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Angular dispersion—the response of a metasurface strongly depending on the impinging angle—is an
intrinsic property of metasurfaces, but its physical origin remains obscure, which hinders its applications in
metasurface design. We establish a theory to quantitatively describe such intriguing effects in metasurfaces,
and we verify it by both experiments and numerical simulations on a typical terahertz metasurface. The
physical understanding gained motivates us to propose an alternative strategy to design metadevices
exhibiting impinging-angle-dependent multifunctionalities. As an illustration, we design a polarization-
control metadevice that can behave as a half- or quarter-wave plate under different excitation angles. Our
results not only reveal the physical origin of the angular dispersion but also point out an additional degree
of freedom to manipulate light, both of which are important for designing metadevices facing versatile
application requests.
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I. INTRODUCTION

Metasurfaces are planar metamaterials composed of
subwavelength microunits (e.g., “meta-atoms”) with
tailored electromagnetic (EM) properties [1,2]. Many
fascinating wave-manipulation effects have been discov-
ered based on carefully designed periodic [3–19] or
inhomogeneous gradient metasurfaces [20–27], such as
polarization control [3–8], perfect absorption [9–12],
tunneling-induced transparency [14–16], anomalous reflec-
tion or refraction [20,21], propagating-wave-to-surface-
wave conversion [22,23], and other interesting effects
[13,17–19,24–27]. The functional devices realized based
on these fascinating effects are thin, flat, and highly efficient,
making them favorable for integration-optics applications.
In designing these metasurfaces, a commonly adopted

approach is to utilize the EM properties (i.e., amplitude
and/or phase of transmission and/or reflection) of meta-
atoms under normal-incidence excitations. However, in
certain cases, the EM response of a metasurface may
change dramatically as the excitation angle varies—a
phenomenon usually called angular dispersion, as sche-
matically depicted in Figs. 1(a) and 1(b). In practical
metasurface design, scientists have usually made great

effort to avoid such an effect by seeking structures with
weak angular dispersions [9,12,28–32]. However, the
intrinsic physics underlying this intriguing behavior has
not been adequately investigated; thus, scientists usually
rely on brute-force simulations to search for structures
exhibiting weak angular dispersions. Knowing little about
how to manipulate the angular dispersion of metasurfaces,
scientists certainly cannot utilize it in metasurface design.
In this paper, we show that the angular dispersion of a

metasurface is dictated by the plasmonic couplings among
meta-atoms inside the structure, and we further establish a
theory to quantitatively analyze such behaviors in periodic
metasurfaces by extending the photonic tight-binding
method (TBM) developed previously for few-resonator
systems [33] to the present periodic systems. Our theory
is validated by both experiments and full-wave simulations
on a typical periodic terahertz metasurface, which exhibits
intriguingly opposite angular dispersions for oblique inci-
dent waves taking transverse-electric (TE) or transverse-
magnetic (TM) polarizations. The physics gained through
analyzing these fascinating effects motivates us to propose
an alternative strategy to design a multifunctional meta-
device; that is, we can control the angular dispersion of a
metasurface such that it can function distinctly when “seen”
at different incident angles. As a proof of concept, we
design a bifunctional metadevice that exhibits distinct
polarization-control capabilities for incident beams coming
from different angles [see Figs. 1(c) and 1(d)]. Our findings
can help us to understand and manipulate the angular
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dispersions of metasurfaces, which can significantly
expand our capabilities of designing metasurface-based
functional devices.

II. ANGULAR DISPERSIONS OF A TERAHERTZ
METASURFACE: EXPERIMENTAL RESULTS

We start by experimentally characterizing the rich
angular-dispersion behaviors of a typical terahertz metasur-
face, consisting of a periodic array of subwavelength
metallic split-ring resonators (SRRs) on a dielectric sub-
strate [see Fig. 2(a) for the sample picture]. The reason that
we choose SRR as ourmeta-atom is that a SRR exhibits very
intriguing EM responses [34–36], leading to rich coupling
effects between two such meta-atoms, as has already been
demonstrated in Refs. [33,37,38]. Specifically, at its lowest
resonance, a SRR exhibits a magnetic dipole moment (m⃗)
perpendicular to its plane as well as an electrical dipole
moment (p⃗) along an in-plane direction dictated by the gap
position. As a result, we expect that a metasurface formed
by such meta-atoms should exhibit very rich angular
dispersions, sensitively depending on the orientation angle
α of the SRR gap. Therefore, we purposely fabricate
a series of terahertz metasurfaces following standard
photolithography procedures, in which the SRRs possess
identical geometrical parameters (see the caption of Fig. 1)
but with different orientation angles (α ¼ 0°, 15°, 30°, 45°,
60°, 75°, and 90°). In all of these samples (all exhibiting a
total size of 1 × 1 cm2), the metallic structures are made
with a 60-nm-thick Au film plus a 5-nm-thick Cr film as
adhesion layer, and they are deposited on 500-μm-thick
quartz substrates.

We characterize the angular dispersions of these fab-
ricated metasurfaces by measuring their transmittance
spectra at different incident angles θ, using a terahertz
time-domain spectroscopy. As is schematically depicted in
Fig. 2(b), in order to correctly and efficiently excite the
resonant modes in SRRs and make fair comparisons
between samples with different values of α, we purposely
set the in-plane component of the incident E field strictly
parallel to the intrinsic p⃗ moments possessed by the SRRs
[see the inset in Fig. 2(b)], and we vary the incident
k vector within the x-z plane to measure the corresponding
transmittance spectra at different incident angles.
Obviously, our experimental configuration corresponds
to the TM (TE) excitation for the sample with α ¼ 90°
(α ¼ 0°). For other samples with arbitrary α values, our
measurements do not correspond to any well-defined TE or
TM excitation, but the obtained transmittance spectra still

(a) (c)

(b) (d)

FIG. 1. (a),(b) Manifestation of angular dispersion in meta-
surfaces (MS) represented by resonant frequency shift (f1 ≠ f2)
of a metasurface seen at different incidence angles (θ1 ≠ θ2).
(c),(d) Schematics of an incident-angle-dependent multifunc-
tional metadevice for polarization control on a reflective beam.
Here, the metadevice can convert a linearly polarized (LP) wave
to a right-handed (RCP) or left-handed circular-polarized (LCP)
wave under different incidence angles.
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(e) (f)
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FIG. 2. (a) Optical picture of part of the fabricated terahertz
metasurface sample. (b) Schematics of our experimental char-
acterizations on angular dispersion of the terahertz samples. The
incident light lies in the x-z plane, while the in-plane E field is
polarized along the direction, as shown in the inset. (c),(d)
Measured (scatter) transmittance spectra of the metasurfaces with
different incident angles for the TM (α ¼ 0°) and TE (α ¼ 90°)
polarizations, respectively. (e),(f) Computed rescaled transmit-
tance δT (color map) of two metasurfaces (with α ¼ 0° and
α ¼ 90°) versus the frequency and incident angle, with stars
representing the measured resonant-mode positions. Geometrical
parameters of the SRR: inner and outer radius, R1 ¼ 20 μm and
R2 ¼ 30 μm; gap width, g ¼ 6 μm. Lattice constant of the array,
P ¼ 70 μm.
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contain all necessary information on the angular disper-
sions as long as the “modes” in different metasurfaces are
correctly excited. All measured transmittance signals are
normalized against a reference signal, obtained under
exactly the same excitation configuration, only with the
sample replaced by a quartz substrate of the same thickness.
The multiple scatterings of terahertz waves inside the
substrate are purposely excluded in our measurements
through a standard time-domain cutoff procedure.
Figures 2(c) and 2(d) compare, respectively, the trans-

mittance spectra of two representative samples (with α ¼ 0°
and α ¼ 90°) measured at different incident angles θ. The
excited resonance mode exhibits a clear frequency shift as
we vary θ for the two studied samples (see experimental
results for other samples in the Supplemental Material
[39]). Surprisingly, we note that the two metasurfaces
display opposite angular dispersions manifested by differ-
ent signs of frequency shift. Specifically, whereas the
α ¼ 0° metasurface exhibits a blueshift of resonant fre-
quency as θ increases [Fig. 2(c)], the α ¼ 90° metasurface
exhibits a redshift of resonant frequency [Fig. 2(d)]. Further
noting the rotation symmetry between the two samples, we
draw an interesting conclusion that such a metasurface
exhibits opposite angular dispersions when seen at different
polarizations (TE or TM). Such an intriguing behavior has
rarely been noted in the literature.
All experimental results are verified by full-wave simu-

lations on realistic metasurface structures based on finite-
element-method (FEM) simulations [40]. The solid lines in
Figs. 2(c) and 2(d) are FEM-simulated transmittance spectra
for different cases,which are all in reasonable agreementwith
their experimental counterparts. Slight discrepancies between
experiments and simulations might be caused by sample
imperfections. To see the comprehensive angular-dispersion
behaviors, we plot in Figs. 2(e) and 2(f) the FEM-simulated
transmittance versus frequency and incident angle for TM-
and TE-polarization excitations, respectively. To increase the
contrast, we purposely show in Figs. 2(e) and 2(f) the
transmittance difference, δT ¼ T − Tres, with Tres being
the computed transmittance at resonance (i.e., the minimum
transmittance) inside every spectrum. The positive and
negative angular dispersions of the metasurface under differ-
ent excitations are clearly observed to be in excellent agree-
ment with the experimentally measured transmittance-dip
positions represented by the symbols. Again, more FEM and
experimental results can be found in the Supplemental
Material [39] for other cases studied.

III. THEORETICAL ANALYSES OF ANGULAR
DISPERSIONS IN METASURFACES

Wenowestablish a theoretical framework to quantitatively
understand the intriguing angular dispersion behaviors
experimentally revealed in the last section. According to
the Hamiltonian formalism established previously for dis-
persive photonic systems [41], we understand that a single

resonator (SRR here) exhibits a plasmonic resonance at a
certain frequency f0 with well-defined EM wave functions
jΦsðr⃗Þi ¼ fE⃗ðr⃗Þ; H⃗ðr⃗Þg. When more plasmonic resonators
are placed together, the modes associated with these reso-
nators will couplewith each other. According to the photonic
TBM established [33], we can explicitly calculate the
coupling strength between any two resonators via the
following formula,

tfk;lgfm;ng ¼ −f0
R
P⃗�
fm;ngðr⃗Þ · E⃗fk;lgðr⃗Þdτ

hΦsjΦsi
; ð1Þ

where P⃗fm;ngðr⃗Þ denotes the polarization field inside the

meta-atom located at the lattice site Rfm;ng, while E⃗fk;lgðr⃗Þ
denotes the E-field distribution generated by the meta-atom
located at the lattice siteRfk;lg, and hΦsjΦsi is the normali-
zation constant representing the total EM-field energy stored
in a single meta-atom. The validity of such a theory was well
justified in Ref. [33] for few-resonator plasmonic systems. In
particular, the TBM can precisely predict the frequencies of
the hybridized modes in a two-resonator system, with all
parameters calculated directly from Eq. (1) without any
fitting procedures.
We now extend the TBM for few-resonator system to

present periodic metasurface system. In metasurfaces
where meta-atoms are placed in a two-dimensional periodic
lattice, any meta-atom can interact with others via the
coupling strengths defined in Eq. (1). As a result, couplings
among these meta-atoms generate a branch of “collective”
modes labeled by the Bloch k vector. Following the
standard procedure in solid-state physics [42], we find
that the eigenfrequency of a collective mode labeled by a
Bloch k vector is

fðkÞ ¼ f0 þ
X
m;n

tfm;ng
f0;0g cos

h
k ·

�
Rfm;ng −Rf0;0g

�i
; ð2Þ

whereRf0;0g is the position of a reference meta-atom, while
the summation runs over all neighboring meta-atoms that
can have non-negligible couplings with the reference one.
Obviously, the coupling strength decays as the distance
between the two resonators is enlarged. We can consider
only a finite number of meta-atoms near the reference one,
depending on the quality (Q) factor of the single-particle
resonance. Since a higher Q factor indicates that the wave
function of the resonance mode is more localized around
the meta-atom, fewer interparticle coupling terms are
needed to obtain a convergent result. In the present case,
where the single-particle resonance exhibits a relatively low
Q factor, we consider the couplings between the central
meta-atom and the other meta-atoms in a 5 × 5 square [the
region surrounded by the pink lines in Fig. 2(a)], in order to
make our TBM calculations convergent. We also perform
TBM calculations by considering the couplings between all
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meta-atoms in a 3 × 3 square and in a 7 × 7 square. The
former exhibits huge deviations from the full-wave simu-
lations, while the latter shows a slight improvement
compared to the calculations based on a 5 × 5 square.

With all involved parameters tfm;ng
f0;0g computed from the

TBM based on Eq. (1) [43,44], we next use Eq. (2) to
calculate the dispersion relation fðkÞ of the collective
mode in different periodic metasurfaces. Noting that an
incident wave can only excite a collective mode with a
matched in-plane k vector, we understand that the dip
frequency of the measured or calculated transmittance
spectrum at the oblique incidence θ must be the frequency
of the collective mode with the correct Bloch k vector.
Putting k ¼ x̂k0 sin θ (k0 is the free-space wave vector of
incident light) into the computed fðkÞ function, we can
thus predict how the transmittance-dip frequencies vary
against the incident angle for different metasurfaces.
The angular dispersions fðθÞ calculated with the TBM

for different samples are shown in Fig. 3(a) as dashed lines,
which are in nice agreement with experimental (stars) and
FEM results (solid lines). In particular, our TBM results
correctly reproduce the intriguing sign-change behavior of
the angular dispersion as α decreases, and the critical value
of α is found to be around 60°. We note that the agreement
between TBM and FEM is better for systems exhibiting
weaker angular dispersion, which is reasonable since we
consider only the coupling terms inside the 5 × 5 array. By
taking more coupling terms into account, more accurate
results are expectable for the system with stronger angular
dispersion.
To further understand why different metasurfaces exhibit

distinct angular dispersions, we simplify Eq. (2) as follows:

fðθÞ ¼ f0 þ J0 þ J1 cosðPk0 sin θÞ þ J2 cosð2Pk0 sin θÞ;
ð3Þ

where P is the lattice constant, J0 denotes the effective
intrarow coupling, while J1 and J2 denote the nearest-
neighbor and next-nearest-neighbor effective intrarow cou-
plings. These effective coupling coefficients are related to
the interparticle coupling strengths via

J0¼
X2
i¼−2

tfi;0gf0;0g; J1¼2
X2
i¼−2

tfi;1gf0;0g; J2¼2
X2
i¼−2

tfi;2gf0;0g: ð4Þ

Obviously, J0 does not contribute to the angular
dispersion under our experimental configuration, but J1
and J2 must make important contributions. Now both
cosðPk0 sin θÞ and cosð2Pk0 sin θÞ are decreasing functions
of θ in the small-θ regime, Eq. (3) tells us that the signs of
J1 and J2 dictate the angular dispersions of the metasur-
faces under study. Specifically, the resonance dip must
undergo a blueshift as θ increases if J1 and J2 are negative,
and vice versa.

We now quantitatively compute through Eqs. (1) and (4),
the two parameters J1 and J2 for metasurfaces with
different values of α. Figure 3(b) depicts how the calculated
J1 and J2 values vary as a function of α. We note that J1 is
roughly 10 times larger than J2 in most cases, which is
reasonable since J1 represents the nearest-neighbor inter-
row coupling. Quite as expected, while in the region of
α → 0°, both J1 and J2 are negative, leading to a positive
angular dispersion, they become both positive in the region
of α → 90°, which explains the negative angular dispersion
found in Figs. 2(e) and 2(f). Of particular interest is that

(a)

(b)

(c)

s

Expt.

FIG. 3. (a) Resonant frequency shifts versus incident angles for
metasurfaces with different values of α obtained through experi-
ments (the stars), FEM simulations (the solid lines), and TBM
calculations (the dashed lines). (b) J1 and J2 calculated with the
TBM for samples with different α values. (c) Nearest-neighbor

coupling strength tð1;0Þð0;0Þ as a function of α, obtained through direct
TBM calculations (scatters) and through the effective model
Eq. (5) (the red line). (Inset) Ez-field distribution on the structure
surface calculated with FEM simulations at frequency 0.63 THz.
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there exists a critical region [the shaded area in Fig. 3(b)]
where J1 and J2 successively cross zero, which coincides
well with the sign-change angle of the angular dispersion,
discovered in Fig. 3(a).
However, J1 and J2 are still effective row-row couplings

which cannot directly reveal the inherent physics. To
understand the physics more deeply, we need to sort out
the most important terms in determining the angular
dispersion. Noting that J1 is much larger than J2 [see
Fig. 3(b)] and that, obviously, the nearest-neighbor cou-

pling tf0;1gf0;0g is the leading term in J1, we examine how tf0;1gf0;0g
varies against α. The computed tf0;1gf0;0g ∼ α relation, depicted
in Fig. 3(c) as open circles, indeed has already exhibited the
intriguing sign-change behavior in the vicinity of α ¼ 60°.
We finally arrive at a position to set up a simple picture to

understand the intriguing angular dispersions revealed in
Fig. 2. As shown in the inset of Fig. 3(c), a SRR possesses
an electric dipole moment p⃗ and a magnetic dipole moment
m⃗ simultaneously. According to the effective model for
plasmonic coupling developed in Refs. [37, 38], the
plasmonic coupling strength between two such particles
contains four different terms, tpp, tmm, tradpp, and tpm,
representing, respectively, the dipolar interactions for
two different types of dipoles, the radiation-correction
term, and a cross-interaction term between p⃗ and m⃗. In
our studied case, while m⃗ is always along the z direction,
the direction of p⃗ changes as a function of α. Taking this
information into consideration, we find from Ref. [38] that
the inter-SRR coupling can be effectively rewritten as

tmodel¼A×

�
p2ð1−3cos2αÞþ

�m
c

�
2

−p2ð1þcos2αÞðk0PÞ
2

2
−pmsinαðk0PÞ

c

�
; ð5Þ

with A being a normalization constant. For the lowest
resonance mode of a SRR, both p and m can contribute
to the coupling strength, and their normalized amplitudes are
of the same order (i.e.,p ∝ m=c). To only reveal the physics
without involving too many complexities, we fix the ratio
between p and m=c as 0.99, based on the finite-difference-
time-domain-calculated current distributions in the struc-
ture, and choose an appropriate normalization constant
Ap2 ¼ 6.01 GHz through a fitting with Fig. 3(c).
Inserting these parameters into Eq. (5), we calculate tmodel
as a function of α and then show the results in Fig. 3(c) as a
solid line. Excellent agreement is found between the
effective-model results and the TBM curve.
Such an effective model reveals the underlying physics

clearly. Now our meta-atom exhibits both electric and
magnetic dipole moments at its resonance, and the inter-
particle couplings for two different types of moments
display distinct dependences on the parameter α [see
Eq. (5)]. It is the competition among the different coupling

terms that generates an extraordinary α dependence of the
total coupling strength, leading to a sign change of the
effective row-row couplings between adjacent SRR arrays,
which, in turn, finally results in the intriguing angular
dispersions displayed in Fig. 2.
In addition, our approach is also applicable to under-

standing the dispersion of surface-plasmon polaritons
(SPPs) in systems consisting of an array of plasmonic
resonators. By controlling the couplings between different
resonators, the dispersion of the SPP generated in such
systems can be well controlled, yielding various fascinating
physical effects, as has already been illustrated in the
literature [45–47].

IV. APPLICATIONS

Previous analyses motivate us to propose an alternative
strategy to design functional devices. Since the angular
dispersion of a metasurface is mainly determined by the
plasmonic coupling between two neighboring meta-atoms,
we can purposely design relevant microstructures to control
the angular dispersion of the metasurface to make it
function distinctly when seen at different incidence angles.
In what follows, we take a periodic metasurface as an
example to show how the strategy works.
As schematically illustrated in Fig. 4(a), we use a metal-

insulator-metal (M-I-M) structure as the basic meta-atom in
designing our multifunctional metadevice. Such M-I-M
structures have been widely used to realize high-efficiency
metadevices in the literature [22,48,49], with functional-
ities ranging from polarization control to perfect absorp-
tion, but these metadevices typically only exhibit single
functionality since these periodic homogeneous metasur-
faces (not gradient ones) consist of only one independent
meta-atom and thus lack design freedom. In the following,
we show that, in fact, the angular dispersion can be an
additional degree of freedom to offer more functionality to
a metasurface, even though the system still consists of only
one independent meta-atom.
Our meta-atom is composed by an x-y isotropic metallic

cross-shaped resonator (consisting of two interconnected
metallic H-shaped planar resonators) and a continuous
metal film separated by a 4-μm-thick dielectric spacer
(εr ¼ 2.25). We assume that the metallic structures are
made by gold films with 1-μm thickness. Since the trans-
mission channel is completely blocked by the metallic film
on the bottom, the systemmust be totally reflective and thus
we need to study only the reflection-phase responses (we
neglect material losses for simplicity). The solid line in
Fig. 4(c) depicts the calculated reflection-phase spectrum of
our designed metasurface under normal-incidence excita-
tion, which exhibits a well-defined magnetic resonance [see
Fig. 4(b) for the simulated Ez-field distribution of the
mode] at f ¼ 0.54 THz, with the reflection phase under-
going a 2π variation as the frequency passes through the
resonant frequency. Since our meta-atom exhibits a fourfold
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symmetry, it is not surprising to see that the reflection-phase
spectra of the metasurface are identical for E⃗kx̂ (defined as
TE polarization) and E⃗kŷ (TM) polarizations under normal
incidence.
As the incidence angle θ varies,we find that the reflection-

phase spectra for the two polarizations change in a dra-
matically different way. As shown in Fig. 4(c), whereas the
reflection-phase spectra remain nearly unchanged for the TE
incidence (the solid lines), they undergo considerable
change for varying values of θ for the TM case (the dotted
lines). Because of the distinct θ dependences of the two
reflection-phase spectra, the two-cross-polarization phase
difference (Δϕ ¼ ϕTE − ϕTM) can be stronglymodulated by
the incidence angle θ, as shown in Fig. 4(e).
These intriguing results suggest that our device exhibits

multiple polarization-control capabilities. Figure 4(f)
shows that, at 0.55 THz, the Δϕ can be continuously
tuned from 0 to 1.55π as the incidence angle θ changes
from 0° to 60°. Therefore, assuming that the input wave is

linearly polarized and can be decomposed into TE and TM
modes with equal amplitudes, the polarization state of the
reflected wave can be efficiently controlled by varying the
incident angle θ. For example, the polarization state of
the reflected beam must be a right-handed circular polari-
zation (RCP) at θ ¼ 27°, but changes to a linear polariza-
tion (LP) with E perpendicular to its original direction at
θ ¼ 34°, and it can be a left-handed circular polarization
(LCP) at θ ¼ 47.5°. Other types of polarizations can also be
realized at other incident angles or by changing the
polarization state of the input beam.
Such dramatic modulations on EM responses of our

metasurface are caused by the controllable angular dis-
persions of the device. The red and blue circles in Fig. 4(d)
depict the simulated angular dispersions of our metadevice
for two different polarizations, showing that, indeed, the
TM-mode frequency changes significantly as a function of
θ, while the TE mode does not. To understand the physical
origins of such intriguing results, we employ the theory
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FIG. 4. (a) Side and top views of
the designed meta-atom. (b) Ez-
field distributions on the structural
surfaces in two different cases,
obtained with FEM simulations at
0.54 THz under normal incidence.
(c) FEM-simulated reflection-phase
spectra of the designed metasurface
shined by terahertz waves at differ-
ent incident angles with TE (solid
lines) and TM (dotted lines) polar-
izations. (d) Resonant frequency
versus incident angle as the meta-
surface is shined by oblique inci-
dent waves taking TE (red) and TM
(blue) polarizations, obtained with
FEM simulations (the circles) and
theoretical calculations based on the
TBM (the solid lines). (e) FEM-
simulated reflection-phase differ-
ence between TE and TM cases
for our metasurface versus incident
angle and frequency. (f) TE-TM
reflection-phase difference (the
solid line) as a function of incident
angle, calculated with FEM simu-
lations at 0.55 THz, showing that
the reflected beam can exhibit dif-
ferent polarization states if the input
wave is linearly polarized as de-
picted in the inset. The geometrical
parameters are P ¼ 100 μm, Lc ¼
92 μm, Lb ¼ 40 μm, w ¼ 8 μm,
hm ¼ 1 μm, and hi ¼ 4 μm.
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developed in the last section to compute the angular
dispersions of the metasurface for different polarizations.
Keeping only the nearest-neighbor inter-row coupling term,
we find that the angular dispersions can be well described
by the formula fðθÞ ¼ f0 þ J1fcos½Pk0 sinðθÞ� − 1g, with
f0 ¼ 0.5424 THz. We employ the TBM to calculate J1
for the two cases and find that J1 ¼ 1.7 GHz (TE) and
J1 ¼ −48.6 GHz (TM). Putting these results into the above
formula, we calculate the mode dispersions for the two
polarizations, and we depict the results in Fig. 4(d) by solid
lines. Perfect agreement is found between the simulation
and our TBM results.
Now the principle to design our multifunctional

polarization-control metadevice is very clear. As shown
in Fig. 4(b), the EM fields associated with the excited
resonance mode on the meta-atom are localized mainly
around two metallic bars. In the TE case under study, the
plasmonic coupling dictating the angular dispersion is due
mainly to that between two nearest-neighbor meta-atoms
placed along the x direction. Since the hot spots in two
meta-atoms are far away, they do not have strong con-
tributions to the coupling, which explains why the TE mode
shows negligible angular dispersion [see Fig. 4(b)].
However, things are completely different for the TM case
where the resonance field pattern is rotated by 90°. Still
considering the plasmonic couplings between the same two
meta-atoms, in this TM case, the EM fields of the two
resonance modes strongly overlap with each other, leading
to a much stronger coupling coefficient. It is the difference
in plasmonic couplings along the different directions that
generates the distinct angular dispersions for the two
polarizations, which eventually offers the device very rich
polarization-control capabilities for input waves coming
from different angles.

V. CONCLUSIONS

To summarize, we establish in this paper a theoretical
framework to study the angular dispersions in periodic
metasurfaces, and we validate the theory with terahertz
experiments on a metasurface exhibiting opposing angular
dispersions for the two polarizations. Our analyses reveal
the important role of plasmonic near-field coupling in
dictating the angular dispersions in metasurfaces, which
can be utilized as an additional degree of freedom to design
multifunctional metadevices. As an illustration, we design a
multifunctional terahertz polarization controller, which
can realize distinct polarization-manipulation functional-
ities at different incident angles. Our findings significantly
expand the capabilities of the metasurface in manipulating
EM waves and can stimulate high-performance multifunc-
tional metadevices for practical applications. Extending the
concept to designing inhomogeneous gradient metasurfa-
ces with impinging-angle-dependent multifunctionalities
would be of interest for future projects, particularly at high
frequencies (e.g., infrared and optical frequencies).
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