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Abstract

The Goos—Hinchen lateral shifts of the TM-polarized defect modes, both in reflection and
transmission, have been theoretically investigated for a 1D photonic crystal featuring an all-
dielectric elliptical metamaterial defect layer, with the analysis conducted in the near-infrared
range. The reflection and transmission spectra of the structure exhibited a wide photonic band gap
in this region of wavelength, with defect modes dependent on the angle of incidence. The results
showed that the wavelengths of the defect modes shifted toward shorter wavelengths with an
increase in the incidence angle. Besides, the reflectance and the transmittance of the defect modes
varied noticeably with changes in the incidence angle. It was revealed that the relative Goos—
Héanchen shifts of the reflected modes have negative values, while the relative shifts of the
transmitted modes are positive. Also, the increasing behavior of the lateral shifts at the defect
mode conditions has been exhibited by the results. The maximum value of A, = —9.54 at 1; =
1409.9nmand 6 = 60", and A, = +89.71 at 1; = 1482.5 nm and 6 = 40° have been obtained
for the reflected and transmitted modes, respectively. Finally, the electric field profiles of the
incident, reflected, and transmitted Gaussian beams for the case of 1; = 1409.9 nmand 6 = 60°
verified the increased lateral shift of the beams at the interface of the photonic crystal.
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1. Introduction

It is now well recognized that the reflection of light beams at the boundary between
two different media can deviate from the classical predictions of Snell's law, and the
reflected beam experiences a lateral shift relative to the geometric-optics expectation.
This lateral movement, defined as the Goos—Héanchen shift (GH), arises from the different
phase changes acquired by the various plane wave constituents of the beam upon
reflection. This phenomenon was first discovered experimentally by Goos and Hénchen
in 1947 [1] and later formulated theoretically by Artmann[2]. Initial studies on the GH
displacement focused on total internal reflection, but subsequent works have extended the
issue to partial reflection and transmission[3-5].

The GH shift has recently become a topic of significant research attention, owing to
its potential for real-world implementation in areas like optical sensors[6-9], optical
switches[10], chemical sensors[11], polarizers[12], lasers[13], filters[14], and integrated
optics[15, 16]. This growing interest has motivated extensive studies of the phenomenon
in a broad range of optical architectures, including multilayer structures[17-19], photonic
crystals[20-22], left-handed materials[23-25], antiferromagnetic materials[26, 27],
metamaterials[28, 29], nonabsorbing and absorbing platforms[30-32], graphene-based
media[33, 34], and structurally chiral media[35-37].

The Goos—Hénchen lateral displacement may assume either positive or negative
values; however, its amplitude is generally extremely small, typically on the order of a
small fraction of the optical wavelength, and difficult to observe experimentally.
Therefore, various methods have been examined to enhance the GH shift, such as beam-
shaping techniques [38-41], transformation optics [42], and the excitation of surface
waves [43-46]. Moreover, the introduction of defect layers within layered structures has
emerged as another efficient approach for achieving enhanced shifts. For instance,
remarkable lateral shifts near defect modes in a one-dimensional photonic crystal (1DPC)
have been demonstrated by Wang et al. [47], while Chen et al. described the same effects
in nonlinear photonic crystals [48]. Zhao et al. investigated large GH shifts in defective
photonic crystals containing graphene monolayers [49]. Yang et al studied the enhanced
GH shift in a defective Pell quasiperiodic photonic crystal with monolayer MoS> [50].
Also, the GH shift has been investigated in a 1DPC containing a single Weyl semimetal
layer as a defect [51].

All-dielectric elliptical metamaterials (EMMs) are a kind of anisotropic metamaterial
representing elliptical iso-frequency contours for TM-polarized waves, which is different
from conventional isotropic dielectrics. Also, in contrast to hyperbolic metamaterials,
EMMs are capable of manipulating light without absorption losses. So, in the recent
years, EMMs have gained more interest among researchers due to their practical
capability in the design of various optical devices. For example, broad-angle negative
refraction in an EMM slab was reported by Sayem et al. [52]. She et al. reported the use
of EMMs in the design of high-performance polarizers [53]. Nanoscale light confinement
using an elliptical metamaterial has been reported by Jahani et al. [54]. Wu et al. studied
the existence of Tamm plasmon polaritons (TPPs) with high angular tunability at the
interface between a metal layer and a 1DPC comprising EMMs [55]. Besides, photonic
band-gap (PBG) engineering in 1DPCs comprising elliptical metamaterials has been
extensively investigated by Wu et al. [56, 57].

In the present paper, we will investigate the GH lateral displacement in a 1DPC
containing a layer of EMM as a defect layer, for the TM-polarized waves. TE-polarized
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waves is excluded from the study because the EMM defect layer represents a conventional
circular dispersion for TM polarization, which is the same as isotropic dielectrics. The
transfer matrix method has been employed to obtain the reflection and transmission
spectra of the structure. The results show the existence of the defect modes inside the
photonic band gap of the 1DPC. Besides, the phases of the reflection and transmission
coefficients of the structure have been obtained, which show a noticeable phase change
around the defect mode position. Also, we have calculated the GH displacement of the
TM-polarized reflected and transmitted Gaussian beams and showed that the magnitude
of the shifts increased remarkably for the cases of the defect modes. The influence of the
incidence angle on both the wavelength position of defect modes and their associated GH
lateral shifts has been investigated. To validate the obtained findings, field profile plots
of the reflected and transmitted beams have been provided.

2 .Theory and Methodology

Fig. 1 illustrates our proposed structure denoted as (AB)’V(AB)*> which is a defective
IDPC embedded in air. The constituent layers of the photonic structure are specified as
follows: layer A is silicon (Si) with a relative permittivity £, = 3.482, and layer B is
silicon dioxide (SiO2) with 5 = 1.442 [58]. The thicknesses are d4 = 120 nm and dp =
240 nm. The central defect layer, denoted V, is designed as an effective medium material
formed in the sequence (CD)>, where C is Si and D is SiO.. Since the thickness of each C
and D sublayer is significantly smaller than the near-infrared wavelengths under
investigation, the effective medium theory has been adopted to describe the

electromagnetic behavior of the EMM layer.
v

- L.

Fig. 1. Schematic diagram of the proposed defective structure composed of Si layers (A) and SiO»
layers (B). The defect layer V is EMM and is assumed to be formed by combining thin, subwavelength
Si and SiO; layers.

Under this approximation, the EMM can be treated as an effective uniaxial material
whose optic axis is directed along the z-axis, i.e., normal to the plane of the layers. The
relative permittivity tensor of the EMM layer is given by &, = [eyy, &vy, €v,] [56, 57],
where

Ecé&
evx =&yy = fec+ (1 —f)ep and 5Vz:m- (1)

Here, f = 0.8 is the filling factor, representing the filling ratio of the C layers, where the
thickness of the defect layer is d, = 125 nm.

Starting from Maxwell's equations and employing the relative permittivity tensor &,
for the EMM layer, a straightforward algebraic procedure leads to the TM polarization
dispersion relation, given by:
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Fig. 2. Iso-frequency curve diagram of the proposed defect layer (EMM layer) for TM polarization.
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where k, is the vacuum wavevector of the incident waves, k,, = k sin 0 is the tangential
component of the wavevector, k,y;, is the normal component of the wavevector inside the
EMM layer, and 6 is the incident angle. The dispersion (iso-frequency) curve of the EMM
layer, derived from Eq.2, is illustrated in Fig. 2. This figure clearly verifies the elliptical
dispersion relation characteristic of the TM-polarized waves propagating in the effective
medium.
Using the stationary-phase technique, the GH lateral shifts of the reflected and
transmitted beams in the proposed 1DPC can be obtained, with the displacement

d d .
expressed as A, = — d;fr and A; = — d—;ft, where ¢, and ¢, are the phases of the reflection
X X

and transmission coefficients [59]. However, this method becomes inaccurate when ¢,
and ¢, vary rapidly with k,.. Under such circumstances, an alternative approach utilizing
the normalized first moment of the field intensity distribution can be adopted. This
approach evaluates the average transverse position of the beam's energy distribution. For
a narrow Gaussian incident beam, the reflected and transmitted field amplitudes can thus
be obtained from the incident field amplitude as [60]:

Uy () = o= 17 r(k) Uyl )e™ e dk, (3)
Ue(x) = o= 77 t(kn)Us (ke )e ™ Ko de,
Here, r(k,), t(k,), and U;(k,) denote the reflection coefficient, the transmission
coefficient, and the Fourier spectrum of the incident beam, respectively. The coefficients
r(k,) and t(k,) are determined by applying the transfer-matrix method as detailed in Ref.

[61]. The incident beam is assumed to be a narrow Gaussian beam with width a, and its
field amplitude is given by

Xz .
UiCx) = o i)k 4)
Subsequently, the relative lateral GH shift of the reflected and transmitted beams can
be defined as
1 [ x| U () 2ax

r— T ¥, o .
a [Z,1Ur(x)|?dx

+00
1 [ x|Ue ()| dx

=
a [~ lUp(x)|2dx

and A, %)
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3 . Results and Discussion

We begin our analysis by plotting the reflection and transmission spectra of the
defective 1DPC for TM-polarized waves, as shown in Fig. 3(a) and Fig. 3(b). Here, Fig.
3(a) represents the reflection of the structure as a function of wavelength and incidence
angle in the wavelength range of 1000-2500 nm. It is evident from the figure that a wide
photonic band gap is present in this spectral region. The width of the PBG, as well as its
lower and upper boundaries, depends on the angle of incidence. As the incidence angle
increases, the PBG width decreases while both edges display a blue shift. In addition, a
narrow spectral feature with diminished reflectance, indicative of defect modes, is
observed within the PBG. The defect-mode wavelength likewise exhibits a blue shift with
increasing incidence angle. Fig. 3(b) represents the transmission of the structure as a
function of wavelength and incidence angle, which verifies the results of Fig. 3(a).

25 1 25 1
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Fig. 3. (a) Reflectance and (b) transmittance of the proposed defective structure as a function of
wavelength and incidence angle for TM polarization.
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To obtain more information about the wavelength, reflectance, and transmittance of
the defect modes, we have plotted the reflection and transmission spectra of the structure
as a function of wavelength for various incidence angles in Fig. 4(a) and Fig. 4(b). It is
shown that the defect mode wavelength is 4; = 1559.6 nm for the case of normal
incidence of the wave, while it shifts to 1; = 1409.9 nm for the case of & = 60°. Besides,
it is clear from the figures that the reflectance and transmittance of the defect modes
change fromR = 0.68,T = 0.32for 0 = 0" to the valuesof R = 0.22,T = 0.78 for 8 =
60°. So, the intensity of the transmitted defect mode is higher for the larger incidence
angles. The data obtained from Fig. 4(a) and Fig. 4(b) are listed in Table 1.

To investigate the increased GH shift of the reflected and transmitted defect modes,
we have illustrated the phase variation of the reflection and transmission coefficients of
the defective structure for the TM polarization in Fig. 5(a)-Fig. 5(f), respectively.
Resonance is a specific condition that occurs when light interacts with a defect mode in
a photonic crystal. The phase of the reflected and transmitted light undergoes a rapid,
sharp change. Since the GH shift is essentially the spatial derivative of this phase with
respect to the angle of incidence, this rapid phase change causes the reflected and
transmitted beams to shift laterally by large amounts. Fig. 5(a)-Fig. 5(c) represent the
phase of the reflection coefficient (¢,) as a function of the incidence angle for different
values of defect mode wavelengths (4,) listed in Table 1. As is clear from the figures, a
pronounced positive slope appears near the incidence angles associated with the
corresponding defect modes. So, large values of negative GH shift are predicted for the

30



Journal of Applied Research in Optics and Laser Technology, Volume 1, Numberl, Summer 2026

TM-polarized reflected defect modes regarding the relation of GH lateral shift, A, =

— Zir. On the other hand, Fig. 5(d)-Fig. 5(f) illustrates the phase of the transmission
coefficient (¢;) as a function of the incidence angle for different values of defect mode

wavelengths (1;). In contrast to the phase changes of the reflection coefficients, a
remarkable negative slope appears near the incidence angles associated with the
corresponding defect modes. Therefore, large positive values of positive GH shift are
expected for the TM-polarized transmitted defect modes regarding the relation A; =

A
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Fig. 4. (a) Reflection and (b) transmission spectra of the defective structure as a function of the
wavelength for various incidence angles.
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Table 1. The wavelength, reflectance, and transmittance of the defect modes and their corresponding
incidence angles extracted from Fig. 4(a) and Fig. 4(b).

0 0 10° 20° 30° 40° 50° 60°
W 1559.6 1554.3 1538.8 1514.2 1482.5 1446.5 1409.9
nm nm nm nm nm nm nm
R 0.68 0.66 0.63 0.60 0.52 0.39 0.22
T 0.32 0.34 0.37 0.40 0.48 0.61 0.78

Fig. 6(a)-Fig. 6(f) illustrate the dependence of the GH lateral shifts of both reflected
and transmitted beams on the incident angle, corresponding to the various defect-mode
wavelengths summarized in Table 1. The lateral GH shifts were calculated using Eq. (5),
assuming a beam width of a = 504. It is evident from Fig. 6(a)-Fig. 6(c) that the relative
GH shifts of the reflected waves have negative values, which exhibit enhanced
magnitudes around the incidence angles corresponding to the defect mode conditions. In
contrast, Fig. 6(d)-Fig. 6(f) represent positive enhanced GH shifts of the transmitted
defect modes. The magnitudes of the calculated relative GH shifts obtained from the plots
of Fig.6 are listed in Table 2. As is evident from the data presented in Table 2, the
magnitudes of the enhanced GH shifts of the reflected beams are in the range of A, =
—6.44 to A, = —9.51, which are not significant values. Oppositely, the magnitudes of
the enhanced GH shifts of the transmitted beams are in the range of A; = +48.71t0 A; =
+89.71 which are more noticeable compared to the values of A, . So, it is expected that
the detection and measurement of the GH shifts of the transmitted defect modes are
feasible in the proposed defective structure.
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Fig. 5. The phase of the reflection coefficient (¢,) as a function of the incidence angle for (a) 4, =
1538.8 nm, 6 = 20°, (b) 1; = 1482.5 nm, = 40°and (c) A; = 1409.9 nm, = 60°. The phase of the
transmission coefficient (¢,) as a function of the incidence angle for (d) ; = 1538.8 nm, 8 = 20, (e)
Aq = 1482.5nm, 8 = 40" and (f) 1; = 1409.9 nm, 6 = 60°.

As a means of verifying the enhanced GH shift in the proposed design, the field
distributions of the Gaussian beams, both before and after reflection and transmission,
have been plotted in Fig. 7(a)-Fig. 7(c), for the case of 1; = 1409.9 nm and 8 = 60°as
functions of x. The negative displacement of the reflected beam and the positive
displacement of the transmitted one have been shown clearly in part (b) and part (c) of
Fig.7, respectively. It is evident from the figures that the magnitude of the GH shift for
the transmitted beam is noticeably larger than that of the reflected beam.

Finally, we have investigated the effect of the filling factor (f) on the wavelength and
the GH lateral shifts of the TM-polarized reflected and transmitted defect modes for the
incidence angle of & = 60°. Fig. 8(a)-Fig. 8(b) represent the reflection and transmission
spectra of the defective structure for different values of the filling factor, respectively. It
is evident from the figures that the wavelength of the defect mode shifts from 44 =
14099 nm at f = 0.8 to 45 = 1296.9 nm at f = 0.4. Also, the reflectance and the
transmittance of the modes change slightly with changes in the filling factor. Fig.8(c)-
Fig. 8(d) show the calculated GH shifts for the TM-polarized reflected and transmitted
beams corresponding to the modes of Fig. 8(a)-Fig. 8(b). It is shown that the magnitudes
of the GH shifts of the beams experience a slight decrease with a decrease in the filling
fraction. So, we can say that the influence of the incidence angle on the GH shift of the
beams is stronger than the effect of the filling factor.
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Fig. 6. The relative GH shifts of the reflected defect modes as a function of the incidence angle for the
cases of (a) A; = 1538.8 nm, (b) A; = 1482.5 nm and (¢) A; = 1409.9 nm. The relative GH shifts of the
transmitted defect modes as a function of the incidence angle for the cases of (d) 4; = 1538.8 nm, (¢) 14 =

1482.5 nm and (f) 1; = 1409.9 nm.
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Fig. 7. The field profiles of (a) the incident, (b) the reflected, and (c) the transmitted Gaussian beams as
functions of x for the case of 1; = 1409.9 nm and 6 = 60°.

4. Conclusion
This work is devoted to a theoretical study of the GH lateral shifts of TM-polarized

reflected and transmitted defect modes within a defective one-dimensional photonic
crystal. A layer of EMM has been considered as the defect layer of the proposed structure.
The structure exhibited a wide PBG in the near-Infrared region with defect modes
dependent on the angle of incidence. We have shown that increasing the incidence angle
shifts the defect modes toward shorter wavelengths, where their reflectance and

33



Journal of Applied Research in Optics and Laser Technology, Volume 1, Numberl, Summer 2026

transmittance vary noticeably. It was found that the increased GH shift can be experienced
by the reflected and transmitted defect modes, where the sign of the shift is negative for
the reflected modes and positive for the transmitted ones. The results showed that the
maximum value of A, = —9.51 at A; = 1409.9 nmand 6 = 60", and A, = +89.71 at
Ag = 1482.5 nm and @ = 40" can be obtained for the reflected and transmitted modes,
respectively. This enhanced GH shift around the reflected and transmitted defect modes
has been verified by plotting the field distribution of the incident, reflected, and
transmitted waves for the case of A7pp = 1409.9 nm and 6 = 60°. Also, the effect of the
filling factor on the wavelength and GH shift of the defect modes has been investigated.
It is found that the change in the filling factor shifts the wavelengths of the defect modes;
however, it has no noticeable effect on the magnitudes of the GH shifts.
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Fig. 8. (a) Reflection and (b) transmission spectra of the defective structure as a function of the
wavelength for various filling factors. (¢) The GH shift of the reflected and (d) the transmitted defect modes
as a function of the incidence angle for various filling factors.
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