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Harbin Normal University, Harbin 150025, China

(Received 6 August 2021; revised manuscript received 18 October 2021; accepted manuscript online 6 November 2021)

We investigated Goos—Hénchen (GH) and Imbert—Fedorov (IF) shifts of a reflective beam on a twisted bilayer of
hexagonal boron nitride (hBN), where a left circularly polarized beam was incident on the surface. Our results demonstrate
that the twist angle between the two optical axes plays an important role in obtaining large shifts with a high reflectivity.
The GH shift with 10 is achieved, while the reflectivity is near 100% by tuning the twist angle. The maximum of the
IF shift is found in the certain condition satisfied by the reflective coefficients, and the shift strongly depends on the twist
angle between the optical axes of the two slabs. The spatial shifts obtained directly from the GH and IF shift definitions
were provided, which indicate that the theoretical results from the stationary phase method are believable. These results
may open up a new way for developing the nano-optical devices.
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1. Introduction

When total internal reflection occurs, the reflection point
is not the same as the incident point, which was first proven
by Goos and Hinchen in 1947.!'1 The displacement is in the
incident plane and known as the Goos—Hénchen (GH) shift.
This was explained as an experience of phase change for
the reflected wave vector, ™ closely related to the interface
impedance or dispersion properties. Another shift perpendic-
ular to the incident plane is named as the Imbert—Fedorov (IF)
shift,3] which exists upon a circularly or elliptically polar-
ized incident beam on the surface of isotropic media. The
IF shift results from the interaction of the optical orbit and
spin, which is one of the spin-Hall effects of light. The GH
and IF shifts have been confirmed in experiments and also in-
vestigated widely in different physical systems, such as pho-
tonic crystals,[*! negative refractive media,’! lossless dielec-
tric slabs, [®! and others. Normally, the optical loss can be ig-
nored for the interface between two ordinary transparent ma-
terials as well as metamaterials. In particular, the optical loss
of the artificial structure obviously affects the spatial shifts,
which is attributed to the optical scattering from internal de-
fects in the material. In general, the GH shift, as well as the
IF shift, is extremely weak and is not easily detected by tra-
ditional optical measurements. Therefore, a method known as
the weak measurement has been established in experiments to
amplify spatial shifts significantly.®]

Many efforts have been made to enhance and tune
GH and IF shifts, for instance, using various fascinating

structures, i.e., left-handed metamaterials, ! metasurfaces, 1%
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and anisotropic metamaterials.!'!l In particular, some two-
dimensional (2D) materials have been applied to investi-
gate the spatial shifts of light, such as graphene and black

s.[1213] The chemical potential of graphene can be

phosphoru
tuned by the gate voltage and then the adjustable and en-
hanced GH and IF shifts can be expected due to the coating
of graphene on the surface of materials. For example, Li et
al. experimentally measured the GH shift on the surface of a
glass prism coating the graphene layer by using the beam split-
ter scanning method.!* They observed a maximum difference
of 31.16 um in the GH shift between TM and TE incidences
in graphene. Song et al. predicted large spatial shifts of the
reflective beam near the critical angle and the Brewster angle
on the surface of graphene/hBN metamaterial, and the reflec-
tivity can be even more than 80%.[!'5] Another way to enhance
the spatial shifts is to reduce the effect of optical loss. Polar
crystals with lower optical loss resulting from the lattice vi-
bration attract more attention. Most polar crystals are ionic
crystals, and their reststrahlen band (RB) is different. Hexag-
onal boron nitride (hBN), an interesting van der Waals (vdW)
crystal, is a kind of natural hyperbolic materials, which has
two separate RBs. In the two RBs, the principal values of
its permittivity are opposite in sign so that propagating modes
are of hyperbolic dispersion. When a beam just falls in the
RBs, the reflection nearly reaches the total reflection. Surface
phonon polaritons (SPhPs) in ionic crystals originate from the
coupling of optical phonons with electromagnetic fields. It
has been proven that SPhPs in the hBN exhibit high confine-
ment and much lower optical loss than surface plasmon polari-
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tons (SPPs).[1 Thus, large spatial shifts with high reflectivity
may be realized in or near the two RBs. Wang ef al. studied
the spatial shifts of the reflective beam at the critical or Brew-
ster angle on the surface of hBN.!'7] They found that the large
GH shifts for s- and p-waves at the critical angle were about
—5.32A and —3.71Ay, respectively, accompanied by high re-
flective ratios Ry = 0.51 and R, = 0.58. However, although the
GH shift is massive at the Brewster angle, it is always accom-
panied by a very small reflective ratio, such as R, ~ 1074, In
most investigations, the optical axis (OA) is vertical or paral-
lel to the surface, while the effect of the OA on spatial shifts
has seldom been considered. In Ref. [18], a twisted structure,
where the optical axes of the two hBN slabs are different in
orientation, was introduced to explore the combined effects of
polarization conversion and selective transmission for realiz-
ing chirality. The simulation results showed that polarization
conversion in the top slab of the bilayer structure was sensi-
tive to the tilting angle of the slab’s OA. Wang et al. studied
the influence of the orientation of OA on the GH shift of left-
handed materials.[®! Wu ez al. investigated the GH shift at the
surface of the titled uniaxial crystal and noted that the per-
mittivity expressed by the tilted angle has a remarkable effect
on the shift.!'”) In our recent works, the impact of the OA of
hBN on the GH and IF shifts, '] the reflection,?”! and the spin
angular-momentum?! also were further explored. Based on
these discussions, it can be seen that an anisotropic dielectric
permittivity can lead to complex dispersion properties because
of the polarization feature of electromagnetic waves. Adjust-
ing the spatial shifts of reflective beams by means of changing
the OA orientation is promising since the change is vital to
some optical devices, such as sensors and switches. In this
paper, the simple bilayer structure composed of two twisted
hBN slabs is considered where there is a twist angle between
the two optical axes of the slabs. The twist angle effect on the
two spatial shifts of the reflective beam will be investigated.
Since the total reflection occurs in the RBs, we will mainly
focus on the spatial shifts in these frequency bands. Then, a
large spatial shift with high reflectivity may be further selected
by tuning the tilted angles.

The paper is organized as follows. Section 2 shows the
structure of double hBN slabs with the different OA. With the
transfer method, the reflective coefficients are derived for s-
and p-wave incidences, and further, the corresponding expres-
sions of the GH and IF shifts are presented. Numerical results
and discussions are in Section 3. Finally, Section 4 summa-
rizes the entire paper.

2. Theoretical model

The structure and geometry are depicted in Fig. 1(a),
where two hBN slabs with different anisotropic axes are
stacked together. The optical axes of the top and bottom slabs

in the x—z plane are tilted off the x-axis by angles a; and oy,
respectively. d; and d, represent the thicknesses of the two
layers. The permittivity of hBN slabs can be expressed by
€ Jjxx 0 e JXxz

0 €y 0 ], €))
& jox 0 € jzz

A
€=

where € = SHCOSZOC]' + eLsinzocj, €y = Ejzx = (€L —
g))cos a;sin o, €y = €1, and €j;; = &, cos’at; + gsin’ ;.
Subscript j = 1 or 2 denotes the top or bottom slab, re-
spectively. g is the longitudinal component and €, is the
transverse component of the permittivity in the principal-
axis frame. A uniform expression for | or €, is €| | =
[l + (02 — 0}y)/ (0}, — ©* — iwn)], where €. = 4.95,
oo = 825 cm™! and wro = 760 cm™! for the longitudi-
nal component g and &, = 4.52, oo = 1610 cm~! and
10 = 1360 cm™! for the transverse component &, .[1% The
damping coefficient is considered as 7, = 5 cm™!. We take
fi =760 cm™! as the reference frequency for convenience.
Figure 1(b) shows the real parts of €, and g as functions
of frequency, and RB-Tis 1.0 < @/ f; < 1.0895 and RB-II is
1.7895 < w/fi < 2.1184. The hBN is the type-I hyperbolic
material (HM) in RB-I, where &, > 0 and & < 0 and is the
type-1I HM in RB-II where €, < 0 and g > 0. The hBN ex-
hibits elliptical or metal features in the other frequency range,
where €, > 0 and g > Oore; <0and g < 0.

We consider a transverse-magnetic (TM) wave as the in-
cident wave and the x—z plane as the incident plane since for a
transverse-electric (TE) incident wave the crystal behaves like
an isotropic medium due to the permittivity €, independent
of the tilted angle.!"”! In addition, contrasted with the TM in-
cidence, the GH shift produced by the TE incidence is very
small. We assume the wave vector in the two slabs to be
K; = (kx,O,k]‘-‘;), and then the magnetic field in them can be
expressed as

. o . _
ij _ HjJ;e1(k,\-x+ijz or) + ij el(kxx+kﬂz oor)7 )

where k; and k. represent the wave vector of the up-going
and down-going waves in the media. Applying V x H =
dD/dt, we have

7w80(8.iXXEjX + ijzEjz) = (k]tH;, + kj_ij}),

wSO(szxij“"szzEjz) :kx(H,J;'i'H];) 3)

From Eq. (3), we can further express the electric-field compo-
nent as a function of magnetic-field component as follows:

+ gjzzkfz + € szkx _
Jy 2 ij' @
a)go(ijz - gjzzejxx)

gjzzkj_z + gszkx

B wgo(gjzxz - ejzzejxx)

Ejx

From V x E = —i@wuyH and combining Egs. (3) and (4), two
solutions for k. are

kjl'é2 = {_gszkx + \/(ejzxz — €z €jnc) (K — k(z)ejzz)} /€jzz- (5)
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Fig. 1. (a) Schematic of twisted hBN slab structure, where the two OAs both
are in the x—z plane and tilted off the x-axis by an angle ¢y for the top slab and
o, for the bottom slab, while d; and d, represent the thicknesses of the top
and bottom slabs, respectively. The incident beam with index I is at an angle
0 to the z-axis. The dashed line represents the reflective beam in geometry
optics, while the line with index R shows the real reflective beam. (b) The
real parts of the two components of the primary permittivity as functions of
the frequency. The two shadows indicate the two RBs.

The two different solutions correspond to two eigenmodes in
either slab. The mode propagating from the upper surface to
the bottom is defined as the down-going wave, but another
propagating mode is called the up-going wave. Different from
ordinary materials, the two solutions are opposite in sign to
each other only when £, is equal to zero. The properties of k j;
is dependent on the properties of the incident beam and mate-
rial slabs. The choice of sign must guarantee the attenuation
of either branch with the distance away from the crystal sur-
face. We suppose the central incident wave with +z, and then
we let k; = k}z, ijZ = k%z. With this hypothesis, Eq. (4) can be
written as

Ej = Z;H}, — Z;H,, (6)

X2
transverse wave impedance of hBN, which has been simpli-

where Z; = \/k)%—k%sjzz/weo\/ejz — €j.:€jxy is called the

fied with Eq. (5). The magnetic field components outside the
double-slab structure are indicated as H, = Je!(kevthkz—or) 4
Relk—kz=0t) and H. = Tellketkz=0f)  The correspond-
ing electric fields are summarized as E, = Zole! kexthez—or) _
ZoRe! k=00 with 7y = —@uoky/(k2 + k2) for incidence
and reflection, and E, = ZoTei(kX”kzz"‘") for transmission.

From the boundary conditions of the parallel components of
magnetic and electric fields continuous at the surface and in-
terface, a matrix equation governing the relation between in-
cident and reflective or transmitted amplitudes can be derived
as

AR

where M is called the transfer matrix, including

1 Zo+7Z, Zo—23
My=— 8
"= 2% [ZO_ZI Zo+7Z |’ (82)
(Z\+2y)  (Zo—-71)
1 | exp(ikidi) exp(iki.d;)
Hl _ 1z 1z ’ (Sb)
22y | (Zo—-27)) (Zo+7y)
| exp(iky,di) exp(iky di) |
[ (L +273) 0 1
1 exp(ikztdg)
H2 = — (80)
27, 0 (Z2 -|—Z3)
i exp(ikgzdz) ]

Now we consider the effect of the imaginary part of k}f in
the transfer matrix. We take ¢; = 0p = 0° as an example and
plot the imaginary part of kjl-z’2 versus the frequency, as shown
in Fig. 2. Two clear jumping points are found at @/ f; = 1.8
and 2.1, which are just at the boundary of RB-II. From the
inset, the first jumping point at the left boundary is that the
imaginary part of k}z changes from a positive value to a neg-
ative one, and meanwhile the imaginary part of k?z becomes
positive. Another jumping happens at the right boundary and
the situation is exactly opposite to the first jumping. Thus,
in RB-II, k}z becomes negative and k?z is positive, which is
not consistent with the above assumption. Therefore, we have
to modify the transfer matrix M using ka = k?z,
Eq. (7) to keep the attenuation along propagation directions.

- _ 1 .
ka = ka in

The reflective coefficient r, is obtained from the transfer
matrix M as follows:
M2, 1)+ M(2,2)

T ML) M(1,2) ©)

for the TM component in the reflective wave, and another re-
flectivity coefficient can be written as

1+ rexp(2iky.d)
T exp(2ik,;d)

(10)

s

for the TE component of the reflective wave, where r| =
(k; — koz)/ (k; + koz) and rp = (ko — k;)/(k; + ko) represent
the reflection coefficients at the upper surface and interface
between the two slabs, respectively. Also, the wave vector
along the z-axis k,; = \/m in the two slabs. Com-
paring Egs. (9) and (10), it can be seen that r, is related not
only to g and £, but also to the titled angles a; and ;, but r
only depends on €, . Therefore, in the following discussions,
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we will only focus on the GH shift for the p-wave reflective
coefficient. According to Eq. (9), the GH shift is[?223]
A 9P

Ax, = — —_— 11
P 2mcosO 00’ b

by means of the stationary phase method, where Ay is the vac-
uum wavelength. Obviously, the GH shift can reach its peak
when the phase difference ¢, experiences a sharp variation
with the incident angle. Therefore, the massive GH shift can
be observed near the Brewster angle or the critical angle.

10
8 0.01} Jumping point(l)/,/
6 or
4k —0.01
L op-—<5
¥ ly
E -2 I
_4f I
_6F I
!
—8 \
~10 L L L
1.0 1.5 2.0 2.5
w/ fy

Fig. 2. Imaginary part of k;&;z (j = 1,2) of the mode wave versus frequency at
oy = ap = 0°. The inset shows the first jumping point at @/ f; = 1.8, where
the imaginary part of k}z becomes negative and k?z becomes positive. The
second jumping point happens at @/ f; = 2.1, where the signs of k}z and k%z
are swapped. '
Contrary to the longitudinal GH shift, the IF shift is a
transverse shift perpendicular to the incident plane. We as-
sume that the incident beam is left circularly polarized (LCP)
and define the electric field of the central ray in this beam as
E = Eip —1E}. The reflective beam also is a paraxial beam
and its IF shift is independent of the profile of the beam if the
beam waist is large enough. The IF shift of the reflective beam

can be written as/?*!

Aocot ) |”p’|”s|

, (12)
!rp,2+|”5‘2

Ay ep = — 1+2COS((PS—(PP

where @, — @; is the phase difference between the reflective
coefficients r, and r;. Moreover, it is seen from Eq. (12) that
the maximum of the IF shift Aym,x = —Agcot /7 in the con-
dition of |rp| = |rs| and @, — @y = 2n7 (n is an integer). In
a recent work, the peak values in graphene/hBN metamate-
rials were obtained through tuning the chemical potential of
graphene and the incident angle.!!'> After checking the expres-
sions of the reflective coefficients [see Egs. (9) and (10)], we
found that the condition in the twisted structure mainly de-
pends on the choice of the titled angles of the OAs when the
incident angle is fixed.

3. Results and discussion
3.1. GH shift of the reflective beam

We take the thicknesses of the top and bottom slabs as
1.5 um and 2.5 pm, respectively. Unlike the hyperbolic meta-
materials, hBN is a nature hyperbolic material, so the spatial
shifts can be further enhanced only by promoting the quality of
the hBN crystal. We will investigate the large GH shift accom-
panied with the high reflectivity in the RBs. The incident an-
gle is fixed at @ = 85° in subsequent discussions since the large
GH shift may be achieved at large incident angles, as indicated
by Eq. (11). The effect of the OA orientations on the GH shift
in the RBs also will be discussed, where the titled angle of the
top OA is taken as ¢ = 0°, 30°, and 90°, respectively. For
a; = 0°, the GH shift distribution as a function of frequency
and tilted angle o, in RB-I is presented in Fig. 3(a). It can be
found that the positive maximum is about 382, localized at
the left boundary of RB-I and in the range of o > 30°, while
the negative maximum is about —5A, appearing at the right
boundary and the range of o, > 80°. Two obvious intersecting
strips with relatively high GH shift values are observed. Con-
trasting with the reflectivity shown in Fig. 3(b), unfortunately
in these regions the reflectivity becomes very small. Near the
maximum GH shift value, an impressive GH shift with about
30% reflectivity can be acquired, which is not bounded by the
tilted angle op. The GH shift reduces evidently as the fre-
quency is increased, but reflectivity is enhanced, by more than
70% in some regions. For example, R ~ 75% and Ax ~ 151
for w/f; = 1.02 and ap = 20°. Thus, the purpose to directly
heighten the reflective ratio by means of slightly sacrificing
the shift value can be realized. For oy = 30°, the vertical strip
with a larger GH shift moves to the middle of the frequency
window, as shown in Fig. 3(c). Moreover, the GH shift is en-
hanced significantly. Contrasted with Fig. 3(d), the GH shift
in the frequency range of @/f; > 1.02 should be paid more
attention since the reflectivity is more than 60% except for the
strip zone. Of course, the negative GH shift is expected in the
region of @/ f; < 1.01 and o > 30°. For o = 90°, the maxi-
mum of the GH shift quickly drops to about 19, lower than
the other two cases, as shown in Fig. 3(e). However, it is inter-
esting that the reflectivity shown in Fig. 3(f) is evaluated to be
more than 30% in the whole region. In this case, we can arbi-
trarily choose the GH shift value according to the requirement
without the consideration of reflectivity.

Now we focus on the GH shift and reflectivity in RB-II,
as presented in Fig. 4. The large GH shift near the strip at-
tracts our attention due to nearly 100% reflectivity in a certain
region at o = 0°. For example, Ax ~ 104 with R =~ 0.96 for
o/ fi = 1.8 and o = 85°. The situation of a;; = 30° is a little
complicated due to the intersection of two strips. Although a
massive GH shift over 100 times the vacuum wavelength is ob-
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served at a narrow frequency band, the corresponding reflec-
tivity is very low, almost close to zero. In the other region, to
obtain the large GH shift with high reflectivity is also difficult.
An interesting phenomenon should be noted when o = 90°.

Comparing Figs. 4(e) and 4(f), a GH shift accompanied with

high reflectivity is obtained in a wide frequency range. For in-
stance, the GH shift about 20y with 70% reflectivity is easily
achieved.

Az /X Az /X
80 |(2) g0 (€)
30 15
60 60 10
20
o
3 40 40 5
10
20 20 0
0
0 0 _
1.00 1.04 1.08 1.00 1.04 1.08
80 07
60 0.6
0.5
s 40 0.4
0.3
20
0.2
0.1
1.00 1.04
W/ft ‘U/ft "J/ft

Fig. 3. GH shift and reflectivity versus frequency and bottom titled angle ¢ in RB-I: (a) and (b) for oy

=0°, (¢) and (d) for 30° and (e) and (f) for 90°.
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1.8 1.9 20 21 01.8 1.9 : % 19 20 21

w/ fe

Fig. 4. GH shift and reflectivity versus frequency and bottom titled angle o, in RB-II: (a) and (b) for ¢

In order to further indicate the effect of ¢; and o on the
GH shift, the GH shift and reflectivity spectra at @/ f; = 1.05,
1.08 in RB-I are depicted in Fig. 5. An obvious intersection
of the two strips is discovered and divides the frequency win-

dow into four parts. Among them, the region of ¢; < 52° and

w/ fi

w/ fi

=0°, (c) and (d) for 30° and (e) and (f) for 90°.

0 < 52° attracts attention, where the GH shift is about 102
and the reflectivity is over 50%. It is worth noting that this
region is expanded as the frequency increases to @/ f; = 1.08,
as shown in Figs. 5(c) and 5(d). Figures 3—5 show two distinct

intersecting strips in which the GH shift is large but the reflec-
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tivity is very small. Based on the discussion for the derivation
of the phase difference with the incident angle in Eq. (11), the
incident angles related to these regions should be near Brew-
ster angles, where the reflectivity is almost zero. If we further
examine the wave vector of either hBN slab (see Eq. (5)), it
can be found that the two absorption strips in the reflective
spectra will be mainly determined by the twist angle of the
OA orientation of the two slabs.

Az /Ay Al/)\o

80‘ )
60
20
m }
10
20
0
9

r—
I 80 ‘

ay
o v A o o

0.7
0.6

0.5
0.4
0.3

0.4 )
0.3 -
0.2 0.2
0.1 0.1

0 20 40 60 80

Qy

Qg Q3

Fig. 5. GH shift and reflectivity versus titled angles o and o (a) and (b) at
®/f; =1.05, and (c) and (d) at @/ f; = 1.08.

3.2. IF shift of the reflective beam

In this part, the distribution of the IF shift versus the ti-
tled angles and the frequency is indicated in Fig. 6. The in-

cident angle is fixed at 8 = 10° in the following numerical
calculation. Due to Eq. (12), the maximum of the IF shift,
Aymax = —Agcot 8/, is about —1.8A in the conditions men-
tioned above. Firstly, we consider the changes of the IF shift
=0°, 60°, and 90°, as shown in Figs. 6(a)—
6(c). For a; = 0°, the maximum of the IF shift is found in

versus 0 when o

RB-II and the region with the maximum gradually shrinks and
moves to the lower frequency region with an increase of o.
When oy = 60°, the relatively larger values appear not only
in RB-II but also in RB-I. However, the frequency bands with
large IF shifts are very narrow. We further twist the upper hBN
plate to 90°. It is found that the maximum of the IF shift in RB-
IT completely transfers into RB-I, and is slightly smaller than
the other two cases. This implies that the conditions obtaining
the maximum cannot be matched in RB-I. Secondly, the titled
angle of the bottom hBN is fixed at o = 0°, 30°, and 90°,
as shown in Figs. 6(d)-6(f). Unlike the first case, the region
with the large IF shift is found in RB-I and gradually moves
to RB-II. As shown in Fig. 6(e), the IF shift in RB-I is smaller
than that in RB-II. As o, is increased to 90°, the blue region
with the maximum of IF shift moves into RB-II entirely. Com-
paring the two cases, it can be easier to get the maximum of
the IF shift at the second case. When carefully checking the
changes of the IF shift with ¢¢; and a, we find that the twist
angle of the OA orientation between the two hBN slabs plays

an important role.

Ay/Ag Ay/Ag Ay/Ag
80 —02  sof$d —0.2 —0.2
—0.4 —0.4
: —0.4
60 78.2 60 0.6 o
o L ~0.8 :
g 40 —1.0 40 1.0 —0.8
1.2 -+
20 —1.4 20 —1.2
-1.6 —1.4
0 | 0 —1.6
1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
Ay/ A : Ay/Xg
80 (Y 02 e (1) —0.2
0.4
60 —0.4 60 ~0.6
—0.6 ~0.8
§ 40 —-0.8 40 —LO
) —1.2
20 —10 20 14
~1.2 -1.6
0

1.0 1.2 1.4 1.6 1.8 2.0

w/ fy w/ fe

Fig. 6. IF shift in RBs versus frequency and tilted angles: (a)-(c) show IF shift at o = 0°, 60°, 90°; (d)—(e) show IF shift at op =

In the following, we further investigate the effect of the
twist angle on the conditions for obtaining the largest IF shift,

as shown in Fig. 7. The maximum of IF shift is found in

1.0 1.2 1.4 1.6 1.8 2.0

0
1.0 1.2 14 1.6 1.8 2.0

w/ fe
0°,30°, 90°.
RB-II. The phase or reflectivity difference for p- and s-waves
met with the conditions @, — @, = 0 and |rp| = || at some

special titled angles, which are exhibited by the perpendic-
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ular dot lines. It is noted that the maximum of the IF shift
can be obtained at the expected frequency by tuning the tilted
angles of the two slabs properly. For example, the maxi-
mum of the IF shift can be obtained at ¢¢; = 3° and o, = 50°
for /f; = 2.127, and also at oy = 10° and o = 40° for
0/fy=2.144 .

0
o —_0.6}F a; =10°, ay =40°
= —1.2f a; =3, ay=>50°
< _18L® . . )

w/ fe

Fig. 7. (a) IF shift, the difference of (b) phase or (c) reflectivity between p-
and s-waves versus frequency under the condition of o = 3° and o = 50°
or o; = 10° and oy = 40°.

3.3. Beam simulations for GH and IF shifts of reflected
Gaussian beam

From the above analysis and considering a paraxial inci-
dent beam, an assumption is necessary, which is that the phase
of the reflectivity coefficient is a linear function of the in-plane
wave vector in the cross section of the incident beam. In real-
ity, the incident Gaussian beam should be with a finite waist.
Therefore, a comparison is made between the results using
the beam simulation and the ones obtained with the station-
ary phase method. The Gaussian incident beam with the waist
width Wy and TM-polarization considered here is expressed by

E; = Woexp(—WZk? /4)/V2r, (13)

where k| represents the difference between any wave vector
and the central wave vector in the incident beam. The field
profile of the reflected beam can be presented as follows:

oo A
! / R(k,)Ei(ky)e'*"dk, . (14)

Y

Thus, the GH and IF shifts can be described by !>

S E G Endky B g Eedkey
Ax = +m—t7 Ay = —_— (15)
D EfEdE [T EfE.dE

Here, k and k;, specify the in-plane and out-of-plane deflec-
tion of non-central wave and E; represents the electric field of
the reflected beam.

Figure 8(a) represents the GH shift versus the titled angle
oy for the different o in RB-1 at @/ f; ~ 1.05 and 6 = 85°.
The maximal values are about Ax ~ 324 at ¢; = 50.27° and

o = 50° and Ax =~ 184y at o = 51.89° and o = 90°, re-
spectively. Figure 8(b) simulates the GH shift versus the waist
of the incident beam at the conditions for obtaining the max-
imal shift values shown in Fig. 8(a). It is evident that the GH
shift will be steady after the waist width relative to the vacuum
wavelength is larger than a certain value, which just coincides
with the results in Fig. 8(a) from the stationary phase method.
In Fig. 9(a), the IF shift as a function of ¢ is presented at
o/ fi =2.08, ay =40° and 6 = 10°. Two points, ot = 12.79°
and 18.96°, are chosen in Fig. 9(a), and the curves of IF shift
versus the waist at the two points are depicted in Fig. 9(b).
Compared with Fig. 9(a), the IF shift obtaining from the two
ways also agrees well if the beam waist is large enough.

351 (a) : 35
30 30
25 25
20 20
< \
3 15 1eY 89° 15r o =50.27°
10 ! 10k ay = 50°
5l =50" 5L @ = 51.89°
oy = 90° | oy =90°
: ok
-5 1 : 1 -5 1 1 1 1 1
0 30 60 90 0 10 20 30 40
ay Wo/Xo

Fig. 8. Comparison of the GH shift between the stationary phase method and
the beam simulation at @/ f; = 1.05 and 6 = 85°. GH shift versus (a) @; at
o = 50° and 90° and (b) Wy /A at a; = 50.27° and o = 50° for the black
curve and o = 51.89° and a; = 90° for the red curve.

T\ (B)

Ay/Xg

0 5
e31 Wo/Xo

10 15 20

Fig. 9. Comparison of IF shift between the stationary phase method and the
beam simulation at @/ f; = 2.08, a = 40° and 6 = 10°. (a) IF shift versus
0. (b) IF shift versus Wy /A at o; = 12.79° and 18.96°.

4. Conclusion

We took advantage of a planar bilayer structure composed
of two twisted hBN slabs to realize the large spatial shifts with
high reflectivity. The GH and IF shifts of the reflective beam
on the surface were numerically calculated as functions of the
OA orientations in the two hBN slabs. Interesting phenomena
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are that the GH shift can reach about 104y with near 100%
reflectivity in some cases, and the maximum of the IF shift ap-
pears alternately in the two RBs by tuning the titled angles of
the OAs. The conditions obtaining the maximum of IF shift,
@5 = @ and [rs| = |rp
they strongly depend on the twist angle between the optical

, were discussed and it is found that

axes of the two slabs. Finally, the results from the beam sim-
ulation are provided to make a contrast with the ones from the
stationary phase method. This is acceptable when the beam
waist is large enough, compared with the wavelength. The
twisted structure built with the nature hBN is simple, however,
the directly measured spatial shifts are impressive. The results
of this work may be beneficial to the design of nano-optical
devices and applications in infrared regions.
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