefficient can be derived as

@5 = arctan|— 7, s tan(q.d)]. (12)

The Goos—Hinchen-like shift can thus be obtained through the
stationary phase method 711 as follows:

a(Pn,s

S = — :
! ok,

13)

3. Results and discussion

Firstly, we calculate the GHL shift as a function of ¢,d at
the different external perpendicular electric field, off-resonant
circularly polarized light or the exchange field. Herein, S; has
been rescaled by Ap, where A is the Fermi wavelength of elec-
trons, while d is rescaled by g, .

We discuss the GHL shift for silicene with different exter-
nal perpendicular electric field strength (as seen in Figs. 2(a)
and 2(b)). The shifts of spin-up electrons at K valley (KT) are
the same as that for spin-down electrons at K’ valley (K'),

and the shifts of spin-down electrons at K valley (K) are also

the same as that for spin-up electrons at K’ valley (K'1). As
A; =25 meV (as shown in Fig. 2(b)), the shifts of spin-up
(spin-down) electrons at K (K”) valley are high, while the shifts
of spin-down (spin-up) electrons at K (K') valley vanish. The
maximum value of the GHL shift corresponds to the resonance

conditions g,d =k (k=0,1,2,3,...), which is given as

(2E\Exk — Exk* — E1g* ) kyd
2E1 E2kqu2

= —

(14)

For sake of clearness, the inset of Fig. 2(b) further dis-
plays the magnitude of S;-peak versus external perpendicular
electric field at gyd = 37, where the GHL shift demonstrates
obvious jump. For example, the shift values of spin-up (spin-
down) electrons at K (K') valley suddenly change from a large
positive shift to zero when A, ~ 21 meV, while the shift values
of spin-down (spin-up) electrons at K (K’) valley emerge the
same adjustment at A, ~ 29 meV.

When only the external perpendicular electric field
is considered, the electronic band structures do not have
the characteristics of spin or valley polarization (as seen
in Fig. 2(c)) Equation (2) can be reduced to Eny =

j:\/ hvek)? + (NsAso — Az)?. That is, Eii =E__ and
_ = E_ . Thus, silicene with only external perpendicu-

lar electnc field can distinguish neither valleys nor spins.
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Fig. 2. GHL shift for the transmitted beam as a function of barrier width d with parameters £ = 50 meV, Ay, = 3.9 meV, and 6 = /3. (a) A, =

20 meV, (b) A, =

25 meV. (d) Ag =20 meV, (e) Ao =25 meV. (g) M = 6 meV, (h) M = 100 meV. Panels (c), (f) and (i) are electronic band

structures for spins and valleys corresponding to (a), (d) and (g), respectively.
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Under the modulation of the off-resonant circularly po-
larized light (as seen in Figs. 2(d) and 2(e)), the values of
CHL shift have no difference, which is similar to that of
Figs. 2(a) and 2(b). However, the shifts of the spin-up elec-
trons are identical, and the spin-down of that are also iden-
tical. As Ao = 25 meV (as shown in Fig. 2(e)), the shifts
of spin-up electrons become higher, while the shifts of spin-
down electrons vanish. In the inset of Fig. 2(e), the values of
all shifts increase first, then rapidly decrease to zero. How-
ever, the position where the shift of the spin-up electrons and
the spin-down electrons vary to zero is different. We can
find that the shift of spin-up electrons exhibits a mutation at
Ao ~ 21 meV, and comparably, the shift of spin-down elec-
trons is at Ao ~ 29 meV.

This result can be well explained by the band struc-
tures (as shown in Fig. 2(f)), the band gap for K 1
(K|) is the same as K1 (K’ ]). Only taking the off-
resonant circularly polarized light into account, Eq. (2)
shows that the band structure can be written as E,, =
j:\/(hv}:k)2 +1252As” — 2125A50Aa — N%A0>. One can de-
rive that the shift is spin-polarized according to this formula.

Therefore, the shift is spin-dependent with the circularly po-
larized light modulation, which indicates that the silicene with
off-resonant circularly polarized light can be designed as the
spin beam filter.

The electrons shifts are also spin-dependent with only ad-
justing the exchange field (as shown in Figs. 2(g) and 2(h)).
But the difference is that the fluctuation in shifts of spin-down
electrons is very weak. When M = 6 meV, the shifts of spin-
up electrons are positive. While, for the case of M = 100 meV,
the shifts of spin-up electrons are negative. To show this re-
versal more clearly, we plot S;-peak at g,d = 37 in the in-
set of Fig. 2(h). With the value of the exchange field M in-
creasing from 0 meV to 6.65 meV, the shift value of spin-up
electrons gradually increases to positive peak value, then it
abruptly reduced to zero. When M surpasses to the critical
value 93.34 meV, the shift value suddenly changes from 0 to
negative peak value. Then it increases to zero gradually with
the further increasing exchange field M. Such a changed shift
is closely related to the longitudinal wave-vector which is de-
termined by the exchange field M.

With the presence of exchange field, there are two valley-
dependent gaps in the band structure (as shown in Fig. 2(i)).
The spin-up (spin-down) bands are pushed upward (down-
ward). The band structure in Eq. (2) can be reduced to the

\/ (hvgk)* + As>. We can find that
has nothing to do with Ey ;. In other words, the shift with

expression Ey s = sM &

the exchange field modulation is spin-dependent. It should be

pointed out that the negative shift is associated with the Klein

tunneling effect.35-38

In order to explore the effect of combined modulation,
the calculated results for GHL shift are shown in Fig. 3. The
relationship between the GHL shift and incident energy is dis-
cussed when both off-resonant circularly polarized light and
the exchange field are considered (as seen in Fig. 3(a)). The
electrons shifts separate two spin-dependent beams for a spe-
cific valley. A strong contrast in amplitude can be observed
for spins orientation. Specifically, at the same valley, the shift
value of the spin-up electrons is about six times that of the
spin-down electrons. These maximum values correspond to
the transmission resonances and demonstrate the spin split-
ting of charge carriers in silicene, which means that the shift
can be generated and controlled by the exchange field and oft-
resonant circularly polarized light. The equation of propaga-
tion mode is given as

(Ens—sM)? — A% > (En s — NS;As0) sin?6. (15)

So the formula of the critical point can be derived from
Eq. (15) as

E} (1 —5in?0) — 2sMEy ; +s*M* — A% + Aso”sin’0 > 0.

(16)
Only considering off-resonant circularly polarized light and
the exchange field in this structure, we can obtain that the val-
ues of shift are 0 when E1; = E_1; < 101.4145 meV and
E1_1=E_1_1 <247.0904 meV. Then, with increasing ex-
change field M, it reaches the maximum, and finally decay.
The band gap for K1 (K| ) is also the same as that of K’ 1 (K'])
(as seen in Fig. 3(a)). So, the GHL shift with both off-resonant
circularly polarized light and the exchange field is only spin-
dependent.

The GHL shift is spin-polarized when only the exchange
field is modulated. By further involving a nonzero exter-
nal perpendicular electric field 4,, we can find that the shifts
of different valleys can be distinguished weakly (as seen in
Fig. 3(b)). Spin-up and spin-down states are mixed at the en-
ergy band intersection and spin degeneracy is broken. Simi-
larly, from Eq. (15), the maximum shifts of K1, K’1, K| and
K’'| occur at 156.1 meV, 163.9 meV, 3.9 meV and —3.9 meV,
respectively. Thus, the GHL shift under the external perpen-
dicular electric field combined with exchange field is partial
spin- and valley-polarized.

The GHL shifts with the external perpendicular elec-
tric field and the off-resonant circularly polarized light co-
modulated are plotted in Fig. 3(c). From Eq. (15), we can
obtain that the four spectras change from zero to the max-
imum at E_11 = 111.9965 meV, E_; 1 = 127.6214 meV,
E11 = 192.0813 meV and E; _; = 207.6902 meV, respec-
tively, then oscillation decay. Moreover, the shift value of elec-
trons from K’ valley is a quarter of K valley, which can be per-
fectly reflected in Fig. 3(c). The band gap of spins and valleys
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are both broader, and the gaps with different spins and valleys
do not coincident. Since the both spin- and valley-dependent
beams can be well separated under the external perpendicular
electric field and off-resonant circularly polarized light modu-
lations, the GHL shift is spin and valley polarization.
Considering all three external modulations, the po-
larization is more pronounced (as seen in Fig. 3(d)).
The spin and valley are separate completely, which fea-
tures that four S,-peaks appear in E_j _1 = 65.2144 meV,
Ei1—1 =138.9411 meV, E_;1 = 211.6936 meV and E; | =
284.1940 meV, respectively. These conclusions can also be
proved from Eq. (15). More interestingly, the values of GHL
shifts at K’} ,K|, K’1, and K7 increase in turn. Based on
Eq. (2), one can find that the valley and spin degenerate are
lifted and different gaps are induced at different spins and val-
leys (as seen in Fig. 3(d)). Therefore, both spin and valley

polarization are striking in this case.
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Since the above researches were conducted under the
fixed value of the field strength, we further explore the influ-
ence of the continuous off-resonant circularly polarized light,
the external perpendicular electric field or the exchange field
on the GHL shift, respectively. Figure 4(a) displays the shift as
a function of the circularly polarized light modulation. As we
can see, the shift of spin-down electrons occur, but the elec-
trons shift of spin-up electrons is negligible. The formula of
the critical point can be derived from Eq. (15) as

(Ens —sM)? — (E} s — Ao?)sin®0 — (1)(sho +Aa) +2.) > 0.

a7

The shift of spin-down electrons increases oscillatingly,

and then alters to zero abruptly. However, the shift values

of spin-up electrons are negligible. The shift values of spin-

down electrons at K and K’ become maximum at the position

of Ag = 31.2036 meV and Ao = 71.2036 meV, respectively,
which can be derived from Eq. (17).
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Fig. 3. GHL shift as a function of incident energy E with A, = 3.9 meV, 6 = /3, and d = 40 nm. (a) Ao = 80 meV, M = 20 meV and
A;=0meV. (b) Ao =0meV, M =20 meV and A, =20 meV. (¢) Ag = 80 meV, M =0 meV and A, =20 meV. (d) Ao = 80 meV, M =20 meV

and A, =20 meV.

The effect of the external perpendicular electric field on
the GHL shift in Fig. 4(b) is similar to that of off-resonant cir-
cularly polarized light modulation in Fig. 4(a). However, the
values of the electrons shift for the same valley are different.
In the case, with the external perpendicular electric field A, in-
creasing to 55.0709 meV and 102.8709 meV, from Eq. (17),
the shifts of K’} and K| increase gradually to maximum.

While under a continuous range of the exchange field

modulation, in Fig. 4(c), all spin up-related peaks are dis-
played as a negative value, and spin down-related peaks are
displayed as positive values. For valleys with the same
spin direction, a strong amplitude contrast can be observed.
The GHL shifts of X'}, K|, K1, and K1 convert from
zero to maximum in turn, and then the oscillation decrease.
When M = 11.5695 meV, 44.3547 meV, 106.2744 meV and

137.4917 meV, the values of GHL shift reach maximum,

107302-5



Chin. Phys. B  Vol. 30, No. 10 (2021) 107302

which can be derived from Eq. (17). Therefore, the filtering
function can be modified by adjusting the values of the three
fields.

From Eq. (16), we can find that the incident angle can
also affect the GHL shifts of the electrons. The GHL shifts
with different incident angles are demonstrated in Fig. 5. In-
deed, it is shown that valley and spin are always polarization,
and the GHL shift is closely related to the incident angle. In
Fig. 5(a), for the incident angle 6 = /18, the maximum shift

of K’ valley is always smaller than that of K valley. Increas-
ing the incident angle to 47/18 (see Fig. 5(b)), the magni-
tude of the shift value is six times that of the original value in
Fig. 5(a). By further comparing with the corresponding results
for 6 = 87 /18 in Fig. 5(c), the spin up-related peaks become
larger than the spin down-related peaks. We can regulate the
GHL shift to higher values by increasing incident angle, which

can be a good way to make valley correlation filters.

30 30
16 | (3) DKt (b) (c)
IR ,
12 P — K Mo
= § et Ky = e ] I
< 8 : < < :
. : “ 10 @ !
!
I
N — v | o
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Fig. 4. (a) GHL shift as a function of off-resonant circularly polarized light Ao with M = 20 meV, and A, = 20 meV. (b) GHL shift as a function
of the external perpendicular electric field A, with M = 40 meV, and Ao = 20 meV. (c) GHL shift as a function of the exchange field M with
Ao =60 meV, and A, = 20 meV. Other parameters are A, = 3.9 meV, 6 = /3, E = 50 meV, and d = 40 nm.
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Fig. 5. GHL shift for the transmitted beam as a function of incident energy E with As, = 3.9 meV, M =20 meV, Ao = 80 meV, A, =20 meV, and
d=40nm. (a) 6 =/18. (b) 6 =47/18. (c) 6 = 8m/18. The regime for 0 < E < 400 meV is enlarged as in the insets.

4. Conclusion

In summary, the Goos—Hinchen-like shift for single sil-
icene with off-resonant circularly polarized light, exchange
field and the external perpendicular electric field has been
studied. It was found that the GHL shift of silicene with an ex-
ternal perpendicular electric field cannot distinguish valleys or
spins. Only with the exchange field or the off-resonant circu-
larly polarized modulation, the GHL shift was spin-dependent.
Particularly, not only under the external perpendicular electric
field and off-resonant circularly polarized light modulations
but also under the exchange field and the external perpendicu-
lar electric field modulations, the GHL shift is both spin- and
valley-polarized. Furthermore, by controlling the strength of
these three fields appropriately, the spin- and valley-polarized
of the shift is more noticeable. The magnitude of the shift can

also be changed by adjusting the incident angle. We hope our

findings can be helpful for the electrical control of spin and
valley filtering and the application of quantum information.
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