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All-Oxide Metasurfaces Formed by Synchronized Local Ionic
Gating

Hyeon Han, Arpit Sharma, Jiho Yoon, Zhong Wang, Chris Körner, Hakan Deniz,
Ankit K. Sharma, Fan Li, Chris Sturm, Georg Woltersdorf, and Stuart S. P. Parkin*

Ionic gating of oxide thin films has emerged as a novel way of manipulating
the properties of thin films. Most studies are carried out on single devices
with a three-terminal configuration, but, by exploring the electrokinetics
during the ionic gating, such a configuration with initially insulating films
leads to a highly non-uniform gating response of individual devices within
large arrays of the devices. It is shown that such an issue can be
circumvented by the formation of a uniform charge potential by the use of a
thin conducting underlayer. This synchronized local ionic gating allows for the
simultaneous manipulation of the electrical, magnetic, and/or optical
properties of large arrays of devices. Designer metasurfaces formed in this
way from SrCoO2.5 thin films display an anomalous optical reflection of light
that relies on the uniform and coherent response of all the devices. Beyond
oxides, almost any material whose properties can be controlled by the
addition or removal of ions via gating can form novel metasurfaces using this
technique. These findings provide insights into the electrokinetics of ionic
gating and a wide range of applications using synchronized local ionic gating.

1. Introduction

Ionic gating (IG) has attracted increased attention in recent
years as a means of manipulating the physical properties of
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various thin films.[1–19] IG goes beyond
conventional gating, such as that of a field
effect transistor, by taking advantage of
electrochemical changes engendered by
large electric fields created within electric
double layers (EDL) formed at an elec-
trolyte/solid interface. Examples include
thin films of an antiferromagnetic in-
sulator, brownmillerite SrCoO2.5, whose
volume can be entirely converted into
a ferromagnetic metal, the perovskite
SrCoO3-𝛿 by IG[11,12] or vice-versa.[10,13]

To date, most studies of IG have been
carried out using single devices with a
three-terminal configuration.[1–19] The uni-
formity of the gating response across arrays
of devices is critical for diverse applications.
We show, by using time- and spatially-
resolved in situ transport measurements
and optical imaging, that the response to IG
can be highly non-uniform when the film
is initially insulating. Here we demonstrate
that this limitation can be overcome by the

formation of a uniform charge potential using a conducting thin
underlayer. For large numbers of devices, this allows for what
we will term “synchronized local IG”. This concept enables us to
locally manipulate the electric, magnetic, and optical properties
of a given material so as to create arrays of distinct nano-sized
regions within the host material over a large area. Thus, we can
create all-oxide metasurfaces with properties beyond those of
the individual nano-regions. As an example, we demonstrate the
creation of designer planar oxide metasurfaces from continuous
layers of SrCoO2.5 that display an anomalous reflection of light at
infrared wavelengths. Such metastructures in a single layer are
distinct from conventional metasurfaces,[20–36] including those
based on oxide materials,[31–36] which are typically composed of a
dielectric oxide matrix decorated by deposited arrays of metallic
structures. This new concept provides for the local control of
electrical, magnetic, and optical properties over a large area and,
thereby, the electrical creation of all-oxide metasurfaces.

2. Results and Discussion

We discuss IG on thin films of the brownmillerite SrCoO2.5
(BM-SCO), which is an antiferromagnetic insulator that has oxy-
gen vacancy channels (OVCs) within oxygen-deficient tetrahe-
drally coordinated cobalt layers (Figure 1a).[13] This phase is con-
verted by IG to the perovskite SrCoO3-𝛿 (P-SCO) phase which is a
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Figure 1. IG-induced phase transformation of SrCoOx films. a) Schematic illustration of IG-induced reversible phase transformation between BM- and
P-SCO. The black, gray, blue, and red spheres indicate Sr, Co (octahedrally coordinated), Co (tetrahedrally coordinated), and O ions, respectively. b)
Temperature-dependent resistivity of a 30 nm thick SCO thin film deposited on STO (001). The as-deposited BM-SCO is an insulator. After ionic liquid
gating at −3 V for 10 min, the film is transformed to P-SCO with a decrease in resistivity by ≈3.5 orders of magnitude. P-SCO reverts to BM-SCO when
a positive gate voltage of 3 V is applied for 10 min. c) Magnetic hysteresis loops measured at 100 K. A clear hysteresis loop is shown only for P-SCO. d)
RSM of pristine and gated STO/LSMO/SCO. The formation of the P-SCO structure after gating is clear. All films and substrates exhibit identical (h00)
values, indicating coherent epitaxial growth without any significant in-plane lattice relaxation.

ferromagnetic metal (FM). Epitaxial BM-SCO thin films, 30 nm
thick, were deposited on SrTiO3 (STO) (001) substrates using
pulsed laser deposition (PLD). A metallic underlayer, formed
from a 5 nm thick LSMO layer, was grown on the STO substrate
prior to the growth of the BM-SCO layer. (Note that the trans-
port and magnetic properties of the SCOx films themselves were
measured on films without the LSMO underlayer since the lat-
ter is both metallic and magnetic). These data show, consistent
with prior studies,[10,13] that IG at negative gate voltages (Vg) re-
sults in a phase transformation from an insulating phase with-
out any significant magnetization to an FM phase (Figure 1b,c;
Figure S1a, Supporting Information). The reverse transforma-
tion takes place at positive Vg. The structures of both the pris-
tine and gated SCO films were investigated by several techniques
(Figure S1b–e, Supporting Information). Cross-sectional scan-
ning transmission electron microscopy (STEM) using high-angle
annular dark-field imaging shows that the as-deposited film has
a BM structure with distinct OVCs that are oriented parallel to
the substrate and that the gated structure has a typical cubic per-
ovskite structure. The structures prepared with or without the
LSMO underlayer are otherwise close to each other. The OVCs
lead to distinct 𝜃−2𝜃 X-ray diffraction (XRD) peaks, for example,
(002), (006), and (0010), due to the alternate stacking of layers of
octahedrally and tetrahedrally coordinated Co. Reciprocal space

mapping (RSM) studies (Figure 1d) reveal that all films and cor-
responding substrates exhibit nearly identical (h00) values, indi-
cating coherent epitaxial growth without significant in-plane lat-
tice relaxation, while the out-of-plane lattice parameters reveal an
≈3.3% contraction after gating.

Notably, the SCO films show distinct changes in their optical
properties namely the refractive index (n) and extinction coeffi-
cient (k) after IG, indicating that this system can be used for op-
tical devices, especially at infrared wavelengths (see Figure S2,
Supporting Information).

To realize IG over large areas, an important question con-
cerns the electrokinetics, that is, the time-dependent IG response
across the film resulting from the electrically driven motion of
ions. This is first investigated. Two counter electrodes (CEs) were
deposited on both sides of the film. A gate electrode, formed from
a thin Au foil with a large area comparable to that of the film, was
placed close to the film (see Figure 2a,b; Figure S3a, Supporting
Information). The film, gate electrode, and CEs were completely
covered by the ionic liquid (IL). In addition, six channels, each
60 μm long and 20 μm wide, and spaced by 400 μm center to cen-
ter, were patterned on the SCO films to measure the resistance
(R) of each of the channels using current sources and nanovolt-
meters, while applying Vg between the gate electrode and CEs us-
ing a source meter (See Experimental Section for more details).
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Figure 2. Time- and space-resolved in situ measurements during ionic gating. a,b) Schematics of the in situ transport measurement devices. The ionic
liquid covers six electrically floating channels patterned in the device. CE is the counter electrode. The resistance of three channels was measured during
IG. c) Time-dependent resistance (R) curves of three channels during gating for STO/SCO and STO/LSMO/SCO devices. d) Schematic of the in situ
optical imaging device. The color change of the channels was recorded during IG. e) The recorded optical images versus gating time for STO/SCO (left)
and STO/LSMO/SCO (right) devices. In the device without the LSMO layer, the channels clearly darken progressively from those closest to the CEs to
those farthest away, while the device with conducting LSMO layer leads to a simultaneous gating over the entire area. The corresponding movies are
shown in Videos S1 and S2.

Data for two sets of devices formed from SCO and LSMO/SCO
films, respectively, are shown in Figure 2c. The SCO device shows
a time-delayed response in the evolution of the resistance after
the Vg is applied, which increases as the distance between the
channel and the CE increases, whereas the time evolution of the
resistance is the same for all channels for the LSMO/SCO de-
vice. Thus, these data indicate that the IG process is much more
uniform for the wafer with the metallic underlayer.

The IG-induced material transformation was also monitored
by changes in the optical properties of the individual channels.
For this purpose, devices with six channels, each with an area
of 800 × 200 μm2, were fabricated, as shown in Figure 2d and

Figure S3b (Supporting Information). For the wafer without
the conducting underlayer, the channels are transformed pro-
gressively from those closest to the CEs to those farthest away,
whereas, for the wafer with the metallic underlayer, all channels
are transformed at similar rates (see Figure 2e, Video S1 for
STO/SCO, and Video S2 for STO/LSMO/SCO, Supporting
Information). Notably, these effects are even more critical when
gating arrays of nano-sized regions (≈200 nm) in the form of
V-shaped antennas (Figure S4, Supporting Information) to form
optical metasurfaces. The fabrication process will be described,
in detail, later. In Figure S5 (Supporting Information), the
width of the antennas, after gating, becomes larger and merges

Adv. Mater. 2024, 2401064 2401064 (3 of 8) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202401064 by M
PI 349 M

icrostructure Physics, W
iley O

nline L
ibrary on [07/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 3. Emergent electric, magnetic, and optical textures by synchronized IG of SrCoO2.5 thin films. a) Schematic diagram of the formation of an oxide
metamaterial by synchronized local IG. b) Surface topography (AFM) and c) corresponding current map (CAFM) at room temperature. d) MFM phase
image measured at 50 K and an in-plane magnetic field of 1 T. The gated structures (P-SCO) reveal larger current and higher phase shifts compared
to the matrix area (BM-SCO), indicating the local creation of ferromagnetic metal textures within the antiferromagnetic insulating matrix. e) Amplitude
and f) phase contrast of the optical near-field detected via s-SNOM using x-polarized incidence light. The low signals of the gated regions compared to
the surrounding matrix and the observed phase shift of the scattered light are caused by the metallic absorption of the gated antennas.

together for the gated regions closer to the CE contacts for the
wafer without the metallic underlayer. In contrast, the antennas
for the LSMO/SCO device display a uniform size independent
of their distance from the CEs. The optical reflection measure-
ments (Figure S6, Supporting Information) carried out on these
samples reveal clear anomalous reflections for the LSMO/SCO
device, while the SCO device rather shows a noisy signal. Thus,
understanding electrokinetics during IG is critical for both
fundamental science and for applications.

The proposed mechanism of IG across the device is depicted
in Figure S7 (Supporting Information). The ionic gating process
is based on a two-step electrochemical reaction:[1,2,37] 1) a voltage
(here the gate voltage, Vg) causes motion of ions within the ionic
liquid and, thereby, the formation of an electric double layer in
which, within the ionic liquid at the oxide layer surface, a layer of
positively charged ions or negatively charged ions (i.e., the con-
stituents of the ionic liquid), depending on the sign of the gate
voltage, is formed. This leads to 2) screening by charge accumula-
tion within the oxide layer and/or the subsequent ion migration
into/out of the lattice. In our experiments, the intercalation of
O2− ions into the SCO film leads to a phase change from SrCoO2.5
(BM-SCO) to SrCoO3 (P-SCO). The observed non-uniform gating
response is a consequence of the time delay in the formation of
the EDL across the film surface. When we apply Vg to an insulat-
ing film, the charged ions of the IL initially accumulate near the
CEs enabled by the capacitive coupling between the large area
gate electrode and the two CEs. This leads to the formation of
the EDL near these CEs on a part of the SCO layer in the vicinity

of the CEs. This results in the metallization of the SCO via the
addition of oxygen driven by the large vertical electric fields
within the EDL. This leads to an increased capacitive coupling
between the gate electrode and the device and, thereby, more oxy-
gen is added to the SCO layer (within the channels) that are fur-
ther removed from the CE. Thus, progressively, the channels in
the SCO layer are metalized further and further away from the
CE. Therefore, the process is limited by the gradual lateral met-
allization that starts from both of the CEs (which are positioned
on either side of the SCO layer) toward the interior until all the
SCO channels are metalized. When the metallic LSMO under-
layer is used, then the entire SCO is capacitively coupled to the
gate electrode from the beginning allowing for the simultaneous
metallization of all the channels in the SCO layer at the same
time. This is, as we find, a much faster process.

By using the concept of synchronized IG, we fabricated all-
oxide metasurfaces, as illustrated in Figure 3a. Electron beam
lithography (EBL) was used to pattern a resist layer that had been
spin-coated onto the film. The subsequent development of the re-
sist was used to create a mask with an array of nanoscopic orifices
that allow for access to the surface of the film. We used the V-
shaped antenna patterns that can effectively generate the anoma-
lous reflection of light due to an abrupt phase shift in the light
path.[22–25] The antennas consist of two arms that are connected
to each other at specific angles (see Figure S4, Supporting Infor-
mation). The individual V-antennas have a width (a) of ≈200 nm.
Arrays of antennas are repeated with a period (Γ) of 16 μm. Af-
ter the resist patterning, the two CE contacts were formed on the
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Figure 4. SrCoOx metasurface formed by synchronized local IG. a) Schematic view of the experimental setup for measurement of reflectivity from the
meta-surface. The wavelength and incident power are 8.05 μm and 4 mW, respectively. The incident polarization is along the y-axis, while the reflection
was measured along the x-polarization (cross polarization). b) Incidence angle-dependent reflection power maps. The black dashed line represents
the ordinary reflection (N = 0), while the red dashed lines (N = ±1) are anomalous reflections calculated from the generalized Snell’s law. The grey
area indicates experimentally inaccessible angles. c) Incidence angle-dependent reflection power spectra. d) Finite element simulations of the SrCoOx
metasurface at different incidence angles. The phase distribution of the reflected waves in the air is illustrated. The incident and reflection wave directions
are indicated by the black and red arrows, respectively. The incident and reflection angles are shown in black and red text, respectively. The angles of the
anomalous reflections are consistent with theoretical and experimental results.

device. An Au foil plate was placed next to the gate electrode in a
boat. The device and gate electrode were then covered with a drop
of ionic liquid. Then, Vg was applied between the gate electrode
and CEs. The synchronized IG with the aid of the conducting
LSMO layer allows for the local phase transformation of insulat-
ing BM-SCO into metallic P-SCO through these orifices. After
gating, both the liquid and the resist mask were removed using
chemical solvents (see Experimental Section for further details).

The V-antennas formed by synchronized local IG were ex-
amined by both atomic force microscopy (AFM) and conductive
atomic force microscopy (CAFM) to investigate any changes in
their size and edge quality as a function of gating time (Figure S8,
Supporting Information). When the gating time is too long, the
antennas start to become wider due to in-plane ionic diffusion.
However, for optimized gating times (here 4 min for Vg = −3 V)
well-defined antennas are formed, as shown by the AFM and
CAFM maps in Figure 3b,c. Interestingly the antennas have
a height that is ≈1 nm lower than the surrounding ungated
regions, which is consistent with the contraction of the P-SCO
lattice as compared to that of BM-SCO, as inferred from RSM.
Note that the pristine film showed a smooth surface with a root-
mean-square roughness of ≈0.37 nm (Figure S9, Supporting
Information). Thus, such small changes (≈1 nm) in surface
height after gating can be detected. The antennas show a signif-
icantly higher conductance than the surrounding matrix and, in
addition, show a net magnetic moment, both properties expected
for the FM P-SCO phase. The magnetism is readily seen using
magnetic force microscopy (MFM) imaging (see Figure 3d).

To investigate the optical properties of the V-antenna arrays,
scattering scanning near field optical microscopy (s-SNOM)[38]

is utilized. This method allows for the detection of both the am-
plitude and phase of the scattered light, as shown in Figure 3e,f
respectively. The amplitude map reveals an increased absorption
in the gated regions. This is expected for the optical response
of materials with a moderate imaginary part of the index of re-
fraction (see Figure 1e,f). In the vicinity of the antennas, a phase
shift of 𝜋/2 is observed and related to the metallic absorption.

Based on the significant change in reflectivity found in the
SNOM measurements, we expect optical diffraction effects from
the structured array in the far-field. A deviation from Snell’s law
induced by the periodically structured meta-surface is expected.
The sub-wavelength pattern generates a spatially varying phase
modulation which can be described by the generalized Snell’s
law of reflection:[24]

sin
(
𝜃r

)
− sin

(
𝜃i

)
= N

𝜆0

2𝜋ni

dΦ
dx

(1)

where 𝜃i is the incidence angle,𝜃r is the reflection angle, 𝜆0 is
the incidence wavelength, ni is the refractive index of air (≈1),
and dΦ/dx is the phase gradient along the film surface. N corre-
sponds to the order of the diffraction, where N = 0 corresponds
to ordinary reflection. In the far-field reflection measurements, y-
polarized incident light illuminates the SCO metasurface formed
by the synchronized local IG, as illustrated in Figure 4a. In
Figure 4b, the x-polarized component of the reflected light is
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mapped as a function of the angles of incidence and reflection.
N=±1 represents anomalous reflection, and the red dashed lines
describe the calculated anomalous reflection angles based on the
generalized Snell’s law. The raw data of the reflection profiles are
shown in Figure 4c and Figure S10 (Supporting Information).
Then, the reflection efficiency (%) was calculated by dividing the
reflection power (Pr) by the incidence power (Pi) of 4 mW, that is,
the efficiency (%) = Pr/Pi (See Figure S11, Supporting Informa-
tion). The efficiencies of the anomalous reflections (marked by
asterisks) are as low as ≈10−2% which is due to the small optical
contrast between the pristine and gated materials along with the
signal degradation by the cross-polarization measurements.

To further support our experimental results, the propagation
of the wavefronts emitted from the metasurface is simulated.
Figure 4d illustrates the phase distribution of the reflected waves
in air. The incident and reflection wave directions are indicated
by the black and red arrows, respectively. The incident angle-
dependent anomalous reflection angles are in good agreement
with the generalized Snell’s law and our experimental results (see
Table S1, Supporting Information) as the anomalous reflection
angles are mainly determined by the period (Γ) of the V-antenna
arrays. These results demonstrate that the all-oxide nanostruc-
ture arrays created by the synchronized local IG function as an
optical metasurface.

3. Conclusion

In summary, the electrical creation of all-oxide metamaterials
composed of locally gated nano-structures was demonstrated via
synchronized local IG of continuous oxide thin layers. We first in-
vestigated the kinetics of IG by in situ transport measurements
and optical imaging, revealing that the typical three-terminal
configuration[1–19] in combination with initially insulating oxide
layers leads to highly spatially non-uniform gating. We show
that this can be overcome by forming a uniform charge poten-
tial through a conducting (under) layer, enabling local control of
electrical, magnetic, and optical properties over large areas in a
SrCoO2.5 thin film grown on a conducting LSMO layer. This con-
cept was used to create all-oxide metasurfaces that exhibit anoma-
lous optical reflection of light. This approach can be generalized
beyond oxides, to a wide variety of other materials[8,9] whose phys-
ical properties are significantly modified by IG. Thus, diverse
applications using our approach of synchronized local IG are
possible.

4. Experimental Section
Film Growth: Epitaxial BM-SCO films were grown on STO (001) sub-

strates by reflection high energy electron diffraction-assisted PLD using a
248 nm KrF excimer laser at a growth temperature of Tg = 770 °C. An oxy-
gen partial pressure p(O2) = 10 mT and a laser fluence of 0.8 J cm−2 were
used. For a conducting underlayer, an LSMO film was grown at T = 750 °C,
p(O2) = 200 mT, using a laser fluence of 1 J cm−2 with post-annealing at
T = 750 °C and p(O2) = 500 Torr for 30 min. The thicknesses of SCO and
LSMO layers were 30 and 5 nm, respectively.

Device Fabrication: All devices were fabricated using ≈5 × 5 mm2 area
chiplets cut from 1 × 1 cm2 area substrates using a diamond scriber. V-
antenna arrays were patterned onto the film using EBL (Figure 3a) with
a positive-tone ≈200 nm thick resist (AR-P 6200.09). Gating of these

devices was carried out by placing the fabricated devices inside a poly-
tetrafluoroethylene (PTFE) boat and covering it and an adjacent gold plate
(the gate electrode: 0.5 mm thick, and ≈5 × 5 mm2 in area) with an
ionic liquid that was dried in a vacuum chamber (<10−6 mbar) at 110 °C
for at least 12 h. DEME-TFSI (N, N-diethyl-N-methyl-N-(2-methoxyethyl)
ammonium bis(trifluoromethanesulfonyl)imide) was used. After gating,
the ionic liquid was first removed by acetone, and the resist was then
removed using AR 300–76, and isopropyl alcohol, successively, at room
temperature. The V-antenna design is shown In Figure S4 (Supporting
Information).

Devices for in situ transport measurements and in situ optical imaging
(Figure S3, Supporting Information) were fabricated by standard photo-
lithographic techniques. Electrical contact pads were formed from an Au
(70 nm) layer that was deposited on a Ru (5 nm) layer using ion beam
sputtering (SCIA coat 200). Two CEs on either side of the chiplet and 6
pairs of electrodes for channel contacts were made. Then, windows in a
photoresist layer were made for the six channels (60 × 20 μm2 for in situ
transport and 2800 × 200 μm2 for in situ imaging) and CE contacts. Each
CE was spaced 400 μm from the center of the closest channel, and the
centers of each channel were spaced 400 μm from each other. Finally, the
device was gated in a PTFE boat using the ionic liquid DEME-TFSI, whilst
monitoring the resistance or color changes of each channel.

Characterization: 𝜃 − 2𝜃 XRD scans and RSM were carried out using
a Bruker D8 Discovery X-ray four-circle diffractometer employing Cu-K𝛼
radiation with a tube voltage of 40 kV and a current of 40 mA. Temper-
ature and magnetic field-dependent magnetization measurements were
carried out using an MPMS3 SQUID (Superconducting Quantum Interfer-
ence Device) magnetometer. Surface topography and current maps were
performed by conductive atomic force microscopy (Asylum Research) us-
ing Ti/Ir coated silicon tips. A 500 MOhm resistor was connected in se-
ries with the tip. MFM experiments were carried out in a variable tem-
perature Attocube system equipped with a 2D vector superconducting
magnet. Magnetic tips from Nanosensors (PPP-LM-MFMR) were used.
STEM-HADDF measurements were carried out using a FEI Titan 80–300
transmission electron microscope at an acceleration voltage of 300 kV.
The optical properties of the pristine and gated films were measured by an
IRSE ellipsometer (J.A. Woollam). The data were analyzed by a two-layer
model for the SCO film and STO substrate. The spectra were analyzed
wavelength-by-wavelength, and then the analytic function was described
by a dielectric function model. In situ transport measurements were car-
ried out in a physical property measurement system (Quantum Design).
Gate voltages were applied using a Keithley 2450A source meter. To mea-
sure the channel resistance, constant currents of 200 and 50 nA were ap-
plied to LSMO/SCO and SCO devices, respectively, using a Keithley 6221
current source, and the voltage was monitored by a Keithley 2182A nano-
voltmeter. An optical microscope (Carl Zeiss, Axiotron 2) was used for the
inspection of the fabricated devices. In situ optical microscopy imaging
was carried out with a Dino-Lite digital microscope (5 MP, AnMo Elec-
tronics) using a white LED source. The films‘ resistivity measurements
were carried out for a channel size of 65 × 30 μm2 in a physical prop-
erty measurement system (Quantum Design). Gate voltages were applied
using a Keithley 2450A source meter. For the channel resistivity measure-
ment, a constant current of 1 μA was applied using a Keithley 6221 current
source, and the voltage was measured by a Keithley 2182A nano-voltmeter.
s-SNOM (Neaspec) was used to characterize the optical response of the
gated (−3 V, 10 min) STO/SCO device in the near field, with 5.1 μm light
focused on the structures in a transmission geometry from the backside.
This allowed for a homogeneous excitation with wavefronts parallel to the
sample surface and, thus, an excitation phase independent of lateral po-
sition. The instrument used a Pt-coated cantilever operated in tapping
mode (f = 250 kHz). The scattered light was collected by mirrors and fo-
cused on a mercury cadmium telluride detector. Angle-dependent optical
reflection power was scanned. The incidence angle relative to the sample
normal was varied from −80° to 80° by rotating the sample stage, while
the detector was scanned from −90° to 90°. The incident wavelength and
power were 8.05 μm and 4 mW, respectively. The incidence light was po-
larized along the y-axis, and a cross-analyzer in front of the detector was
employed.

Adv. Mater. 2024, 2401064 2401064 (6 of 8) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Finite Element Simulations: Finite element simulations of the electro-
magnetic field were made with Comsol Multiphysics 5.4. Far-field simu-
lations were carried out for a physical volume of 32 × 22 × 89 μm3 us-
ing the wave optics module. An Ey-polarized electromagnetic wave (8 μm
wavelength) was incident from the air side. A 1 μm-thick BM-SCO thin film
with a 2 × 11-unit cell P-SCO antenna array on a 10 μm thick STO substrate
was modeled. Here, the refractive index (n) and extinction coefficient (k)
of BM-SCO and P-SCO (gated from BM-SCO) films that were measured
using ellipsometry (Figure 1e,f) were used. Periodic boundary conditions
were used for side boundaries to model an infinitely large meta-surface.
Scattering boundary conditions were used for the top and bottom bound-
aries to absorb electromagnetic waves without any reflection. Tetrahedral
meshes were used for all domains, and triangular meshes were used for
all boundaries. The meshes at the thin film were no larger than 0.6 μm.
The meshes in other regions were no larger than 1.6 μm.
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