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Abstract: The interaction of non-monochromatic radiation with arrays comprising plasmonic
and dielectric nanoparticles has been studied using the finite-difference time-domain electrody-
namics method. It is shown that LiNbOs3, TiO,, GaAs, Si, and Ge all-dielectric nanoparticle
arrays can provide a complete selective reflection of an incident plane wave within a narrow
spectral line of collective lattice resonance with a Q-factor of 10° or larger at various spectral
ranges, while plasmonic refractory TiN and chemically stable Au nanoparticle arrays provide
high-Q resonances with moderate reflectivity. Arrays with fixed dimensional parameters make it
possible to fine-tune the position of a selected resonant spectral line by tilting the array relative
to the direction of the incident radiation. These effects provide grounds for engineering novel
selective tunable optical high-Q filters in a wide range of wavelengths, from visible to middle-IR.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Design and fabrication of new compact optical elements with high-Q response in the visible,
near infrared (IR), and middle-IR wavelength ranges is a research topic in applied optics with
high priority and wide ramifications. Much attention has been focused on devices in the form
of periodic one-dimensional (1D) or two-dimensional (2D) arrays composed of plasmonic or
all-dielectric nanoparticles (NPs) with Mie resonance. New ideas underlying such devices stem
from the effect first predicted in theoretical and experimental studies of rough surfaces [1] and
particle gratings [2] further extended for regular plasmonic structures [3—8]. According to these
predictions, periodic arrays of NPs with strong electromagnetic coupling are capable to support
high-Q collective lattice resonances (CLRs) with the Fano type profile in extinction spectra due
to the interaction of fields of individual particles and the Wood-Rayleigh anomaly [9,10]. In the
general case, the lattice resonance arises in periodic arrays in which the phase of the external
field of a plane wave in the vicinity of an individual array element coincides with the phase of
the field produced by neighboring elements. If such coherence takes place within the entire
array at a given wavelength, a resonance excitation occurs at this wavelength. Thus, resonance
excitation is produced by the hybrid coupling of localized low Q-factor resonances of NPs and
their non-localized interactions covering the entire array. The spectral position and Q-factor of
these resonances depend on the geometry of the array lattice, the material composition and the

#380922 https://doi.org/10.1364/0OE.28.001426
Journal © 2020 Received 20 Oct 2019; revised 28 Nov 2019; accepted 28 Nov 2019; published 9 Jan 2020


https://orcid.org/0000-0002-9642-2050
https://orcid.org/0000-0001-5438-0684
https://orcid.org/0000-0002-4540-7408
https://orcid.org/0000-0001-8696-7455
https://orcid.org/0000-0002-2049-7259
https://orcid.org/0000-0002-7956-1702
https://orcid.org/0000-0002-5170-1697
https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.28.001426&amp;domain=pdf&amp;date_stamp=2020-01-10

Research Article Vol. 28, No. 2/20 January 2020/ Optics Express 1427 |

Optics EXPRESS

shape of the NPs. Under particular conditions, the Q-factor of such resonances can exceed the
Q-factor of a single NP by 10>—103 times.

CLRs in periodic arrays of plasmonic [11-15] and all-dielectric [16-24] NPs have been
extensively discussed during the recent decade owing to the great number of potential applications
in color printing [25-28], biosensing [29-32], lasing [33,34], fluorescence enhancement [35]
and etc [36,37]. Light transmission through 2D subwavelength hole arrays in perfect-conductor
films and the reflection on same array of nonabsorbing scatterers was shown to be complete
at same wavelength of CLR in the dipole approximation in [38,39]. In [40—-43], CLRs were
observed in the arrays of Si NPs with Q-factor values from 20 to several hundreds. Note that in
all-dielectric systems mainly silicon is used for fabricating nanoparticle arrays. In this regard,
the relevance of the analysis of materials suitable for fabricating such arrays is obvious, since a
certain material with its optical constants is best suited for each spectral range. In addition, an
analysis and optimization of the dimensional characteristics of arrays are needed for a significant
increase of the CLR Q-factors.

The goal of our paper is to verify the relevance of the concept of CLRs for solving applied
problems and the advantages they can offer. Within the frame of this goal we propose the design
of a device that makes it possible to select radiation in the reflection mode from the spectral
continuum within a tunable ultra-narrow spectral line and to control its position with a high
Q-factor. Data on the optimal structure of the device — particle size and shape — lattice period
and a particle material are obtained to achieve this goal.

2. Methods

We consider 2D arrays of nanodisks (NDs) with height H and radius R arranged in a regular
square lattice with period %, as shown in Fig. 1(a). The arrays are embedded in a homogeneous
environment with refractive index n,, = 1.45, which corresponds to quartz in the spectral range
under study. Such structures can be fabricated using a lithography technique on a quartz substrate
and subsequent sputtering a layer of quartz on top of the array. A homogeneous environment is
an important factor in the model, because the Q-factor of CLR drops dramatically in the case of
the half-space geometry, where the substrate and the superstrate have different refractive indices
[44]. The reflection spectra of such structures are calculated with a commercial Finite-Difference
Time-Domain (FDTD) method software [45]. FDTD is a widely used computational method
of electrodynamics, which in general shows excellent agreement with experimental results for
CLRs [7,14,43,46]. The optical response of the infinite array is simulated by considering a
single particle unit cell with periodic boundary conditions applied at the lateral boundaries of
the simulation box and perfectly matched layers (PML) used at the remaining top and bottom
sides, as shown in Fig. 1(b). Arrays are illuminated from the top by plane waves with normal
incidence along the Z axis and polarization along the Y axis. The reflection has been calculated
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Fig. 1. (a) Sketch of the NDs array under consideration; (b) FDTD simulation setup.
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at the top of the simulation box using a discrete Fourier transform monitor which is placed above
the plane-wave source. The angular dependencies were obtained using the broadband fixed angle
source technique [47]. An adaptive mesh has been used to reproduce accurately the nanodisk
shape. Finally, extensive convergence tests for each set of parameters have been performed to
avoid undesired reflections on the PMLs.

We study arrays of both plasmonic (TiN and Au) and all-dielectric (LiNbO3, TiO;, Si, GaAs,
Ge) nanoparticles. Figure 2 shows tabulated experimental data for the real and imaginary parts
of the complex refractive index n which have been used for each material.
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Fig. 2. Real and imaginary parts of complex refractive index n for (a) and (b) plasmonic
TiN [48] and Au [49]; (c) and (d) all-dielectric LiNbO3 [50] (here we consider only ordinary
refractive index), TiO, [51], GaAs [52], Si [53] and Ge [54].

3. Results

The lattice period 4 varies in accordance with Rayleigh anomalies (+1,0) and (0, 1), the
positions of which for the case of normal incidence and homogeneous environment with refractive
index n,, are defined as

/lp,q = hnm/ p2 + q2 B (1)

where A is the vacuum wavelength, p and ¢ are integers which represent the phase difference (in
21 units) between waves scattered by two adjacent elements of the array and incident wave in the
x and y directions. Equation (1) describes the condition of constructive interference for particles
within the XOY plane [55].

Before discussing CLRs in NP arrays we note that the shape of the NPs is an important
parameter that affects the Q-factor of the CLRs. In the calculations we examined two types of
the NP shapes: nanodisks and nanoparallelepipeds. Both shapes can be simply experimentally
fabricated [41,43]. We found that nanodisks demonstrate slightly higher value of Q-factors
compared to nanoparallelepipeds, so that the further studies were carried out only with nanodisks.

3.1. Reflection spectra of plasmonic nanoparticle arrays

Plasmonic nanoparticle arrays were the first type of structures used for observation of CLRs with
the Fano-type profile [3-5]. Au is a widely used material in these arrays for which the CLRs
are observed in the red range of the visible spectrum [6—8]. The use of TiN ND arrays provides
moderate reflectivity with a high Q-factor of CLRs in the telecommunication spectral range,
as shown in Fig. 3. The optimal TiN ND radius is 90 nm. A larger particle size results in a
decrease of the reflectivity and Q-factor. Figure 3 shows that Au ND arrays exhibit CLRs in the
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long-wavelength part of the visible and near-IR ranges with reflectivity about twice as much as
for TiN, though, with a lower Q-factor. The suppression of surface plasmon resonances in classic
plasmonic materials under extreme conditions [56—58] may result in a reduction of the Q-factor
and CLR amplitude. The use of refractory TiN alleviates this problem, keeping quite high values
of Q-factor even for heated NDs [15], which is advantageous for using arrays exhibiting CLRs at
high temperatures.
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Fig. 3. Reflection spectra for TiN (left) and Au (right) ND arrays with: (a) fixed A = 1100
nm, and for different R = H as shown in legend; (b) fixed 4 = 650 nm, and for different
R = H as shown in legend; (c) and (d) corresponding quality factors of CLRs; (e) fixed
R = H = 90 nm and for different % as shown in legend; (f) fixed R = H = 55 nm and for
different / as shown in legend; (g) and (h) corresponding quality factors of CLRs.

3.2. Dielectric nanopatrticle arrays
3.2.1. Reflection spectra

In the case of dielectric nanoparticle structures the main intrinsic property which makes them
attractive refers to the combination of high real part of the refractive index Re(n) and a low
imaginary part Im(n) for different spectral ranges which ensures low absorption inside the
particles. Figures 2(c) and 2(d) show, in particular, the refractive indices of the following suitable
lossless materials satisfying these requirements: LiNbO3, TiO», Si, GaAs, Ge. In this paper we
have selected materials for each spectral range to obtain high-Q CLR in each given case. Two
materials were chosen for the visible spectral range: LiNbO3 and TiO».
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First of all, we begin by discussing the general features regarding CLRs in arrays of dielectric
nanoparticles. We should note that in arrays with large dielectric particles with a size of tens of
nanometers and above, the conditions arise for the appearance of a magnetic dipole resonance
along with an electric dipole excitation. The geometric parameters of the array such as period,
size and shape of nanoparticles significantly affect the position of electric and magnetic dipole
resonances and enable to suppress the magnetic dipole resonance as well as to prevent the
appearance of several close lines in the spectrum instead of a single line which is unacceptable
for selective narrow-band filters in the tuning spectral range.

Studies of the radiation reflection from NP arrays call for a clarification of what type of
resonance excitation is associated with reflection and what is its origin. Figure 4(a) shows two
overlapping spectral lines in the reflection spectrum of the LiNbO3; ND array associated with
the excitation of both electric dipole and magnetic dipole CLRs. Different values of the lattice
periods used in the calculations make it possible to detect the appearance of a magnetic dipole
resonance in the reflection spectrum separately from the electric dipole excitation band. For
instance, Figs. 4(b)—4(g) show the configuration of electric and magnetic fields in orthogonal
planes inside a unit cell for the wavelength 4 = 365 nm Figs. 4(b) and 4(e), for 4 = 370 nm
Figs. 4(c) and 4(f), and for A = 474 nm Figs. 4(d) and 4(g). We can see that at A = 365 nm, the
field configuration corresponds to the magnetic dipole along X axis while at 4 = 370 nm and
A =474 nm it is typical for electric dipole along Y axis (see also [41,42,59]). Calculations for all
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Fig. 4. (a) Reflection spectra of the LiNbO3 ND arrays with R = H = 60 nm for different
lattice period & (shown in legend), (b), (e) configurations of the electric and magnetic fields
at A = 365 nm (the period 4 = 250 nm); (c), (f) configurations for 2 = 370 nm (the period
h =250 nm); (d), (g) configurations for period # = 325 nm at A = 474 nm.
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subsequent spectra in the paper were also preceded by an analysis of CLRs to confirm its electric
dipole nature.

The effect of the aspect ratio (R/H) of the NDs on the obtained dependencies is of particular
interest. We look for maximum values of the reflection coefficient in combination with high
Q-factors of the CLRs provided by an optimal value of the particle aspect ratio R/H which in our
case is close to 1. The results in Fig. 5 demonstrate that for a fixed value of the particle radius
R = 60 nm and a decrease in R/H<1 due to the growing particle height H, the Q-factor starts
to decrease while the reflection coefficient remains equal to 1. This is accompanied by a red
CLR shift. When R/H>1 by reducing the height, the Q-factor is growing, but at the same time
the reflection coefficient decreases. In this case we observe a blue CLR shift. At a fixed height
H = 60 nm, an increase in the radius in aspect ratio R/H>1 results in a drop in the Q-factor and a
red shift of CLR while maintaining the reflection coefficient equal to 1. A decrease in the radius
in R/H<1 is accompanied by an increase in the Q-factor and a simultaneous fall in the reflection
coefficient with a blue CLR shift.
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Fig. 5. Dependencies of the reflection spectra of the LiNbO3 ND array with period & = 400
nm on a ND aspect ratio: (a) variation of the ND height H at R = 60 nm, (b) variation of the
ND radius R at H = 60 nm.

Figures 6(a)-6(d) with reflection spectra of LiNbO3 and TiO, ND arrays show that the larger
the particle size, the lower the Q-factor, but at the same time the higher the reflection coefficient.
So the optimal combination of these factor gives a particle radius of 60 nm with a Q-factor
equal to 103, Figures 6(c)-6(d) and 6(g)-6(h) show that employing these materials in ND arrays
provides ultra-narrowband resonances in the entire visible range with a Q-factor over 10° and
high reflection. The utilization of TiO; in ND arrays also provides high reflectivity and Q-factor,
however, with smaller size of the particle — 50 nm compared to LiNbOj3 that results in narrowing
the spectral range with high reflectivity, see Fig. 6. The next step is to vary the lattice period
with the given optimal radius. Calculations show that the Q-factor of the CLR increases with
wavelength.

The best materials for the near-IR range are Si and GaAs. These materials in the IR range
demonstrate the properties of dielectrics (Fig. 2) with a near-zero imaginary part of the refractive
index and its high real part, which makes it possible to excite Mie resonances in such particles with
radius below 100 nm — much smaller than the wavelength. Figure 7 shows the reflection spectra of
Si ND arrays with ND radii R = 100, 110, and 120 nm and radius/height ratio R/H = 1. Besides
that, Fig. 7 shows that CLRs with reflected radiation appear in the entire telecommunication
wavelength range by varying the array period. In [43] authors experimentally studied CLRs in
near-IR range in the reflection mode in Si ND arrays with Q-factor equals 300 — 10 for ND aspect
ratio 2.4 —3.78 and H = 100 nm. As follows from Fig. 7, the ND parameters used in [43] could
not provide higher Q-factor because of too large particle sizes and non-optimal aspect ratio R/H
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Fig. 6. Reflection spectra for LiINbO3 (left) and TiO; (right) ND arrays with: (a) and (b)
fixed & = 400 nm and different R = H as shown in legend; (c) and (d) corresponding quality
factors of CLRs; (e) fixed R = H = 60 nm and for different / as shown in legend; (f) fixed
R = H = 50 nm and for different / as shown in legend; (g) and (h) corresponding quality
factors of CLRs.

over 3 instead of 1. Figure 7 shows that Q-factor can be much higher for considered parameters
of arrays.

Reflection spectra for GaAs ND arrays have optimal characteristics in the range between visible
and telecom wavelengths (Fig. 7). The optimal ND radius equals 70 nm and period 600-700 nm
with an ultrahigh Q-factor.

The use of the Ge ND arrays provides high reflectivity and Q-factor in the middle-IR range
with optimal ND radius 165 nm. A smaller size of the particle results in a decrease of reflectivity,
larger ones are accompanied by lower Q-factors (Fig. 8).

Besides, we note one more important feature of the CLRs in the studied arrays, namely that
minor array defects, that may occur during their experimental fabrication, do not significantly
affect the Q-factor of the CLRs [60].

3.2.2. Scale invariance of collective lattice resonances

Arrays of all-dielectric NPs demonstrate an important feature in conditions of utilizing materials
with zero dispersion: the spectral position of CLR in NP arrays as all-dielectric systems can
be predicted by multiplying all dimensional parameters of the array (particle radius, height
and lattice period) by the same number K. The new resonance position will correspond to
KA (where A is the previous wavelength value, see Fig. 9). This feature is a consequence of
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Fig. 7. Reflection spectra for Si (left) and GaAs (right) ND arrays with: (a) fixed 2 = 900
nm, and for different R = H as shown in legend, (b) fixed & = 700 nm, and for different
R = H as shown in legend; (c) and (d) corresponding quality factors of CLRs; (e) fixed
R = H = 100 nm and for different 4 as shown in legend; (f) fixed R = H = 80 nm and for
different / as shown in legend; (g) and (h) corresponding quality factors of CLRs.
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(c) and (d) corresponding quality factors of CLRs.
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the scale-invariance of Maxwell’s equations in the case of non-absorbing and non-dispersive
materials. This is the easiest way to predict reflection at a specific wavelength. So if we determine
the optimal parameters of the structure (with maximum reflectivity and the CLR Q-factor) by
applying the multiplier K to all lattice parameters we can predict the resonance position at any
required wavelength. Figures 9(a) and 9(b) show a twofold (for TiO, ND array) and 1.5 (for Si
ND array) increase in the parameters of the arrays with corresponding shift of the resonance
lines, which demonstrates the scale invariance of CLRs. Note, however, that spectra in Fig. 9 are
slightly different at various wavelength ranges for the same material due to small variations of
the refractive index, as shown in Fig. 2. Nevertheless, scale invariance allows to design and to
fabricate optical filters for operation in an arbitrary spectral range from near to far-IR.
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Fig. 9. Reflection spectra for (a) TiO; and (b) Si ND arrays with different sizes but with
fixed R/H and h/R ratios.

3.3.  Fine tuning the resonance line using the angular dependence of reflection

The possibility of employing NP arrays for spectral selection of radiation with desired wavelengths
in the reflection mode requires deflection of the selected monochromatic radiation away from
the incidence direction of the non-monochromatic radiation by tilting the array at least a few
degrees. The results of an investigation of this possibility are shown in Fig. 10. It was found that
the slope of the array in the range of 1° < @ < 4° is accompanied by a slight decrease in Q-factor
of resonance and reflection coefficient. However, the more important effect of this tilting is the
shift of the resonance line to the short-wavelength range by about 3 nm when tilting in one plane,
and to the long-wavelength range by over 100 nm in another plane. Obviously, the found property
of arrays makes it possible to use them for spectral selection and to fine-tune the spectral position
of the resonance line to the required wavelength.

Our calculations indicate that at larger angles (a>4°), the resonance shift continues to grow.
However, with the increase in the angle up to @>20°, additional resonances with growing
amplitude start to emerge at the short-wavelength wing of the CLR, which along with a decrease
of the CLR Q-factor impair the selectivity of filtration. To prevent such effects, one should limit
the angle to 8—10° or less. Similar results have been obtained for other materials.

Figures 10(c) and 10(d) demonstrate a slight decrease in the CLR Q-factor from Q = 3.6 - 103
fora =0°to Q =2.9-10° and Q = 10° for @ = 4° for TM polarizations, and its increase for TE
polarizations with subsequent decrease, respectively. Figure 10 also demonstrates different effects
of tilting the array around the Y axis for different polarization of incident radiation. Rotations
of the array around the Y axis for TE polarization turn up to be more sensitive to positions of
the CLRs than for TM polarization. The explanation of this feature is given considering that
the Wood-Rayleigh anomaly in this case follows simple rules. The condition for constructive
interference for the case of oblique incidence and square unit cell (the wave vector is in XOZ
plane) reads as

kxh =2np + khsina, kyh =2nq. 2)
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Fig. 10. (a) Sketch of the vector configuration for TM and TE polarization, (b) spectral
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angle (solid lines) and corresponding positions of reflectance maxima (partially filled circles);
The incidence angle dependence of the reflection spectra for Si ND array with 2 = 900 nm
and R = H = 100 nm for (¢c) TM and (d) TE polarizations.

Here ki, ky, are x and y components of the scattered wave vector, « is the angle between the wave
vector of the incident wave and the Z axis, and k is the absolute value of the wave vector of the

incident wave: 5
k= ”;"’ = 2+ 12 3)

For the case of p = 0, which corresponds to the TM polarization, we have

A= g, )
q
while for TE polarization (g = 0)
ﬂ:nm(lisina)h’ )

+p

which describe the angular dependence of the spectral shift for both polarizations. These fast and
slow dependencies are shown in Fig. 10(d) and do fully correspond to the spectral features in
Figs. 10(a) and 10(b).

Effect of tilting 1D metal-dielectric grating on the position of the CLR spectral line with
demonstration of its red shift as the angle of incidence increases was shown in particular in [61],
whereas in [43], a blue shift is observed. Our Egs. (2)—(5) explain this difference. Note that
in 1D particle arrays (gratings) [61], the control of position of the extracted spectral line from
spectral continuum in the reflection mode with adjustable accuracy by tilting the array in two
planes is impossible compared to 2D arrays.

4. Conclusion

Based on the results obtained in this work we can make the following conclusions.

Periodic structures consisting of dielectric highly refractive nanoparticles with low absorption
demonstrating collective lattice resonances can be used in the reflection mode as selective
ultra-narrowband spectral filters. The position of the spectral lines can be adjusted using the
lattice period.
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Arrays with nanoparticles of various shapes (nanodisks and nano-parallelepipeds) demonstrate
similar optical properties and can be synthesized by different available experimental techniques.

Dielectric nanoparticle arrays are preferable structures for lossless narrowband reflection
compared to plasmonic ones with low refraction and significant absorption of highly conductive
materials in the range of the collective lattice resonances.

The geometric parameters of dielectric nanoparticle arrays such as period, size and shape of
nanoparticles significantly affect the position of electric dipole resonance in a spectrum and
makes it possible to suppress the magnetic dipole resonance as well as to prevent the appearance
of several close lines or their splitting in the reflection spectrum instead of a single line that is
unacceptable for selective narrow-band filters in the tuning spectral range.

The use of arrays of plasmonic nanoparticles makes it possible to achieve a high-Q CLR
response in conditions of strong NP heating (TiN), chemically aggressive media or biological
environments (Au, TiN) in spite of a low value of the reflection coefficient. The results obtained
indicate that the most suitable material can be determined by taking into account the optical
characteristics as well as operating conditions.

Scale invariance of dielectric NPs arrays makes it possible to design and fabricate filters for
operation in arbitrary spectral ranges with low dispersion materials from near to far-IR.

The nanoparticle arrays in the reflection mode demonstrate an optical filtering effect with fine
tuning of the spectral position of the resonance line to the required wavelength by means of tilting
the array with respect to the incident radiation.

The proposed model provides a quantitative interpretation of the angular dependence of the
characteristics of a collective lattice resonance for different geometries of the radiation incidence
onto the array.

The findings presented in the this work lay the ground for the design and engineering of novel
selective tunable optical high-Q filters in a wide range of wavelengths, all the way from the
visible down to mid-IR, which are useful for a multitude of applications within applied optics.
Various common highly refractive dielectric materials can be used for selecting specific spectral
ranges. The criteria for precision in the production of the filters are largely met by contemporary
fabrication technology [43,62], making it possible to validate our models and predictions for
further fine tuning of the design for special application purposes.
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