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Many optical systems that deal with polarization rely on the adaptability of controlling light reflection in the
lithography-free nanostructure. In this study, we explore the Goos—Hinchen (GH) shift and Imbert—Fedorov (IF) shift
in a biaxial hyperbolic film on a uniaxial hyperbolic substrate. This research statistically calculates and analyzes the GH
shift and IF shift for the natural biaxial hyperbolic material (NBHM). We select the surface with the strongest anisotropy
within the NBHM and obtain the complex beam-shift spectrum. By incorporating the NBHM film, the GH shift caused by
a transversely magnetic incident-beam on the surface increases significantly compared with that on the uniaxial hyperbolic
material. The maximum of GH shift can reach 862 at about 841 cm~! when the thickness of NBHM is 90 nm, and the IF
shift can approach 2.7 for a circularly-polarized beam incident on a 1700-nm-thick NBHM. It is found that the spatial-
shift increases when a highly anisotropic hyperbolic polariton is excited in hyperbolic material, where the shift spectrum
exhibits an oscillating behaviour accompanied with sharp shift peak (steep slope). This large spatial shift may provide an
alternative strategy to develop novel sub-micrometric optical devices and biosensors.

Keywords: Goos—Hinchen shift, Imbert—Fedorov shift, oc-MoO3

PACS: 42.65.-k, 81.05.Xj, 77.22.Ch

1. Introduction

A number of studies have shown that when a parax-
ial light beam interacts with the surface of the materials un-
der specific conditions, the reflective beams show a relatively
small shift from their geometrically/symmetrically incidence
position.[l:?) The shift that occurs in the plane of the incom-
ing light is referred to as the Goos—Hénchen (GH) shift, which
was first observed by Goos and later confirmed experimen-
tally by Hinchen.>*! While the shift normal to the plane
of incident light is called the Imbert-Fedorov (IF) shift,!>-6]
which further originates from the spin—orbit interaction of
incident light.[”! The GH shift length is usually nearly the
vacuum wavelength when the light-beam interacts with the
conventional dielectrics, while the IF shift only indicates a
small fraction of the vacuum wavelength.>#! It has been ob-
served that the GH shift (in the case of the total internal re-
flection) is highly related to the medium-anisotropy.'*! Be-
cause of their excellent performance in micro-nano optics and
device technology, these two phenomena have aroused wide
interest of researchers. They used several materials to im-
prove the spatial shifts of reflected light beam on the mate-
rial surface, starting with the original work on isotropic and
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anisotropic mediums, such as the polar crystal,!”! photonic

8,101 metamaterials, 'l metasurfaces,'?! topological

crystals,|
material, 3] magnetic media,!'* and quasibound states in the
continuum.[>-16] When facing a small GH shift and IF shift,
the quantum weak measurement can be used to detect this phe-
nomenon veraciously, since it uses the precise measurement
of the physical parameters of the material, such as dielectric
function and permeability.!!”! It accurately captures the shift
produced on the surface of the material, opening up a broad
window for the potential application of IF and GH shifts in
sensing technology.

Hyperbolic materials (HMs) are materials with hyper-
bolic isofrequency contours, featuring having both positive
sign and negative sign in their principal components of the

r.[18-20] Thege materials have been

dielectric permittivity tenso
utilized in various areas, including negative refraction,?!! hy-
perlens effect,!??! thermal emission engineering,?*! and other

[24.25] Traditional HMs are based on

novelty optical devices.
meta-materials, which require careful design of the cells that
make up a unit to obtain the characteristic hyperbolic permit-
tivity tensor.!'!l Despite the potential benefits of these strate-
gies, their implementation poses significant challenges due

to the complex and precise nano-fabrication and lithography
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processes required to create a unit cell that can effectively
manipulate light waves. Moreover, for the effective medium
approximation to be valid, the unit cell must be consider-
ably smaller than the wavelength of light. As a result, re-
searchers have turned to explore natural biaxial hyperbolic ma-
terial (NBHM), which possesses structural anisotropy result-
ing in hyperbolic permittivity without the need for lithography

26271 For example, hexagonal boron nitride (hBN)

techniques. !
has remarkable optical performance, featuring extremely low
loss and two hyperbolic reststrahlen bands (HRBs) in the in-

28,291 However, owing to its uniaxial optical re-

frared range.!
sponse, it is unsuitable for in-plane anisotropy. On the other
hand, a-molybdenum trioxide (0-MoO3) exhibits phonon-
driven NBHM behaviour in the long-wavelength mid-infrared
range, making it a promising candidate for creating optical
components with superior efficiency. 30311

0-MoOs3, a type of van der Waals crystal with orthorhom-
bic unit cells, shows a biaxial hyperbolic anisotropy in the
mid-infrared part of the electromagnetic spectrum.3%33! The
inherent anisotropy of ®-MoOs3, arising from its distinctive
crystalline structure, results in natural in-plane hyperbolic
characteristics that stem from the interplay between the lattice
modes and three crystal directions that are orthogonal to each
other. Thus, this presents a novel possibility in the utilization
of photonic tools that rely on the angle-dependent polarization,
and opens the way for exploring polarization-based filters and

(3435 Scholars have discovered that -MoQOj3 pos-

reflectors.
sesses various unique physical phenomena and applications.
Hu et al.’® documented the identification of both topological
polaritons and photonic magic-angle in bi-layered o-MoQO3.
Dereshgi and colleagues introduced a new approach to con-
structing IR polarization converters by using o-MoOj3 flakes,
which does not involve lithography and purely relies on the
use of orthogonal in-plane phonons. !

In this paper, we take the advantages of a-MoQO3 biax-
ial hyperbolicity and strong in-plane anisotropy to achieve an
effective improvement of spatial shift. Meanwhile, we uti-
lize the hBN as a substrate. As a natural hyperbolic mate-
rial, the reststrahlen bands (RBs) of hBN partly overlap the
RBs of ®-MoQOs3, and both the two hyperbolic materials ex-
hibit hyperbolic dispersion characteristics in their frequency-
response regions. Therefore, compared with ordinary isotropic
and anisotropic materials, the hBN has a great ability to mod-

ulate the beam shifts.

2. Theoretical description

The setup comprises two distinct components: the surface
layer, i.e., the ®-MoOj3 film with thickness denoted by d, and
the substrate that is a semi-infinite hBN crystal with its optical
axis (OA) perpendicular to its surface. The schematic diagram
of coordinate system and configuration can be found in Fig. 1,

which shows that the orientation of the structure’s surface is
aligned with the x—y plane, while the plane of incidence is sit-
uated in the x—z plane. a, b, and ¢ denote the [100], [010], and
[001] principal-axis directions of ®-MoQ3, respectively. The
a axis lies in the surface plane at 0 relative to the x axis, where
6 can also be used to indicate the orientation of the incident
plane. A Gaussian beam incident on the surface at angle 3
produces the shifts of reflected beam along the x axis and y
axis, called GH and IF shifts, respectively.

Fig. 1. Schematic illustrating geometry and coordination system, with
B denoting the incident angle, 6 the angle between incident plane and
a-b plane, and d the thickness of &-MoO3 layer.

In the o—abc coordination system, the dielectric permit-
tivity of o-MoOs crystal is a diagonal matrix with elements
€4, €, and &, which is an important characteristic of biaxial
hyperbolic crystal. Nevertheless, the effective permittivity in
the o—xyz coordinate system can be defined as

Ex &y O

&y &y 0 ], €))]
0 0 g

=g

where &, = €,c0s20 + g,sin’ 0, &y =& cos? 6 + g,sin’ 6,
and &,, = (&, —€&,)cosOsinB. The three dielectric constants
can be collectively expressed as!?38]
2 2
Do, — Bro,j

g =6 |1+ :
! ’J< 0}, j— 0 —iel;

) , J=abc. (2)

The permittivity tensor is denoted by €;, while €. ; refers
to the dielectric constant at high frequencies. In addition,
there are damping constant I';, longitudinal optical phonon fre-
quency ®po,j, and transverse @Wro,; optical phonon frequency
which are associated with the system. The parameters used in
Eq. (2) are reproduced from Ref. [30].

For the oi-MoOs3 layer, the induced electric field satisfies

the following equation (based on Maxwell equations):

kg - gxxf 2 _8xyf 2 kxkz Ex
ME = | —&yf* kK+k—gyf> 0 E,
kyk, 0 K2 —e.f? E.

=0, 3)

where f = ppgo®w?. Equation (3) has nontrivial solutions
only when the det(M) = 0, it provides the well-known Fres-
nel’s equation for biaxial medium, a quadratic equation, in the
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squared z component of the wave vector, k,, which is the two
wave branches in the ®-MoOs3. Its solutions k, read as
1
k= 3%
with b = en(k2—€f?) + e(k2 — &yf?), and
(k — &cf?) (excki — €y f2+ €5, /7). In the substrate ma-
terial, there are two wave vectors respectively usual wave k,

(—=b+/b%—4de.c), “)

cC =

and unusual wave k.. Owing to the strong anisotropy of the
a-MoQs3, the three electric field components combine. Hence,
we can use Eq. (1) to rewrite the x and z components as func-
tions of the y component, i.e., EX = (k2 +k% — &, 1)/ f? =
AiE)jF and EX = kykoAr /(e f? — kf)E}jF, for the two wave
branches in the @-MoQOs3. Therefore, the electric field can be
expended only in the y component in the ¢-MoO3 and will be
written as follows:

Ey:Aeik+z+Be_ik+Z+Ceik_z+De_ik‘Z,
(0<z<d),

_ ikez _ ikoz
E,=Fe'*? E, =Fyei?

(5b)
(z>d), (5¢)

where superscript I represents the incident light and R
represents the reflection light, where the common factor
exp (ikyx — ior) is omitted for simplicity, ko, and k. denote
the usual light wave vector and unusual light wave vector in
the hBN, respectively. Meanwhile, the magnetic fields can be
achieved with the Maxwell equation in the different spaces.
Subsequently, the boundary conditions are introduced, which
stipulate that the in-plane segments of the magnetic field and
electric field must be seamless across the film’s surface, lo-
cated at z = 0 and d. The electric field’s amplitude is deter-

Ex7y:E§7yeikzz+E§ye_ikZz, (z<0), (5a)  mined by
1
Ey V+ki ke 1—kifke 1+k_/k. 1—k_/k. A A
ER | V| l—ky/ke Vtkifke 1—k_/k; 1+k_/k, B|_,|B 6a)
EV| 2| Ac+Ar A-As A4+AL A2 c| ' c|
E)}} A+*A+ A++)L+ Affl, A7+Af D D
F, I4ky/ky 1—kyfke 1+k_/ko 1—k_/k A A
0 V| 1—ky/ko 1+ki/ke 1—k_/ko 1+k_/k B B
= P = TP b
F, 2| Av+y Ar—1 A4y A7y c ol el (6b)
O A+—'y+ A++’Y+ Af—'yf A,—f—'y, D D

with

Ai = k:tkzgcA:t/(ngz - k?),
Y+ = kikegc/\i/[gl(gcfz Jrk?)]'

The P is a diagonal matrix[eik+z, e ik gik-z e’”‘*z]. Af-
ter eliminating the A, B, C, and D amplitudes, we can obtain
Egy = TF,, = Ty 'F.,. By using T, to indicate different
elements of the matrix 7', the reflected electric field can be

written as
R _ T T3 — 11Tz T21T33—T23T31E1
Y 111133 — T13T3; 111133 — T3 T3
= allE;“V‘aZZE;; (7a)
T11 143 — T Ty Tu1T33 — Tus T
ER — 1Tu3 — Tay BE)IC‘F 1 T33 — T3 31E;,
111133 — T3 T3 111133 — T13 T3
= anEL+ankE,, (7b)

while the reflective electric field (z-component) can be denoted
by ER = tan(B)ER.

The amplitude of the electric field for the transverse
electric (TE) wave with s-polarization is represented by ER,
while in the reflected beam, the two components of the field
amplitude for the transverse magnetic (TM) wave with p-
polarization are denoted by EX and Ef. The reflective electric

\

field is expressed as a matrix form in the o—xyz coordinate sys-
tem. To resolve the GH shift and IF shift in the reflective beam,
it is essential to employ rotational transformations on both the
incident and reflective central waves. According to the ge-
ometric correlation, the transformation relationship between
the incident electric field and reflected electric field can be ob-
tained as follows: E; = Ej cos(B), Ey = Ej, E} = —E;sin(B),
Ellf =—ERcos(B)—ERsin(B), ER = E)l,z, and ER = cot(B)ER.
As result, the correlation equation for the incident field and re-
flective field in the beam coordinate system can be written as

R _ _ 4 1
(E%> _ ar cos(ﬁ) <EI;> . ®)
Eg azcos(fB)  axm Eg

The subscripts “s” and “p” indicate the s-polarization and p-
polarization of the incident and reflected central waves, re-
spectively. While the results mentioned earlier are obtained
by using the central plane wave; if we consider the paraxial
wave, the incident beam is limited to a narrow range of plane
waves around the central wave in momentum space. We as-
sume the incident beam to be a Gaussian beam, which does not
comply with the law of reflection Eq. (8) and provides two in-
dications: firstly, the use of &-MoOj3 results in a non-diagonal
matrix relationship between the incident electric field and re-
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flected electric field, and secondly, all elements of the reflec-
tion coefficient matrix are dependent on 6 and . If this arises
from the anisotropy of the &t-MoOj3 layer, it can be anticipated
that the GH and IF shift may exist for a linearly-polarized
incident beam. In this case, the expression for the GH shift
should be derived. To do so, we can expand the elements of
the coefficient-matrix to the first order of 8, in Eq. (8) and
solely consider f3, while ignoring 6;. The relative reflection

R / an+dppp I
<§%> [ —(an+ayp) - cos(B) (‘Z‘;) .9
s (az1 +dh Bp) cos(B)  az +ah,Pyp )

may be expressed as

The term “prime” refers to the derivative of 3. Hence, the
explanation of the GH shift is provided by

0
—ER>, 10

1
Agu = —— Im { ER
OH = 5 ko0 m<

with ER = ER + ER and 0= |ER|”.

First, We focus our attention on deriving the IF shift for-
mula. The polarization orientation of the incident or reflected
beam is directly changed by a slight adjustment in the incident
plane’s orientation. The matrix components in Eq. (8), where
only 6; is considered and f3, is omitted, are also affected. For
smaller rotation 6, the reflected electric field can be written as

Eg _ S11 S12 E; .
E? S21 §22 E;

The IF shift is calculated numerically based on Eq. (11) and

1 R a R
_2nkonin<B)Im<E 26, " >

If the surface layer and substrate are replayed by an isotropic

(1)

its derivative, and defined as

A =

12)

material, the matrix elements of Eq. (8) will become aj; =
a1 =0, a;1 = —fp, and axn = f; (where f;, and f; are the
reflective coefficients of the p and s waves). For the high-
symmetry configurations (6 = 0, 90°), the same results can be
obtained: aj; = a1 =0, a;; = —fp, and ax = f;. Likewise,
the expression of GH and IF shifts in the isotropic medium
can be obtained with the same method. Consequently, equa-
tions (10) and (12) can be simplified into a well-known result,
which is cited from Ref. [1].

3. Numerical calculations and discussion

To find out the spatial shift of the surface of the a-MoO3
crystal, we first illustrate the permittivity of the monolayer o-
MoOs crystal as depicted in Fig. 2(a), where &, €5, and &, rep-
resent the three elements of dielectric permittivity of @-MoO3
crystal in the a, b, and c directions, respectively. If there exists

an frequency interval where the signs of dielectric functions
are opposite, this frequency interval is called an HRB. For the
NBHM, if one element has a positive dielectric function value
and the other two elements have negative dielectric function
values, it is called a type-II hyperbolic material, otherwise it
is a type-I hyperbolic. Therefore, we can see the five HRBs of
a-MoQj3 with different colors, as listed in Table 1.

Table 1. Frequency regions, properties and relations among &,, €, and &
of types o-MoOs3.

Frequency Properties and

Color regions 2 . Types
range (cm™ ') relations of a-MoO3
Magenta 545 < w < 820 €, <0,e>€>0 1
Blue 820 < w < 851 & <€ <0,6>0 I
Cyan 851 < w < 951 &g <0,e.>€,>0 1
Green 951 < w <972 € <& <0,6>0 I
Yellow 972 < w < 1004 £ <0,8,>€>0 1

The physical parameters of the hBN crystal are presented
in Ref. [11]. Its permittivity values are illustrated in Fig. 2(b),
where the red part corresponds to the HRB-I, and the green
part refers to the HRB-II. Furthermore, we can observe that
the HRB-I of hBN and the second HRB of a-MoOj3 partly
overlap in a frequency response space. Both materials exhibit
unique properties in this common region, so we will focus our
attention on this area.

20

15

1000

-
-

— &p
- - &

1100 1300
w (cm™1)

—2%00 900

1500

Fig. 2. (a) Permittivity of monolayer &t-MoO3, with solid, dashed, and
dotted lines denoting the permittivity in different crystal directions, and
different areas relating to different HRBs. (b) Permittivity of the bulk
hBN, with solid and dashed lines referring to the permittivity parallel
and vertical to OA, and red and green areas indicating HRBs respec-
tively.
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To comprehend the shift spectrum in the reflected beam
spectra, it is necessary to revisit the reflection and transmission
that occur at the interface between air and an isotropic polar
crystal with a relative permittivity €. When k, becomes imagi-
nary, the total reflection is observed, and the transmitted wave
transforms into an evanescent wave. Then, the critical angle is
determined by the equation sin? B, = €, where 0 < £ < 1. The
Brewster angle can be determined by R, = 0. For the present
structure, a similar definition for the critical or Brewster angle
can still be achieved.

1.0
= = =_=_:BI?(; ==
0.8 —— BN (p)
hBN with a-MoO
——d=5nm (p)
0.6 \ —d=10nm (p)
|\ —d=30nm (p)
~ | d=60 nm (p)
——d=90 nm (p)
0.4 ——d=120 nm (p)
— —d=500 nm (s)
d=1000 nm (s)
0.2
840 842 844 “‘
0 L - L
810 820 830 840 850 860
w (cm™!)
(b)
0.4
0.3
=
0.2
—d=1100 nm (c)
—d=1400 nm
0.1f d=1700 nm
—d=2000 nm
—d=2300 nm
880 990 1000 1010 1020
w (cm™1!)

Fig. 3. Curves of reflectivity corresponding to (a) linearly-polarized
incident beam and (b) circularly-polarized incident beam at different
frequencies and thickness values of @-MoOs. In panel (a), the green
dashed line is related to the s-polarization incident beam, and the solid
line corresponds to the p-incident beam. The inset illustrates the reflec-
tive ratio when d < 30 nm for p-polarized incident beam.

Figure 3 shows the curves of reflectance of the p-
polarized, s-polarized, and circularly polarized beams. The
black solid line or dash line in Fig. 3(a) indicates the reflec-
tivity of the surface of semi-infinite hBN material without the
a-MoOj3 film for p- or s-polarized incident beam. It is not dif-
ficult to find that the reflectivity of p-polarized incident beam
changes significantly with frequency, while the reflectivity of
s-polarized incident beam remains basically unchanged. After
placing the a-MoOs3 film on hBN, two dips are observed at
® ~ 820 cm~! and 840 cm™!, respectively. In addition, the
reflectivity of p-polarized incident beam approaches to zero at
o =~ 840 cm~!, where the incident angle should be the Brew-
ster’s angle. Normally, the spatial shifts, such as GH shift and

IF shift, can be enhanced greatly at critical angle or Brewster’s
angle.!'?l An inset about the reflectivity at @ ~ 840 cm™! is
plotted in order to further examine the effect of the thickness
of -MoOs film on the reflectivity. It is clear to find that the
reflectivity will be larger than 1% once the the thickness of
a-MoOs film is less than 30 nm. It can be predicted that if
the larger GH or IF shift is expected, the thickness of a-MoO3
film should be larger than 30 nm. On the other hand, the reflec-
tivity for s-polarized incident beam remains unchanged with
the frequency even if the @-MoOs film is placed on the surface
of hBN, while the reflectivity increases slightly with the thick-
ness of @-MoOs film increasing. Comparing with Fig. 2(b),
it also can be found that the permittivity of hBN g, is just
equal to 1.0 at @ ~ 40 cm~! for p-polarized incident beam,
which is located near the epsilon being nearly zero of HRB-I.
Therefore, we will focus our attention on the GH or IF shift of
p-polarized incident beam in the following discussions. Fig-
ure 3(b) displays the curves of reflectivity of left c-polarized
incident beam for a-MoQj3 films with different thickness val-
ues. Only one dip appears at @ ~ 1007 cm™~! where the reflec-
tivity gradually decreases with the increase of a-MoO3 film
increasing.

Initially, we concentrate on two highly symmetric con-
figurations, namely, geometry-1 (6 = 0°) with the a axis of
a-MoOs along the x axis, and geometry-II (6 = 90°) with the
a axis perpendicular to the x axis. For the highly symmetric
configurations, &y = 0 in Eq. (4) which leads to an analyti-
cal expression for ky. ki = £y f? — k2 for s-polarized inci-
dent beam and &,.k% = & f> — sxxk% for p-polarized inci-
dent beam. In geometry-1, &,, = &, €,y = €, and in geometry-
II, & = &, €,y = &,. Figure 4 illustrates the curves of GH shift
versus frequency for the different thickness in the geometry-I
and geometry-II. The GH shift on the surface of hBN is pre-
sented in Fig. 4(a), which is about 54y at @ = 841.5 cm~ L
With the increase of the thickness of ¢-MoOQ3 film, the influ-
ence of thickness on GH shift becomes more pronounced. The
GH shift reaches a negative maximum value of about 394 at
d =90 nm. Of course, if the positive GH shift is required we
have to consider the situation at d = 120 nm. The correspond-
ing frequency is located on the left border of the overlapping
region of HRBs. In Fig. 4(b), a noticeable peak for GH shift is
present in geometry-II, where a maximum GH shift can reach
864 and rapidly changes from negative to positive. It further
proves that the GH shift can be enhanced significantly at the
Brewster angle since a phase gradient of the corresponding re-
flection coefficient will experience a sharp variation due to the
high in-plane anisotropy. For both geometries, it can be found
that the GH shift generated on the the surface of ®-MoO3-hBN
is much larger than the one excited on the surface of the semi-
infinite hBN. As is well known, according to the discussion of
Eq. (12) the IF shift cannot be generated for linearly polarized
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incident beam at the interface between two isotropic media.
However, the &-MoO3 layer leads to the off-diagonal relation-
ship between the incident electric field and reflective field as
demonstrated in Eq. (9). We can predict that the IF shift will
be generated not only by the circularly polarized beam but also
by the linearly polarized beam, which is caused mainly by the
in-plane anisotropy of ®-MoOs3 layer. In order to investigate
the IF shift for p-polarized incident beam, we illustrate the
variation of IF shift in the 6—® plane at B = 12° as shown in

Fig. 4(c). It is obvious that the larger IF shift exits in the region
of 13° < 0 < 50° where the incident frequency is fixed at about
825 cm™!. Moreover, the largest IF shift can be about 0.07 Ao
at 6 = 33°. When 0 = 0° and 90°, the off-diagonal elements
of the reflection coefficient matrix become zero, which will
cause the reflected beam to become a single s- or p-polarized
beam. Thus, the IF shift still cannot be observed at the two
highly symmetric structures, which can also be illustrated by
Fig. 4(c).

10 Arr/Xo
(a) 10 (b)
o 0.06
:(i o 5 o 0.04
= — hBN (p) =k 3
g —20} hBN with a-MoO; | < ZLBN (p) s tos
— d=30 nm —10 BN with a-MoO3 .
30 — d=60 nm 15 —d =30 nm
- I try-1 — d=90 nm — 107 —d=60 nm 7 0
Geometry — d=120 nm —50 Geometry-II\/ —d=90 nm
—40 . . . . 100 ) ) . —d=120 nm 0
840.0  841.0 8420  843.0 '840.0  841.0  842.0  843.0 800 850 900
w (cm™1!) w (em~1) w (cm—1)

Fig. 4. Curves of GH shift and IF shift of reflective beam for a-MoO3 with various thicknesses in the HRBs in (a) geometry-I, and ((b), (d)) geometry-II for
p-polarized incident beam with 8 = 85°, with solid black line referring to GH shift on the semi-infinite hBN. (c) IF shift versus and frequency for p-polarized

incident angle with B = 12°.
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Fig. 5. Curves of IF shift of reflective beam of a-MoO3 with various
thicknesses in HRBs in (a) geometry-I and (b) geometry-II for the cir-
cularly polarized incident beams with § = 12°.

In the previous discussion, we described in detail the
GH and IF shifts of p-polarized incident beam. Generally
speaking, the generation of IF shift is attributed to the con-
servation of spin—orbit angular momentum. Therefore, we
choose the left circularly-polarized incident beam to simulate

the IF shift. In Fig. 5, the peak of the IF shift can be seen at
® = 1007 cm™!, corresponding to & = 0. In addition, as the
thickness of «-MoQ3 increases, the maximum value of the IF
shift first increases and then decreases. When d = 1700 nm,
the maximum IF shift can reach about 2.74¢. This pattern can
also be seen in geometry-II as shown in Fig. 5(b). When the
thickness is 900 nm, the peak of the IF shift is about 1.44¢.
In order to analyze the peak of the IF shift, which is taken for
example, we simulate the reflectivity of the s- and p-polarized
incident beams in geometry-II when d = 900 nm, which is
shown in the inset of Fig. 5(b). A dip of R, is observed which
just intersects with Rg at @ = 1007 cm~!. Based on the discus-
sions in Ref. [11], the conditions reaching the maximum value
of IF shift should be satisfied at this frequency.

4. Conclusions

To sum up, our investigation focuses on analyzing the
shift of the reflected beam from the «-MoQO3 with a finite
thickness on a bulk hBN substrate. We observed that the in-
terplay between anisotropic hyperbolic polaritons in ¢-MoO3
plates and hBN crystal results in intricate changes in the GH
and IF spectra. They are not like the reflected beam from the
bulk hBN crystal surface nor the infinite thickness a-MoOj3
surface. Especially for geometry-II, the GH shift can reach
8619 with d = 90 nm, which lies in the Brewster angle. By
comparing the GH shift of the added MoOs3 flakes with that
of the semi-infinite hBN structure, adding MoO3 flakes with a
certain thickness can effectively increase the GH shift of the
surface in this frequency interval. For the circularly-polarized
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incident beam, the IF shift is 2.7y when the NBHM thickness
is 1700 nm. Meanwhile, both materials are NBHM, which are
easier to prepare and have simpler structures. These findings
pave the way for future research into modulating the GH and
IF shifts, which can be used to create novel micro-optical de-
vices and biosensors.
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