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Temperature-Controlled Optical Activity and Negative

Refractive Index

Meng Liu, Eric Plum,* Hua Li, Shaoxian Li, Quan Xu, Xueqian Zhang, Caihong Zhang,

Chongwen Zou, Biaobing Jin, Jiaguang Han,

Chiral media exhibit optical activity, which manifests itself as differential retar-
dation and attenuation of circularly polarized electromagnetic waves of oppo-
site handedness. This effect can be described by different refractive indices
for left- and right-handed waves and yields a negative index in extreme cases.
Here, active control of chirality, optical activity, and refractive index is demon-
strated. These phenomena are observed in a terahertz metamaterial based on
3D-chiral metallic resonators and achiral vanadium dioxide inclusions. The
chiral structure exhibits pronounced optical activity and a negative refractive
index at room temperature when vanadium dioxide is in its insulating phase.
Upon heating, the insulator-to-metal phase transition of vanadium dioxide
effectively renders the structure achiral, resulting in absence of optical activity
and a positive refractive index. The origin of the structure’s chiral response is
traced to magnetic coupling between front and back of the structure, whereas
the temperature-controlled chiral-to-achiral transition is found to correspond to
a transition from magnetic to electric dipole excitations. The use of a four-
fold rotationally symmetric design avoids linear birefringence and dichroism,
allowing such a structure to operate as tunable polarization rotator, adjustable

linear polarization converter, and switchable circular polarizer.

1. Introduction

Over two centuries ago, Francois Arago discovered that quartz
possesses the ability to rotate the polarization state of light.!
Within a few decades, Louis Pasteur linked this effect of optical
activity to chirality.?l Optical activity corresponds to different

* and Weili Zhang*

refractive indices for left- and right-handed
circularly ~ polarized  electromagnetic
waves, resulting in polarization rotation
(circular Dbirefringence) and preferential
absorption of one circular polarization
(circular dichroism). Since then, it has
been discovered that optical activity can be
influenced by temperature,>* magnetic
field,”! electric field,®”] and light inten-
sity.®] However, optical activity is weak in
natural materials, requiring interaction
lengths that are large in comparison to
the wavelength to accumulate significant
polarization changes. This is especially
true at THz frequencies owing to the large
mismatch of THz wavelengths (hundreds
of micrometers) and characteristic dimen-
sions of crystal lattices and molecules
(about a nanometer). Changes of optical
activity in response to temperature, fields,
or light intensity can reach the same order
of magnitude as optical activity when
phase transitions are involved, but typi-
cally they are orders of magnitude weaker,
i.e., negligible. Much larger optical activity can be engineered
in metamaterials as the characteristic dimensions of such arti-
ficial materials can be chosen to be comparable to the wave-
length of the radiation of interest.’”¥ In some cases, circular
birefringence has been sufficiently large to achieve a negative
refractive index for one circular polarization or the other.'>1¢
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Electromechanically reconfigurable metamaterials have enabled
substantial electric control over optical activity,’-?!) while phase
transitions in THz metamaterials have enabled control over the
related phenomena of asymmetric transmission?” and chiral
mirrors.?]

Here, we demonstrate temperature-controlled chirality,
optical activity, and index of refraction. Switching between
effectively chiral and achiral structures is achieved by exploiting
the insulator-to-metal phase transition of vanadium dioxide
in a THz metamaterial. At room temperature, the metamate-
rial is an array of mutually twisted metallic split rings in par-
allel planes, exhibiting large circular birefringence, circular
dichroism, and a negative index of refraction. Upon heating
above the phase transition temperature, vanadium dioxide
gradually short-circuits the gaps of the rings, resulting in an
effectively achiral structure with negligible optical activity and
positive refractive index. In its chiral state, optical activity is
associated with magnetic resonant modes and magnetic cou-
pling of the split rings, while in its achiral state, the metamate-
rial exhibits an electric dipole response. The overall structure
has fourfold rotational symmetry, which avoids linear birefrin-
gence and dichroism, allowing such metamaterials to operate
as temperature-controlled polarization rotator, linear polariza-
tion converter, and circular polarizer.

2. Design and Characterization

The temperature-controlled 3D-chiral metamaterial is shown
by Figure 1. It is based on pairs of metallic split ring resona-
tors (SRRs) separated by a dielectric spacer. Looking along +z,
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3D chirality arises from a 90° clockwise rotation of the back
SRRs relative to the corresponding front SRRs (Figure 1a). Four
such split ring pairs are combined to form a fourfold rotation-
ally symmetric unit cell that ensures an isotropic response to
normally incident radiation because of absence of in-plane pre-
ferred directions (Figure 1b). Temperature control of the meta-
material is enabled by placing each SRR pair in between a pair
of matching continuous vanadium dioxide (VO,) rings, such
that the heating-induced dielectric-to-metal phase transition of
VO, short-circuits the gap of each SRR. This phase transition
of VO, occurs at a characteristic temperature of 65-68 °C and
is accompanied by a drastic change in conductivity exceeding
four orders of magnitude.?*2%1 Thus, heating transforms the
3D-chiral metamaterial into an effectively achiral structure.

To fabricate the structure, identical arrays of 150-nm-thick
VO, square rings were patterned on two sapphire substrates by
optical lithography and plasma etching (CF,/O,). In a second
lithography step, a gold SSR of 200 nm thickness was formed
on top of each VO, ring by gold deposition, patterning, and
lift-oft (Figure 1c). Then the metamaterial was assembled by
stacking the two structurally identical components with the
SRRs facing each other and spaced by a lossy polyimide slab of
33 um thickness. The metamaterial has a size of 1 cm X 1 ¢cm
and a square period of 135 um.

The spectral response of this metamaterial was optimized
by parametric analysis using CST Microwave Studio. Taking
advantage of structure’s periodicity, we modeled a single unit
cell with periodic boundary conditions in the lateral directions.
Open boundary conditions were applied in the propagation
direction. The different materials were described by a conduc-
tivity of 3.56 x 107 S m™ for gold, a dielectric constant of 9.67

Sapphire (b) Front SRRs

Back side

Receiver ll

Temperature-controlled sample

Figure 1. Metamaterial with switchable chirality. a) Unit cell, composed of pairs of identical and mutually twisted gold SRRs in parallel planes sand-
wiched in between square VO, rings with geometrical parameters h =1000 pm, d =33 um, [=33 um, w=9 um, p=135um, g=6 um, and s=7 um.
All layers are placed directly on top of each other. b) SRR layer of the unit cell, containing SRRs rotated in 90° steps to achieve an isotropic response.
c) Optical microscope image of gold SRRs and VO, square rings with a 40 um scale bar. The inset shows a photo of the whole sample. d) Sample

characterization by THz-TDS.
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for sapphire, and a dielectric constant of 2.93 with loss tangent
delta of 0.044 for polyimide. VO, was modeled with conductivi-
ties ranging from 1024 to 2.6 x 10° S m™,124%28] corresponding
to its insulating and metallic phases, respectively.

The chiral metamaterial was characterized by THz time-
domain spectroscopy (THz-TDS). The transmission coefficients
of the fabricated metamaterial were measured for the nor-
mally incident THz waves (along +2) at temperatures ranging
from 23 to 102 °C. Within the THz-TDS setup, a mode-locked
laser centered at 780 nm wavelength with 35 fs pulse dura-
tion and 78 MHz repetition rate is split into equal intensity
beams (with 10 mW average power). Each beam is then focused
on the surface of a different photoconductive antenna. One
beam is used to generate the THz transient by excitation of a
biased photoconductive antenna, while the other acts as a gate
in a photoconductive receiver to detect the THz pulse coher-
ently. The temporal shape of the THz transient is recorded by
gradually changing the relative delay between THz transient
and gate pulse while monitoring the current induced in the
external circuitry by the THz field. The signal-to-noise ratio of
the THz-TDS system exceeds 5000:1 in the experimental fre-
quency range of 0.4-1.0 THz. Fabricated samples are fixed to
an electrically controlled heater which has an aperture at its
center. Transmission measurements are performed in a drying
chamber and four polarizers are used to select and transform
THz polarizations as only horizontally polarized THz waves are
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efficiently radiated and detected in this THz-TDS system. All
presented THz transmission measurements were normalized
to spectra of a sample without gold and without VO, structures.
Transmission characteristics for circularly polarized waves were
determined by transformation from the linear polarization
basis to the circular polarization basis as described in ref. [22].

3. Results and Discussion

The transmission characteristics of the metamaterial, as it transi-
tions from its room temperature chiral state to its high temperature
achiral state, were simulated and measured. The metamaterial’s
chiral state, which has insulating SRR gaps, is modeled with a
VO, conductivity of 10 S m™' and measured at room temperature.
The phase transition is studied by increasing the metamaterial
temperature and simulated by increasing the conductivity of VO,,
which effectively eliminates the chirality of the structure by gradu-
ally short-circuiting the SRR gaps. The effectively achiral state
is measured at the maximum accessible temperature of 102 °C
and modeled with a VO, conductivity of 2.6 x 10° S m™.

Figure 2 shows the metamaterial’s temperature-dependent
transmittance spectra for THz waves of left-handed circular
polarization (LCP, shown left) and right-handed circular polari-
zation (RCP, shown right) according to simulations (top) and
measurements (bottom). Here, we define RCP (+) as clockwise
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Figure 2. Switching of the transmittance for circularly polarized waves as the VO, phase transitions from insulating to metallic. a,b) Simulated fre-
quency dependence of copolarized transmittance for LCP (=) and RCP (+) for VO, conductivities ranging from 10 to 2.6 x 10° S m™". ¢,d) Measured
frequency dependence of copolarized transmittance for LCP and RCP at temperatures ranging from 23 to 102 °C. |T;? represents the i-polarized trans-
mittance of the sample resulting from j-polarized illumination. |T_J* and |T,_|* are negligible in all cases.
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rotation of the electric field at a fixed position as seen by an
observer looking into the THz beam toward the source. |Tj|?
represents the i-polarized transmittance of the sample resulting
from the j-polarized illumination. Tj is the corresponding field
transmission coefficient, relating transmitted and incident elec-
tric fields according to E™" = T; E™. Circular polarization
conversion cannot occur at normal incidence owing to the struc-
ture’s isotropic (fourfold rotationally symmetric) design, and
indeed |T,_|* and |T_|* are zero within numerical and experi-
mental accuracy in all cases. It follows that the structure can
be described in terms of circularly polarized eigenstates. The
metamaterial’s co-polarized transmittance spectra are strongly
dependent on temperature (VO, conductivity). At room temper-
ature (10 S m™), the spectral dependencies of |T_|? and |T,?
are different from each other, exhibiting a pronounced reso-
nance just above and just below 0.65 THz, respectively. The dif-
ference between |T__|* and |T,,|* reveals the presence of circular
dichroism, i.e., chirality of the metamaterial response at room
temperature. As the metamaterial is heated above the dielectric-
to-metal phase transition of VO, to 102 °C (2.6 x 10° S m™),
the resonances vanish and |T_|? and |T,,|* become (almost)
identical, which is consistent with the expected achiral meta-
material response at high temperatures. The observed behavior
corresponds to a thermally switchable notch filter exhibiting
different low-temperature stop bands for LCP and RCP, which
are separated by 0.035 and 0.065 THz according to simulations
and experiments, respectively.
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Figure 3 illustrates the active thermal control over the meta-
material’s chiral response in terms of the manifestations of
optical activity: circular dichroism (differential transmittance
of circularly polarized waves, |T,,|* — |T_[?) and circular bire-
fringence (differential retardation of circularly polarized waves,
ZLT,, — £T_). When the metamaterial is in its chiral state, i.e.,
at low temperatures (low VO, conductivity), strong circular
dichroism and circular birefringence are associated with the res-
onance around 0.65 THz. As the structure is heated, its optical
activity reduces gradually and dramatically in the 67-75 °C
temperature range, i.e., around the dielectric-to-metal phase
transition temperature of VO,. At higher temperatures (i.e., at
high VO, conductivity), the chiral response vanishes almost
entirely, i.e., circular dichroism and birefringence become neg-
ligible. Thus, the metamaterial is a thermally tunable optically
active element. At selected frequencies and room temperature,
the structure acts as circular polarizer, with an experimentally
observed polarization contrast |T_|* / |T,|* reaching up to 78.
At the maximum of circular birefringence, which coincides with
vanishing circular dichroism, the device acts as polarization
rotator, with experimentally observed polarization rotation of up
to 33.5° (half of the circular birefringence). Both functions, cir-
cular polarizer and polarization rotator, can be switched off by
heating the device to a temperature well-above the dielectric-to-
metal phase transition temperature of VO,.

Active control of the metamaterial’s optical activity also man-
ifests in its transmission characteristics for linearly polarized
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Figure 3. Switching of optical activity as VO, transitions from insulating to metallic. Simulated frequency dependence of a) circular dichroism and
b) circular birefringence for VO, conductivities o ranging from 10 to 2.6 x 10° S m™'. Measured frequency dependence of c) circular dichroism and

d) circular birefringence at temperatures ranging from 23 to 102 °C.
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Figure 4. Switching of linear polarization conversion as VO, transitions from insulating to metallic. Simulated frequency dependence of the a) co- and
b) cross-polarized transmission amplitudes for linearly polarized waves for VO, conductivities ranging from 10 to 2.6 x 10° S m™". c) Transmitted
polarization state at 0.65 THz for incident linearly polarized waves. Measured frequency dependence of the d) co- and e) cross-polarized transmission
amplitudes for linearly polarized waves at temperatures ranging from 23 to 102 °C. f) Transmitted polarization state at 0.665 THz for incident linear
polarization. Polarization ellipses are shown as seen by an observer looking from the receiver at the source.

THz waves, see Figure 4. Owing to its fourfold rotational sym-
metry, the metamaterial properties are the same for normally
incident waves of x, y or any other linear polarization. There-
fore, the metamaterial can be characterized by transmission
amplitudes for incident and transmitted waves with either par-
allel or orthogonal linear polarizations, |Tj| and |Ti|. (Indeed,
Tyl = | T = |Ty| and |T4| = |T,,| = |T,y| within numerical and
experimental accuracy) At room temperature (low VO, con-
ductivity), the metamaterial’s resonance is associated with a
minimum of co-polarized transmission |Tj| and a maximum
of cross-polarized transmission |T1|. The latter arises from sub-
stantial rotation of the transmitted polarization state (circular
birefringence), and in case of elliptical polarization of the trans-
mitted wave also from circular dichroism. Upon heating, the
metamaterial’'s resonant and chiral response weakens dramati-
cally in the temperature window of 67-75 °C, resulting in neg-
ligible polarization changes at higher temperatures. Thus, the
metamaterial allows active polarization control and can be used
to convert a tunable fraction of a linearly polarized incident
THz wave to the orthogonal polarization state.

To reveal the microscopic origin of the metamaterial’s chiral
and achiral responses at low and high temperatures, we simu-
lated the modes excited by x-polarized illumination at 0.65 THz,
see Figure 5. The surface current oscillations are revealed by
magnetic field perpendicular to the SRR planes, which arises
from current oscillations within SRRs according to Ampere’s law.

Adv. Funct. Mater. 2021, 2010249 2010249 (5 of 8)

Our simulations reveal two types of current distributions, mag-
netic and electric dipole modes, m and d, as shown in Figure 5.

The origin of the metamaterial’s chiral response at low tem-
peratures (10 S m™ VO, conductivity) can be understood by con-
sidering how the magnetic dipole modes cause linear polarization
conversion. Strong, resonant magnetic dipole modes are excited
when the incident electric field is parallel to the middle of an SRR
wire (e.g., SRRs 1f and 2%). They are looped LC charge oscilla-
tions on the SRR that correspond to a magnetic moment oscil-
lating perpendicular to the SRR. This magnetic moment then
excites a (somewhat weaker) magnetic mode of the corresponding
90°-rotated SRR in the other layer (e.g., SRRs 1° and 2f). The
middle section of that 90°-rotated SRR wire then radiates THz
radiation with 90°-rotated polarization, causing optical activity.

Short-circuiting of the SRR gaps at high temperatures
(2.6 x 10° S m™ VO, conductivity) transforms the SRRs into
continuous rings, which cannot support the magnetic mode.
As a result, only electric dipoles consisting of pairs of weak,
nonresonant, parallel charge oscillations can be excited in the
structure. These electric dipoles, which are oriented parallel to
the excitation field, can only reradiate the incident polarization
state, causing an achiral response and transmission without
polarization change.

Optical activity breaks the degeneracy of the refractive
indices for circularly polarized waves of opposite handedness.
The difference between the real parts of the refractive indices

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Physical mechanism of switchable linear polarization conversion in the hybrid 3D-chiral metamaterial. Modes excited on the a,b) front SRRs
layer and c,d) back SRRs layer by an x-polarized 0.65 THz wave normally incident on the front side of the metamaterial when VO, is in its a,c) insulating
room-temperature phase (0=10S m™') and b,d) conductive high-temperature phase (0=2.6 X 10° S m™"). Amplitude and phase of the magnetic field H,
are shown within the SRR planes. The instantaneous directions of currents are marked by white lines with arrows. The currents correspond to magnetic
and electric dipoles, m and d, for low and high VO, conductivity, respectively. The front and back split rings are labeled 17to 47and 1° to 4°, respectively.

for LCP and RCP is proportional to circular birefringence,
while the difference between the imaginary parts of the refrac-
tive indices is linked to circular dichroism. Therefore, metama-
terials with strong circular birefringence can exhibit a negative
refractive index for one circular polarization. Retrieval of the
effective refractive indices!™>102%-31 of the 3D-chiral metamate-
rial from our simulations reveals negative values around the
metamaterial’s 0.65 THz resonance when VO, is in the dielec-
tric phase, see Figure S1 (Supporting Information). Around the
resonance, the refractive indices are strongly dependent on the
conductivity of VO,. For example, at a frequency of 0.63 THz
the real part of the refractive index for RCP increases from —5.7
via zero to +3.1, whereas the refractive index for LCP reduces
from +4.8 to +3.1 as VO, transitions from insulating to metallic,
see Figure 6a. Similarly dramatic switching of the refractive
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index for LCP from strongly negative, via zero to positive occurs
at a frequency of 0.66 THz, see Figure 6b. In all cases, the
refractive indices for RCP and LCP converge as optical activity
vanishes when the metamaterial is heated to its achiral high-
temperature state. Thus, the dielectric-to-metal phase transition
of vanadium dioxide enables dynamic control over the refrac-
tive indices for circularly polarized THz waves, where the real
part can be tuned from negative via zero to positive values.
Despite qualitative agreement, we note that resonances and
associated chiral effects are generally weaker in our experiments
than in our simulations. This may be because of fabrication
inaccuracies and larger losses in the experimental structure. The
magnitude of refractive index changes in our experiments can
be estimated from the measured circular birefringence of up
to 67° at 0.665 THz (Figure 3d). Considering the metamaterial
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Figure 6. a,b) Refractive index for RCP and LCP waves at 0.63 and 0.66 THz as a function of VO, conductivity according to numerical simulations.
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thickness of 33.7 um, this corresponds to a difference of 2.5
between the real parts of the refractive indices for LCP and RCP
at room temperature, which vanishes when the metamaterial
is heated. It follows that the temperature-controlled refractive
index changes in our experiments exceed 1 refractive index unit.

While we observe very large chiral effects from just two layers
of mutually twisted gold resonators, we note that even stronger
effects may be expected from an increased number of layers of
mutually twisted resonators.>3? Furthermore, our metamate-
rial structure is quite sparse, with clusters of resonators sepa-
rated by significant gaps. Therefore, a denser structure—with
reduced or eliminated gaps between the resonant clusters—
may be expected to yield enhanced chiral effects.

In comparison to electromechanical metamaterials,7-?!I con-
trol of chirality and its manifestations through a phase transi-
tion has the fundamental advantage that it does not require
any moving parts. Absence of mechanical components simpli-
fies the fabrication and can improve the structure’s reliability
and speed. While the response time of a mechanical structure
is limited by its fundamental mechanical resonance, phase
transitions can be very fast. Indeed, THz metamaterials with
characteristic length scales of 100 um or more have sub-MHz
mechanical resonances and will respond on milli- to micro-
second timescales. In contrast, optical switching of VO, with
picosecond optical pulses has been reported.3]

4, Conclusion

We have demonstrated temperature control of optical activity and
index of refraction in a THz metamaterial. The structure exploits
the dielectric-to-metal phase transition of vanadium dioxide to
switch between chiral and effectively achiral resonator geom-
etries. This allows its chiral properties, which are exceptionally
strong at room temperature, to be tuned and even switched off
by heating. We have observed thermal control over circular bire-
fringence, circular dichroism, linear polarization conversion, and
refractive index. Indeed, our simulations indicate that the real
parts of the refractive indices for circularly polarized waves can
be controlled from negative via zero to positive values. The meta-
material’s chiral response at low temperatures has been traced
to magnetic dipole excitations, which couple between different
layers of the 3D-chiral metamaterial. Its achiral response at high
temperatures has been explained Dby electric dipole excitations.
Chiral phase change metamaterials like the one presented here
may find applications in active polarization control as tunable
polarization rotators, switchable circular polarizers, and tunable
polarization-selective spectral filters.
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