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Tuning the polarization state of light via time retardation with a microstructured surface
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We report here an approach to tune efficiently the phase difference of light in two orthogonal directions,
ϕ, by controlling the time retardation with a microstructured surface made of L-shaped metallic patterns. The
time retardation through the judicious microstructures can be adjusted on the femtosecond level, and ϕ can
be linearly tuned accurately from −180◦ to 180◦ by changing the frequency of incident light. Particularly, the
amplitudes in two orthogonal directions are identical, so that the polarization state always locates on a meridian of
a Poincaré sphere. Near-field measurement confirms that there is indeed time retardation between the oscillations
in the orthogonal directions of the L-shaped patterns. This approach offers an alternative way to manipulate the
polarization state of light.
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The polarization state of light is determined by the amplitude and the phase relationship of two orthogonal linear vectors
perpendicular to the propagation direction. Conventionally,
a birefringence crystal plate along a certain crystallographic
orientation and with a certain thickness, known as a wave plate,
is employed to manipulate the polarization states of light.1,2
The phase difference between the orthogonal components,
normally termed o ray and e ray, respectively, depends on
the birefringence and the thickness of the crystal plate. For
natural materials, birefringence is usually small (typically,
0.1–0.2).3 To achieve a certain phase shift in the orthogonal
directions, the thickness of the wave plate becomes the
major control parameter. For conventional optical application
this can be easily accommodated. However, in integrated
photonic circuits and on-chip optical devices,4,5 the space is
extremely restricted. Therefore, new approaches to modulate
the polarization state of light are highly anticipated.
Up to now, in addition to the quasi-two-dimensional and
the three-dimensional structures,6–11 patterned surfaces12–15
have been proposed to manipulate the polarization state. In
these designs, the resonant frequencies along two orthogonal
directions are different; hence the transmission light in these
two directions possesses a different phase shift with respect to
the incident light. However, in these studies such a function
is frequency dependent,12–15 which limits its applications in
optical devices. Recently, a patterned interface made of an
array of V-shaped antennas with different opening angles
has been designed, which provides an abrupt phase shift on
the cross section in the optical path and hence generates
optical vortices with helicoidal wave front and orbital angular
momentum.16,17 To tune the polarization of light, a spatial
offset is introduced to the adjacent basic subunits, which generates a phase difference between the orthogonal polarization
directions. This structure changes a linearly polarized incident
light to a circular polarized light corresponding to a specific
offset.18
The polarization state can be graphically represented by
the Poincaré sphere [Fig. 1(a)], where the equator of the
1098-0121/2013/88(16)/161104(5)

sphere represents the linear polarization states and Px and
Py correspond to the two orthogonally linear polarization
axes.1 The poles of the sphere denote the right-handed and
the left-handed circular polarization states, respectively. To
manipulate the polarization state of light means to move
the polarization state from one point to the other along a
certain route on the sphere’s surface. One technically beneficial
approach is illustrated by two half circles marked in blue and
green in Fig. 1(a), where the amplitudes in the two orthogonal
directions remain identical yet the phase difference between
them varies from 0◦ to 180◦ and 0◦ to −180◦ for x- and ypolarized incidence, respectively. This scenario is illustrated in
Fig. 1(b). However, currently, no structure can experimentally
realize this function to the best of our knowledge.
The polarization state of electromagnetic wave depends on
the phase difference between the orthogonal components ϕ
as
ϕ = k(nd) − ωt = k[(nd) − ct],

(1)

where k is the wave vector, n stands for the refractive index, d
is the material thickness, and c and ω denote the vacuum
speed and the angular speed of light, respectively. (nd)
represents the change of optical path, which is the term
conventionally used for modulating the polarization state of
light.1,2,6 t originates from the time delay of electromagnetic
radiation in the two orthogonal directions. Here we focus
on the contribution of time retardation between the two arms
of the L-shaped metallic pattern, which allows us to tune
ϕ of the transmitted light in the range of −180◦ to 180◦
while keeping the amplitudes of the orthogonal components
identical.
An array of gold mirror-image L patterns has been
designed [Fig. 2(a)]. Upon illumination of the incident light,
oscillation of free electrons is excited on the perpendicularly
positioned arms of the L pattern, forming two oscillating
dipoles with a certain time delay. The oscillating dipoles
radiate electromagnetic (EM) waves and, accordingly, change
the state of the transmitted light. The transmission light is
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FIG. 1. (Color online) (a) The schematic micrograph of the
Poincaré sphere. (b) Along the two half circles shown in (a), the
amplitudes of the x and y components (represented by |t1 | and |t2 |)
are identical, yet the phase difference between them varies linearly
from 0◦ to 180◦ and 0◦ to −180◦ , respectively.

the superposition of radiation light and incident light. The
optical properties of the gold structure are simulated with the
software based on the finite-difference time-domain (FDTD)
method before lithographic fabrication. For x-polarized normal
incidence, electrons on the x-orientated arm are excited first
and form an oscillating electric dipole. The oscillating x dipole
then induces an oscillating dipole in the y direction with
a retardation t. Therefore, the phase difference between
the two components of the radiation light is generated. The
polarization of the radiation can be tuned by time retardation
between two dipoles, and the transmission is consequently
manipulated. Due to the structural symmetry, y-polarized
incident light can also induce the radiation of x-polarized light.
The unique feature of this structure is that the ratio of the
amplitude of electric field of i-polarized transmitted light and
that of j-polarized incident light (i,j = x,y) remains unity.
Experimentally, an array of gold L patterns is fabricated on
a glass plate by electron beam lithography [EBL; Fig. 2(a)],
where the thickness of the gold layer is 150 nm, the length
of each arm is 900 nm, and the width is 140 nm. The size of
the unit cell is 1200 nm, and the lattice constant of the array
is selected to be 1350 nm. The transmittance of the sample
is measured with a Fourier transform infrared spectrometer
(Vertex 70v, Bruker) combined with an infrared microscope
with focal plane array (FPA) spectroscopy (Hyperion 3000,
Bruker), as schematically shown in Fig. 2(b). The total
transmission intensity for the x- or y-polarized incidence is
shown in Fig. 2(c), where |tij | stands for the amplitude of
the electric field of i-polarized transmitted light induced by
j-polarized incident light (i,j = x,y). For x-polarized normal
incidence, the induced y-polarized oscillation is in a broad
frequency range from 87 to 130 THz [Fig. 2(d)]. Due to
structural symmetry, the y-polarized incident light can also
induce the radiation of the x-polarized light. Between 87 and
130 THz, the experimentally measured ratio of amplitudes of
|txx |/|tyx | and |tyy |/|txy | are slightly higher than unity, which
could be attributed to the influence of the electromagnetic loss
of metal. In addition, small deviations of the x axis of the L
patterns of the sample and the transmission axis of the polarizer
may also lead to the asymmetry of the measured |txx |/|tyx | and
|tyy |/|txy |.
The polarization state of light is decided by both the relative
strength and the phase difference between the orthogonal

FIG. 2. (Color online) (a) SEM micrograph of the EBL-fabricated
sample. The size of this micrograph is 8.1 μm. (b) The schematics
of the experimental setup for transmittance measurement. (c) The
measured transmission intensity for x- and y- polarized incidence.
(d) The measured amplitude ratio of the x and y components. The dashed line shows a ratio of 1. (e) The phase difference
between the x and y components. The dashed lines are the linear
fitting to show the linearity in the shaded region.

components. Let ϕx(y) stand for the phase of the y component
of the transmission minus the phase of the x component of the
transmission, where the subscript denotes the polarization of
incident light. By measuring the transmission spectra with the
analyzer along 45◦ and 135◦ we are able to determine ϕx(y)
(see Sec. I of the Supplemental Material).19 It follows that ϕx
varies linearly from 0◦ to 180◦ and ϕy changes linearly from
0◦ to −180◦ [Fig. 2(e)]. This means that with the L-patterned
array shown in Fig. 2(a), the phase difference between the x and
y components of the transmitted light may vary between −180◦
and 180◦ depending on the frequency, whereas the ratio of the
x and y components remains unity. Therefore, by selecting
structural parameters, the microstructured surface can control
the polarization state of light in a broad frequency band.
The unique properties demonstrated above can be understood from the radiation feature of the surface electric current.
Upon illumination of incident light, surface electric current is
excited over the metallic structure. When the lattice constant
of the L-pattern array is less than the excitation wavelength,
−
→
we can use the effective surface electric current density j eff to
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characterize the response of the surface, which is calculated as
the average of the surface electric current density in one unit
cell. By solving the Maxwell equations, the radiation field
−
→
−
→
−
→
corresponding to j eff is obtained as E scat = −μ0 c j eff /2,
where μ0 represents the permeability.20
The physical process can be understood as follows. Upon illumination of linearly polarized light, time-dependent electric
charges accumulate at the ends of each arms of the L pattern,
forming two perpendicularly positioned, oscillating electric
dipoles. The effective inductance, resistance, and capacitance
of each unit cell, L, R, and C, characterize the dipoles in the
x and y directions, respectively.21 Since the dipoles in x and y
directions share one corner, their coupling can be represented
by a capacitance C  . It follows that
Qy
Qx
dQx
d 2 Qx
+
=U− ,
+R
2
dt
dt
C
C
dQy
Qy
d 2 Qy
Qx
+R
+
=− ,
L
dt 2
dt
C
C

L

(2)

where Qx and Qy are the electric charges forming the dipoles
in the x and y directions, respectively, and U represents the
electric potential on the x arm generated by the electric field
of x-polarized incidence. The first equation describes the
resonance of the x dipole, and Qy /C  denotes the electric
potential on the x arm applied by the y dipole. The second
equation describes the resonance of the y dipole, and Qx /C 
denotes the electric potential applied by the x dipole on the y
arm. By solving Eqs. (2), we get
 


Qx
U
1
 2

=
−1
Qy
2L ω0 − ω2 − ω2 − iγ ω
 
U
1


,
(3)
+
1
2L ω02 + ω2 − ω2 − iγ ω

The nonzero tyx indicates that the y-polarized component in
the transmitted light can indeed be induced by x-polarized
incidence. By fitting Eq. (4) to the experiment data, we get
ω = 68.3
√ THz, γ = 42.0 THz, and ω0 = 110.6 THz. At
87 THz ( ω02 − ω2 ), the amplitude of the antisymmetric mode
reaches the maximum, the amplitude ratio |txx |/|tyx | = 1, and
the phase difference ϕ = 0◦ . At the frequency of 110.6 THz
(ω0 ), the amplitude ratio is 1.004,
√ and the phase difference
is 90◦ . However, at 130 THz ( ω02 + ω2 ), the amplitude
of the symmetry mode reaches the maximum. Meanwhile,
the amplitudes of the two components remain identical, yet
their phase difference ϕ = 180◦ . Therefore, the amplitude
ratio between the two components of the transmitted light
remains unity, and the phase difference varies from 0◦ to
180◦ depending on the frequency. It should be pointed out
that for y-polarized incident light, similar results can be
achieved. For symmetry reasons, we have tyy = txx , txy = tyx ,
and ϕy = −ϕx .
To show directly the time retardation between the
two dipoles, transmission scattering-type scanning near-field
microscopy (s-SNOM)23 is applied. Due to the limitation of
the available light sources, we carry out experiments on an
enlarged structure (the lateral size is four times enlarged, yet
the thickness remains 150 nm) at λ = 9.3 μm (32.3 THz).
The topography of the sample is shown in Fig. 3(a). Here
the phase difference between the two components of the

√
√
with ω0 = 1/ LC, ω = 1/ LC  , and γ = R/L. Due to
the √
coupling of the resonators,
the resonant frequency splits
√
to ω02 − ω2 and ω02 + ω2 , which correspond to the
antisymmetric and symmetric modes, respectively.16,22 In
Eq. (3), Qx and Qy are not identical, which signifies the
time retardation existing between the resonances of the two
dipoles. The induced surface electric current on the L patterns
can be obtained by making time derivative of Eqs. (3).
The radiation field can be obtained by applying the energy
conservation condition; that is, the sum of the transmission
and reflection should equal to 1, where the transmission is the
superposition of the incident light and the radiation light (see
Sec. II of the Supplemental Material).19 It follows that the
components of the transmission matrix are expressed as
iγ ω

txx = 1 +  2
2
2 ω0 − ω − ω2 − iγ ω
iγ ω
,
+  2
2
2 ω0 + ω − ω2 − iγ ω
tyx

iγ ω

=−  2
2 ω0 − ω2 − ω2 − iγ ω
iγ ω
.
+  2
2
2 ω0 + ω − ω2 − iγ ω

(4)

FIG. 3. (Color online) The s-SNOM investigations on the
L-patterned surface. (a) The topography of the gold structures. The
bar represents 2 μm. (b) The schematics of the experimental setup
of s-SNOM. (c) Amplitude |Ez | and (d) phase ϕz of the vertical
near-field component. The incident light is y polarized (λ = 9.3 μm).
The simulated result of (e) the amplitude and (f) phase of Ez 10 nm
above the structure.
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transmission light is −90◦ for y-polarized incidence. The
s-SNOM micrograph is shown in Fig. 3(b), which is obtained
by illuminating the sample with a y-polarized plane wave from
below under normal incidence. The near-field amplitude and
phase information are obtained by mapping the light scattered
from the dielectric silicon tip with a pseudoheterodyne
interferometer24 simultaneously with the topography imaging.
Background signals are suppressed by oscillating the tip vertically at a frequency  and by demodulating the detector signal
at a higher harmonic n (n = 3). The interferometric detection
is realized with a vertically polarized reference field. Thus, the
amplitude |Ez | [Fig. 3(c)] and phase ϕz [Fig. 3(d)] of the vertical near-field component are detected. For comparison, we calculate the amplitude and phase of Ez 10 nm above the structure
with FDTD, as illustrated in Figs. 3(e) and 3(f), respectively.
The simulations are in excellent agreement with the experiments. From Figs. 3(c) and 3(d) one may find that the corners
of both the x and y arms are bright, yet the phase distributions
on the two arms are different. The phase of the top end of the y
arm is about −135◦ (orange in color), and the phase of the right
end of the x arm is about 135◦ (pink in color), as illustrated on
the bottom left L shape in Fig. 3(d). Therefore, the phase of
the y dipole is about 90◦ ahead of the phase of the x dipole.
According to Eqs. (2), the oscillating y dipole can be directly
excited by the y-polarized incidence. When the y dipole is
pointing upwards (+y direction) and Qy reaches the maximum
value, the electric field along the −x direction is induced
along the x arm, and the amplitude reaches the maximum.
Consequently, the x dipole is excited, with Qx approaching its
minimum value after a certain time retardation. The induced
x dipole can affect the y dipole in return, so they are strongly
coupled. As indicated in Fig. 3(d), when the y dipole points
upwards and the phase approaches 0◦ , the phase of the x dipole
is about −90◦ Then after a quarter of the period time, the
phase of the x dipole becomes −180◦ , which means the x
dipole points to the −x direction and the amplitude reaches
the maximum. The experimental observation confirms the
existence of time retardation since the oscillations of the x
dipole and y dipole reach their maximum at different times.
The FPA spectroscopy is applied to measure the transmission of our structure, which confirms that the patterned
surface indeed plays the role of a wave plate. Figure 4(a)
shows the scanning electron microscopy (SEM) image of
the sample, and the polarizer and the analyzer are arranged
as shown in Fig. 2(b). The A-shaped pattern is constructed
with L patterns as shown in the inset. The incident light
is x polarized, and the orientation of the analyzer can be
tuned. Figures 4(b) and 4(c) illustrate the images taken at
a wavelength of 87 THz with x-orientated and y-orientated
analyzers, respectively. In Fig. 4(b) the transmission intensity
on the A pattern is lower than the surrounding glass plate
since a portion of the energy of x-polarized incidence has been
converted to the y-polarized radiation. In Fig. 4(c), since the
glass substrate is isotropic, the substrate is dark, whereas the
converted y-polarized radiation makes the A pattern brighter.
Figures 4(d) and 4(e) are taken at 87 THz as well, where
the phase difference between the x and y components is
0◦ . The analyzer has been set at θ2 = 45◦ [Fig. 4(d)] and
135◦ [Fig. 4(e)]. In these two scenarios, the intensity passing
through the substrate is the same. The zero phase difference

FIG. 4. (Color online) FPA measurement of the A shape made of
L patterns fabricated on the glass substrate with x-polarized incidence.
(a) The SEM micrograph of the sample. The bar represents 50 μm.
The arrows in (b)–(g) stand for the direction of the analyzer. (b)–(e)
are the FPA images at 87 THz, where ϕ = 0◦ , and (f) and (g) are
taken at 130 THz, where ϕ = 180◦ .

between the x and y components at 87 THz leads to the
linear polarization with the polarization angle equal to 45◦ .
Meanwhile, if the analyzer is arranged in the 45◦ direction,
as shown in Fig. 4(d), the light intensity passing through the
A pattern reaches the maximum. If, however, the analyzer is
set at 135◦ , which is perpendicular to the polarization of the
transmitted light [Fig. 4(e)], a dark A pattern appears. We
also obtained FPA micrographs at 130 THz with the analyzer
set at θ2 = 45◦ [Fig. 4(f)] and 135◦ [Fig. 4(g)]. Meanwhile,
the phase difference between the x and y components is 180◦
[Fig. 2(e)]. It follows that in Fig. 4(f) the A pattern becomes
dark, whereas in Fig. 4(g) it turns bright, just the opposite
to what is shown in Figs. 4(d) and 4(e). Figure 4 confirms
that the L-patterned surface indeed converts part of the energy
of x-polarized incidence to the y-polarized light and hence
modulates the final polarization state.
Up to now great success has been achieved in tuning the
polarization state of light with a metasurface.12–15,18,25 It is
essential that both the amplitude and the phase difference
of the electric field in the orthogonal directions are well
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under control. In our system the ratio of the amplitude in
the orthogonal directions remains unity for a broad frequency
band, and the phase difference between them is linearly tuned.
With s-SNOM experiments, we directly verify the phase shift
between the two orthogonal dipoles. This phase shift can
be tuned by geometrical factors of the structure. Our study
demonstrates an approach for manipulating the polarization
state of light, which could be enlightening in designing
integrated optical devices.
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