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The spatial profile of a beam can experience complicated
reshaping after interacting with a planar resonator near
resonant conditions. Previously, this phenomenon was rec-
ognized as the Goos–Hänchen effect, which only partially
explains the experimental observations. In this Letter, we
introduce a 2D model that can fully describe the resonance-
induced spatial reshaping. The model predicts several
general features of the output beam profile and suggests that
optical phase or polarization vortices can be generated and
manipulated by an arbitrary planar resonator. We validate
our theoretical results with experimental measurements
using terahertz spectroscopy. © 2019 Optical Society of
America

https://doi.org/10.1364/OL.44.005800

In recent years, spatial engineering of optical beams has attracted
particular attention and offered new possibilities for sensing
[1–3] and computing [4–8]. The simplest implementation of
spatial engineering uses the well-known Goos–Hänchen effect,
referring to the lateral shift experienced by a laser beam, as it is
totally internally reflected from the interface of two media [9].
This effect originates from the fact that different angular com-
ponents of the beam acquire different phase angles upon total
reflection. This phenomenon exists also in systems that exhibit
a resonant response, for example, due to a periodic spatial struc-
turing or the excitation of surface plasmons [10–12]. However,
unlike the more familiar case of total internal reflection, where
the beam experiences only a lateral shift without significant
change in the beam shape, the resonance-induced effects
are usually accompanied by complicated spatial distortions,
including expansion [13,14] and splitting [15–17].

Previously, we introduced a phenomenological model to
describe the interaction between a planar resonator and an
incident beam of finite size [18]. We showed that there exist
two general features in the output spatial profile. First, under
certain conditions, the output beam profile is almost identical
to the (scaled) incident profile, but laterally shifted, which
corresponds to the familiar Goos–Hänchen effect. Second, the
output spatial profile always has an exponentially-decaying tail

whose decay rate is directly related to the spectral linewidth of
the resonance, a signature which can be used for spectroscopic
purposes. This earlier model used a 1D approximation and does
not take into account the polarization effects, which therefore
neglects important aspects of the scattering problem.

In this Letter, we introduce a 2D model that can fully describe
the resonance-induced spatial reshaping. The 2D model pre-
dicts that a Gaussian beam interacting with a planar resonator
generates either a pair of phase vortices with opposite charges
(+1 and−1) or two pairs of polarization vortices with opposite
charges (+1/2 and −1/2), depending on the incident polari-
zation. These vortices can be manipulated such that they can
merge or split as the frequency, incident angle, or polarization
is tuned. This result suggests that optical phase and polariza-
tion vortices can be created from arbitrary planar resonators,
providing an alternative method for generating and manipu-
lating optical vortices, which have important applications in
light-matter interaction [19], quantum computing [20], and
optical communication [21]. Our experimental results from
a terahertz (THz) metallic resonator validate the theoretical
predictions. We also show that the 2D model reduces to the 1D
model under certain conditions, which is consistent with our
earlier conclusions [18].

We consider a planar structure which exhibits a resonant
mode that is due, for example, to a periodic geometrical struc-
ture [22] or a plasmonic resonance [16]. Commonly, the
resonator is polarization dependent; thus, we can decompose
the incident field into two orthogonal components, i.e.,

Ein (x , y )= E res (x , y ) eres + Enon (x , y ) enon, (1)

where eres and enon, respectively, are the resonant and non-
resonant polarization (normalized and orthogonal) states,
and E res(x , y ) and Enon(x , y ) are the corresponding com-
plex amplitudes. The resonator has a complicated angular (or
k-space) response for the resonant polarization direction ( eres);
thus, the corresponding output spatial profile experiences a
complicated reshaping. We denote this reshaping using an oper-
ator Ĥ. For the non-resonant polarization component ( enon),
the angular (or k-space) response of the resonator is nearly
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constant; thus, the output spatial profile experiences an almost
uniform decay and phase shift, which can be simply described by
a complex constant η. As a result, the total output spatial profile
can be expressed as

Eout (x , y )= Ĥ E res (x , y ) eres + ηEnon (x , y ) enon. (2)

We first discuss the case when the incident beam is aligned with
the resonator’s polarization, i.e., the second term in Eq. (2)
is zero. In this case, we show that a pair of phase vortices with
charges +1 and −1 can be generated and manipulated in the
output beam. We then move to the more general case where the
incident beam has arbitrary polarization. In this case, we show
that two pairs of polarization vortices with charges +1/2 and
−1/2 can be generated and manipulated in the output beam.

When the incident beam has the same polarization state to
the resonant eigenstate eres, the incident field can be treated
as a scalar field, i.e., only the complex amplitudes E res(x , y )
need to be considered. The dispersion relation of the resonant
mode depends on the constituent material and geometry of
the resonator. The results described here are not restricted to
a specific type of dispersion relation. However, for illustrative
purposes, we assume that the dispersion relation of the mode
has a paraboloidal shape, as in Fig. 1(a). The dispersion relation
can be represented as the iso-frequency contours, shown by the
gray ellipses in Fig. 1(b). We then consider a monochromatic
incident beam with a finite size (in eres polarization), whose
k-space distribution is illustrated as the blue spot in Fig. 1(b).
The monochromatic incident beam can only interact with
the iso-frequency contour of the resonator corresponding to
the same frequency, which is marked in red. Since the interac-
tion is localized to a small region near the center of the k-space
distribution of the incident beam, we can define a new coor-
dinate system (k′x and k′y ) centered on the incident k-space
distribution. In this new coordinate system, the equation of the
iso-frequency contour, which defines the resonant condition,

Fig. 1. 2D model describing the resonance-induced spatial reshap-
ing phenomenon when the incident polarization is identical to the
resonant polarization. (a) Example dispersion relation of a planar
resonator, which has a paraboloidal shape. (b) Iso-frequency contours
of the resonator’s dispersion relation (gray and red ellipses) and k-space
distribution of the incident beam (blue spot). (c) Close-up of (b) with a
new coordinate system centered at the middle of the k-space distribu-
tion of the incident beam. (d)–(h) Normalized amplitude profiles and
(i)–(m) phase profiles of the output beam calculated from the model
with different values of the unitless detuning parameter1.

can be represented as

k′ y =1+ αk′x +Ck′x
2
+ O

(
k′x

3
)
, (3)

where 1, α, and C , respectively, are the zeroth-, first-, and
second-order expansion coefficients, describing the detuning,
orientation, and curvature of the dispersion relation. By suitably
choosing the orientation of the new coordinate system, α can be
set to zero. In addition, we neglect the third- and higher-order
terms. Thus, the resonant condition in the new coordinate
system can be represented as

k′ y ≈1+Ck′x
2
, (4)

as illustrated in Fig. 1(c). The parameters 1 and C in Eq. (4)
have clear physical meanings: 1 represents the detuning from
the resonant condition (which could be caused by the offset of
either the frequency or the incident angle), and C represents
the curvature of the dispersion relation, i.e., the group velocity
dispersion of the mode. We further assume very generally that
the resonance has a Fano lineshape [23], which has a complex
amplitude spectrum given by [24]

H
(
k′x , k′ y

)
=−

1

1− iq
+

1

1+ i�
, (5)

where q is the Fano parameter, and� is the dimensionless offset
from the resonant condition. Since the resonant condition is
defined by Eq. (4),� can be expressed as

�≈ 2
(

k′ y −C · k′x
2
−1

)
/δ, (6)

where δ is the k-space linewidth of the resonance. Then the
response of this resonant system can be completely described as

H
(
k′x , k′ y

)
≈−

1

1− iq
+

1

1+ 2i
(
k′ y −C · k′x 2

−1
)
/δ

.

(7)
Equation (7) is a 2D model that describes the resonance-
induced spatial reshaping when the incident polarization is
identical to the resonant polarization (i.e., the operator Ĥ men-
tioned earlier). For any given incident beam whose polarization
is aligned with the resonant mode of the resonator, the output
spatial profile can be computed by multiplying the incident
k-space distribution with Eq. (7), followed by an inverse Fourier
transform.

Although the 2D model can be used for any input beam
profile, here we consider a specific case which is one of the most
common beam profiles: a Gaussian beam, i.e.,

E res
(
x ′, y ′

)
= g in

(
x ′, y ′

)
= exp

(
−

x ′2 + y ′2

w2

)
, (8)

wherew is the waist radius. The corresponding k-space distribu-
tion can be represented as

G in
(
k′x , k′ y

)
= πw2 exp

(
−

k′x
2
+ k′ y

2

(2/w)2

)
. (9)

As a result, the distribution of the output beam in real space can
be represented as
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(10)

whereF−1 represents the inverse Fourier transform operator.
Equation (10) can be easily computed numerically.

Figures 1(d)–1(m) illustrate several examples of the ampli-
tude and phase profiles of the output spatial distribution from
a Gaussian input with different values of 1 and with other
parameters set as q = 0.1+ 0.1i , C = 0.3, δ = 2, and w= 1.
We observe that, for very negative or very positive values of 1,
the output profile is almost identical to the (scaled) input pro-
file, as in Figs. 1(d) and 1(i). This is because when the incident
condition is far from the resonant condition, the resonator
has almost no impact on the beam other than attenuation.
However, as 1 becomes closer to zero, i.e., the incident con-
dition approaches the resonant condition, the beam profile
experiences complicated reshaping: as 1 increases, a dip starts
to form near the center of the output beam [Figs. 1(e) and 1(j)];
then two optical vortices with opposite signs (+1 and −1) are
generated [Figs. 1(f ) and 1(k)]. This vortex pair then splits
further, moving continuously away from the region of the beam
[Figs. 1(g) and 1(l)]. Finally, the output profile returns to nearly
Gaussian [Figs. 1(h) and 1(m)].

Given the condition that the input polarization is aligned
with the resonator’s polarization direction, the evolving pattern
of the output beam profile described above is general, despite
the specific properties of the resonator and the Gaussian beam
assumed in Fig. 1. This result has a useful practical application—
generating optical vortices. Optical vortices can be generated
using various optical components such as spiral phase plates,
holograms, q -plates, and Gaussian lenses [21,25,26]. However,
these devices usually require careful design considerations in the
structure. Our theoretical results suggest that optical vortices
can be generated in a controllable manner from arbitrary planar
resonators, regardless of their detailed structure or design, thus
enabling a plethora of possibilities in vortex-generating devices
such as plasmonic resonators, photonic crystal slab resonators,
and metamaterial resonators [27].

We now discuss the case when the polarization of the incident
beam is arbitrary. In this case, generally, there does not exist a
point where the field amplitude is completely zero (as in the
phase vortex), due to the introduction of the non-resonant
polarization component whose field amplitude is always
non-zero (unless the incident beam itself has phase vortices).
However, under certain conditions, there can exist polarization
singularities, where the polarization major axis is undefined,
and the field is perfectly circularly polarized (i.e., C -points)
[21]. For a field described by a1e1 + a2 e2, where e1 and e2
are normalized and orthogonal polarization states, and a1
and a2 are the corresponding complex amplitude, the condi-
tion for this field to be circularly polarized is |a1| = |a2| and
arg(a1) − arg(a2) = β ± π , whereβ is a constant determined
by the relative phase between the choice of e1 and e2 [21]. In our
case, the output field is described by Eq. (2); thus, when the non-
resonant polarization component is small, we can always find
two points near each phase vortex of the resonant polarization
component whose total field is ideally circularly polarized with

Fig. 2. Generation and evolution of phase vortices from a pla-
nar resonator. The resonator has a linearly polarized resonance in x
direction with parameters of q = 0.1+ 0.1i , C = 0.3, δ = 2, and
1 = 0, and is illuminated by a linearly polarized Gaussian beam
with a waist radius of w = 1 and a polarization orientation of φ.
(a)–(i) Orientation angle of the polarization major axis of the output
beam for variousφ of the incident beam, ranging from 5◦ to 75◦.

opposite handedness, corresponding to two C -point polariza-
tion vortices with opposite charges (+1/2 and−1/2). Since the
phase vortices are generated in pairs, a total of four (or two pairs
of ) polarization vortices can be generated. When the amplitude
of the non-resonant polarization component increases, one pair
of polarization vortices merges and annihilates, while the other
pair moves to infinity.

We now show an example on the generation and evolution
of the polarization vortices. We consider a resonator with a
linearly polarized resonance in x direction with parameters of
q = 0.1+ 0.1i , C = 0.3, δ = 2, and 1= 0, illuminated by a
linearly polarized Gaussian beam with a waist radius of w= 1.
If the incident beam is polarized in x direction, the output
beam has a spatial profile, as shown in Fig. 1(g) (amplitude) and
Fig. 1(l) (phase). However, we now consider that the incident
beam is polarized at an angle φ to the x -axis. In this case, the
output spatial profile is elliptically polarized in general. Figure 2
illustrates the orientation angle of the polarization major axis
of the output beam for various φ of the incident beam, rang-
ing from 5◦ to 75◦. We observe that, when φ = 5◦ (i.e., the
non-resonant polarization component is small), two pairs of
polarization vortices with charges+1/2 and−1/2 appear in the
output beam [Fig. 2(a)], near the position of the phase vortices
in the resonant polarization component [Figs. 1(g) and 1(l)].
As φ increases (i.e., the amplitude of the non-resonant polariza-
tion increases), two of the four polarization vortices merge and
annihilate, while the other two move to infinity.

We also demonstrate that the 1D model discussed earlier
[18] can be derived from this 2D model [Eq. (7)] in the case that
the input polarization is aligned with the resonator’s polariza-
tion direction. We consider two circumstances to reduce the
dimension from 2D to 1D. The first circumstance is when the
device has a linear dispersion. In this case, parameter C is equal
to zero, and the model becomes equivalent to that discussed in
Ref. [18]. The second circumstance is when the measurement is
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Fig. 3. Experimental validation of the 2D model. (a) THz planar
resonator made by a periodic array of thin metal plates is illuminated
by a THz Gaussian beam. (b) Simulated dispersion relation of the
resonant mode of the device. (c) Simulated iso-frequency contours
(solid curves) and incident beam k-space distribution (dashed curve) of
the dispersion relation. As the frequency decreases, the iso-frequency
contour shifts upward, corresponding to an increasing unitless detun-
ing parameter. (d)–(h) Measured normalized amplitude profiles and
(i)–(m) phase profiles of the transmitted beam for different values of
the incident frequency.

performed in 1D, i.e., x direction is averaged during the mea-
surements (using, for example, a slit aperture). In this case, we
measure only the k′x = 0 component, and Eq. (5) once again
becomes equivalent to that in Ref. [18].

To validate our theoretical results, we perform experi-
mental measurements on a planar resonator, designed to
exhibit narrow resonances at THz frequencies. The resonator
consists of a periodic array of thin metal plates, with a plate
separation of 1 mm, a plate thickness of 0.1 mm, and a plate
width of 4 mm, as illustrated in Fig. 3(a). We have previously
shown [22] that this structure exhibits several resonances in the
THz range. Here we focus on the resonance near 0.162 THz.
We simulate the dispersion relation [Fig. 3(b)] and the iso-
frequency contours [Fig. 3(c)] of this resonant mode using
the finite-element method. We illuminate the device with a
p-polarized broadband Gaussian beam with a 1/e beam diam-
eter of 10 mm, and we measure the amplitude [Figs. 3(d)–3(h)]
and phase [Figs. 3(i)–3(m)] of the transmitted beam using THz
time-domain spectroscopy. We observe that, at 162.5 THz (off-
resonance), the output beam is approximately Gaussian, almost
identical to the incident beam. However, as the frequency
decreases (corresponding to an increase in1 from negative val-
ues towards positive values), two optical vortices with opposite
charges (+1 and−1) are generated. These two vortices split and
move exactly as predicted by the model described above.

In conclusion, we introduce a 2D model that describes
resonance-induced spatial reshaping phenomena. Our model
suggests that an optical phase and polarization vortices can be

generated and manipulated using an arbitrary planar resonator,
providing an alternative method for generating optical vortices.
The model can be reduced to 1D under certain conditions, thus
demonstrating consistency with our earlier work [18]. We com-
pare our theoretical results with experimental measurements at
THz frequencies and find excellent agreement.
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