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Electromagnetic Bloch-like oscillations in Fibonacci metamaterial

waveguide arrays

LI Zhao-hong'*, HAN De-zhuan?
(1. State Key Laboratory of Optoelectronic Materials and Technologies, Chongqing University of Arts
and Sciences, Chongging 402160, China;
2. College of Physics, Chongqing University, Chongqing 401331, China)
* Corresponding author, E-mail: at12309@163.com

Abstract: This paper investigates optical transport in metamaterial waveguide arrays (MMWAs) exhibiting
Bloch-like oscillations (BLOs). The MMWAss is fabricated by laterally combining metal and dielectric layers
in a Fibonacci sequence. By mapping the field distribution of Gaussian wave packets in these arrays, we dir-
ectly visualize the mechanical evolution in a classical wave environment. Three distinct oscillation modes are
observed at different incident positions in the ninth-generation Fibonacci structure, without introducing thick-
ness or refractive index gradient in any layer. Additionally, the propagation period of BLOs increases with a
redshift of the incident wavelength for both ninth- and tenth-generation Fibonacci MMWAs. These findings
provide a valuable method for manipulating BLOs and offer new insights into optical transport in metamater-

ials, with potential applications in optical device and wave control technologies.
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1 Introduction

The well-known Bloch oscillation (BO) was
first predicted in 1929 for a periodic potential ex-
cited by an external homogeneous static electric
field. As a classical prediction, BO remained an
elusive phenomenon for over six decades due to rap-
id decoherence in electronic systems. This funda-
mental problem was finally resolved with the
groundbreaking experimental observation of BOs in
semiconductor superlattices by Feldmann et al.”.
Since then, superlattices in waveguide arrays have
emerged as an ideal platform for observing both lin-
ear and nonlinear optical Bloch oscillations™. In re-
cent years, abundant novel phenomena related to
imaging polarimetry have been observed in various
systems, including optical analog processing!, me-
talens imaging polarimetry™, and angular spectrum
differentiation’. To date, BOs have been extens-
ively investigated in a wide range of optical sub-mi-
cron and nanoscale optical systems, such as coupled

7-12

optical waveguides” "%, period-doubling topological

systems!"®!, Floquet-Bloch oscillations!"¥, acoustic

1% and quantum particles in periodic

superlattices!
media under the influence of a constant external
force!'". Efforts are also underway to fabricate a uni-
form thickness metamaterial structures, such as mul-
tilayer metamaterials™ and nanoscale optical
devices!"l.

Currently, significant resources are being alloc-
ated to the development of the BOs in MMWAs due
to their potential for carrying optical signals via
evanescent electromagnetic waves, which propag-
ate along the interface between metal and dielectric
layers in various dispersive systems®*!, For in-
stance, BOs have been realized in three-dimension-
al waveguide arrays by introducing a refractive in-
dex gradient in dielectric layers™ and in chirped
metal-dielectric structures?l.

The recognized principle underlying optical

doi: 10.37188/C0O.EN-2024-0033

CSTR:32171.14.CO.EN-2024-0033

BOs is the coupling of evanescent waves in adja-
cent waveguides, which results in the formation of a
collective supermode. Due to the alternating total in-
ternal reflection and the transverse Bragg reflection
at the boundaries, this collective supermode is con-
fined to a specific region of the waveguide array and
propagates along the longitudinal direction. To the
best of our knowledge, for the general case, the real-
ization of BOs in waveguide arrays requires either a
transverse gradient in the effective refractive index
or a monotonic variation in the adjacent layers. This
condition is analogous to the constant electric field
required for BOs of electrons in a periodic potential.
Specifically, the gradient in the effective refractive
index induces a variation in the propagation con-
stant, which follows a linear relationship described
by B = kon, where k, represent the wave vector in
the volume. Hence, it is evident that both the re-
fractive index and the thickness of the layers play
crucial roles in realizing BOs in periodic waveguide
arrays.

Quasiperiodic systems represent an intermedi-
ate state between periodic and disordered systems,
exhibiting long-range order without translational
symmetry. Fibonacci is a common and representat-
ive quasiperiodic system generated through iterat-

7281 Unlike the periodic system with a

ive rules!
gradient modulation, the optical thickness of qua-
siperiodic systems is non-monotonic due to the ab-
sence of translational symmetry. In this paper, we
aim to investigate Bloch-like Oscillations (BLOs) in
a planar Fibonacci quasiperiodic MMWA. The fab-
rication is achieved using an ultrahigh vacuum elec-
tron beam evaporation system on a chemically
cleaned glass substrate.

In this paper, we propose a planar Fibonacci
waveguide array composed of silver and silicon di-
oxide to theoretically demonstrate spatial BLOs.
Periodic oscillations are observed in the ninth- and
tenth-generation Fibonacci MMWA using the exact

field distributions of the incident Gaussian pulse. In
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particular, we identify three distinct types of collect-
ive oscillation modes when a Gaussian pulse of the
same wavelength is incident on different positions
of the ninth-generation structure. The oscillation
period increases with the redshift of the incident
wavelength for both the ninth- and tenth-generation
Fibonacci structures. Our work provides a flexible
platform for implementing various interesting phe-
nomena based on metamaterials and has potential
applications in manipulating the emergence of
BLOs.

2 Results and discussion

This study investigates plasmonic BLOs in

MMWASs using theoretical analysis and numerical

simulation techniques. The simulation models are
implemented using the Finite Difference Time Do-
main (FDTD) method, which provided explicit and
dynamic solutions. During the simulation, the Per-
fect Electric Conductor (PEC) layers are applied to
both sides along the X-direction, and the Perfect
Magnetic Conductor (PMC) layer are applied to
both sides along the Z-direction, serving as numeric-
al absorbing boundary conditions.

The quasiperiodic waveguide arrays are con-
structed using a Fibonacci structure composed of
two types of layers: A and B. Type A consists of
dielectric silicon dioxide layers, while Type B con-
sists of metamaterial silver layers. According to the
recursion formula, the ninth-generation Fibonacci

quasiperiodic MMWA is configured as follows:

S = ABAABABAABAABABAABABAABAABABAABAABABAABABAABAABABAABABA

The graphical representation of the ninth-gen-
eration MMWA is shown in Fig. 1. The thicknesses
of layer A and layer B are dy =28 nm and dy =
20 nm respectively. To simplify the analytical dis-
cussion, we ignore the dielectric dispersion and
losses in the metal layer. We choose the dielectric
permittivity g0, = 2.126 6. The real part of the per-
mittivity for the silver in the Drude model is &g
(es ~ 1 =@ /w?) in the high frequency limit. The
plasma frequency @, is that of the reference®. The
transport property is effectively defined by the real
part, while the imaginary part corresponds to the at-
tenuation. Hence, only the effect of the real part is
considered in the FDTD simulation.

The amplitude profile of a Transverse Magnet-
ic (TM) polarized Gaussian pulse, which is normal

incident along the Y-direction, has a specific form

H, = exp(—(x—xy?)/26%), where the incident posi-
tion and Full Width at Half Maximum (FWHM)
are x, and 6 =200 nm, respectively. For conveni-
ence, the coordinate system’s origin is set at xo =
0.686 um, which is the center of the twenty-eighth
slit dielectric layer shown in Fig. 1 (color online).
The FDTD program Optiwave OptiFDTD is used to
perform the simulation™".,

The trajectory of the Gaussian pulse is simu-
lated in the quasiperiodic MMWA. It should be
mentioned that the wave dispersion relation is calcu-
lated by the transfer-matrix method, since the entire
Fibonacci structure can be regarded as a unit in the
periodic structure®", even the fact that the structure
is the absence of translational symmetry. Thus, the

pseudo-dispersion relation can be written as:

cos[ky(da +dp)] = cos(kydx) cos(kydy) — (Kie2 + k3e? |2k  ky&,84) sin(k,dy ) sin(kydg) QD)

with k12 = {/(€amky —k2), where k, is the free space

wave vector, and k, and k. are the Bloch wave vec-
tor along the X-direction and the propagation con-
stant along the Z-axis. In general, a simple way to
obtain photonic BOs is to introduce a gradient
change of the optical thickness between two adja-

cent waveguide layers®?. Therefore, we first intro-

duce a permittivity gradient « for dielectric layer,
where @ € (0,0.15). In general, there are 34 dielec-
tric layers in the ninth Fibonacci quasiperiodic MM-
WA, and the permittivity of the Nth layer is ¢, =
g+a(N-1), where N=1,2---34 and g, =1.0.
Then, the photonic band diagram of the graded
MMWA is shown in the Fig. 1(b). An inclined band
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gap appears for a Gaussian pulse with wavelength
ranging from 100 nm to 600 nm when the incident
pulse propagates along the X-direction, which is
well matched in Bragg mirrors, to some extent”, The
lower index layers in the ninth Fibonacci MMWA
without gradient permittivity are the equivalent to
the barriers, and the lower index layers play the role
of quantum wells in conventional semiconductor su-
perlattices. Thus, the adjacent microcavities, which
are the layers in the structure, are coupled to each
other. And the coupling leads to the photonic Bloch-
like oscillations, which are a collected supermode of

the localized states with non-commensurate.

O 4r Z direction

Wavelength/nm

0 0.05 0.10 0.15
o

Fig. 1 (a) Schematic illustration of the 2D quasiperiodic
waveguide array. The blue and green layers repres-
ent the silicon dioxide dielectric layer and the silver
layer, respectively. The electromagnetic waves are
incident along the Y-direction. The amplitude of the
Gaussian pulse is shown in the red line. And the
circle shows the intensity distribution. (b) The band
diagram of the graded MMWA with a gradient ain-
creasing from 0 to 0.15 for the dielectric permittiv-
ity with a relation of &, =&y +a(N-1). Red regions
represent the minigaps, white regions represent the

minibands

The electromagnetic evolution of the pulse in
the waveguide array can be simulated as shown in

Fig. 2 (color online).

X:0.014 02
Y:3.536
Z:27

X/pm

X:0.014 02

X/um

\,

Period/um
o

2 T T )
350 450 550 650 750

Wavelength/nm

Fig.2 (a) and (b) show contours of magnetic field intens-
ity |H,| for Gaussian pulses with 1=460 nm and
A=488 nm, respectively simulated by the FDTD
method. (c) The simulated period of the BLO in the
waveguide arrays depends on the incident light
wavelength (4= 405, 460, 488, 514, 532, 589, 635,
650, 694 nm, respectively)

The results regarding optical BLOs are shown
in Fig. 2(a), where a Gaussian pulse with FWHM
0 =200 and wavelength 1 =460 nm is incident on
the right side of the waveguide arrays at the posi-
tion xo = 0. The simulated contour of the magnetic
field |}L| for a Gaussian pulse with 2 =460 nm is
shown in Fig. 2(a). It can be observed that an ex-
cited oscillating mode spreads over several wave-
guides and undergoes a discrete diffraction. Finally,
the oscillation periods plotted in Fig. 2(b) are about
3.54 um and 4.19 pum, respectively, while the corres-
ponding oscillation amplitudes have approximately
the same value of 0.5 pum. In view of the fact that,
quasiperiodic incommensurate MMWA deals with
inhomogeneous refractive index, that the maximum
value of the dielectric constant is 2.13 in the region
below the position xy, while the permittivity of sil-

ver is approximately —11.54. We associate the local-
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ization of the electromagnetic field with the layers
adjacent to the quasiperiodic structure, which have
similarities to the electronic field influenced by a
non-uniform force in a non-periodic potential.

When the Gaussian pulse impinges on the posi-
tions x=0.34, x=0 and x=-0.34, respectively,
the distribution of magnetic field intensity is shown

in Fig. 3 (color online).

0.5 -

X/pm

2 4 6
Position/um

(o]

Fig.3 Contours of magnetic field intensity |H,| for a Gaus-
sian pulse impinging on the positions x = 0.34, x =0
and x =—-0.34

By comparing the Fig. 3(a)—3(c), we can iden-
tify some remarkable features. Firstly, there are
three different types of collective oscillation modes
in which the electromagnetic field is initially in-
clined to oscillate in the positive and negative direc-
tions along the X-axis. The oscillating direction de-
pends on the incident position. For x, = 0.314, the
excited mode oscillates along the negative direction
of the X-axis. Conversely, for x =0 and x = -0.34,
the excited mode oscillates along the positive direc-
tion of the X-axis and some of the electromagnetic
field also spills out in the reverse direction. Se-
condly, there are slight distinctions between the
periods of each oscillating mode corresponding to
5.92 pm, 6.04 um and 5.85 um from Fig. 3(a) to
Fig. 3(c). Lastly, the pattern of the magnetic field

distribution differs significantly, with a noticeable

increase in the field energy leakage around x = —-0.5
in Fig. 3(c) due to tunneling between the neighbor-
ing layers.

Fig. 4 shows the simulated results of the mag-
netic field evolution within the ninth-generation
Fibonacci quasiperiodic waveguide arrays for the
Gaussian pulse impinging on the fixed position
x=0.21. The incident wavelengths of the Gaussian
pulse are 488 nm, 514 nm and 532 nm, respectively.
According to the above analyses, the coordinates of
the trough for the oscillation shift gradually from
z=73.85 to z=4.92, while the distribution of the
magnetic field is mainly confined to the area
between x = 0.48 and x = —-0.22.

X/pum

X/um

X/um

2 4 6
Position/um

oo

Fig. 4 (a)—(c) Contours of magnetic field intensity |H,|for
Gaussian pulse impinging on the position of x =

0.21
Additionally, in another general scenario, sev-
eral different Gaussian pulses are selected to im-
pinge on the tenth generation Fibonacci MEWA.
The field distributions with the same pattern
which are the Bloch-like oscillations are shown in
Figs. 5(a)—(c). The input port of the Gaussian pulse
is x=0.34. From Figs. 5(a)-5(c), it can be ob-
served that all the oscillations initially start with
along the positive direction of the X-axis. The peri-
ods of oscillation for the input wavelengths of A=
488 nm, 514 nm, 532 nm are 4.89 pum, 5.56 pm,
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5.89 um, respectively. This observation also con-

firms a redshift, consistent with the one found in the

3 Conclusion

ninth-generation Fibonacci MEWA.

1.0 In summary, we have investigated spatial

_ U BLOs in the ninth- and tenth-generation Fibonacci
é 70.(5) planar quasiperiodic waveguide arrays using FDTD
10 simulations. Three distinct collective oscillation
1.0 modes were observed in the ninth-generation qua-

0.5 siperiodic structure based on the evolution of the

é 0 electromagnetic field. Additionally, we found that
05 the oscillation period increases with the redshift of
o the incident wavelength for both Fibonacci struc-
(1):(5) tures. The non-monotonic optical thickness also in-

\g 0 fluences BLOs, which are distinctly different from
5 -0.5 those observed in periodic structures. As a result,
-1.0 the findings presented in this paper provide a flex-

2 Posi‘t‘ion jum 6 5 ible platform for implementing a variety of interest-

Fig.5 (a)—(c) Contours of magnetic field intensity |H,| for ing phenomena related to metamaterials and may

Gaussian pulse impinging on the position of x = 0.34 have potential applications in manipulating the

in the tenth Fibonacci waveguide arrays emergence of BLOs.

References:

[1]

BLOCH F. Uber die quantenmechanik der elektronen in kristallgittern[J]. Zeitschrift fiir Physik, 1929, 52(7): 555-600.

[2] FELDMANN J, LEO K, SHAH J, et al.. Optical investigation of Bloch oscillations in a semiconductor superlattice [J].
Physical Review B, 1992, 46(11): 7252-7255.

(3]  MORANDOTTI R, PESCHEL U, AITCHISON J S, ef al.. Experimental observation of linear and nonlinear optical
bloch oscillations[J]. Physical Review Letters, 1999, 83(23): 4756-4759.

(4] DENG M, COTRUFO M, WANG J, ef al.. Broadband angular spectrum differentiation using dielectric metasurfaces[J].
Nature Communications, 2024, 15(1): 2237.

[5] HUANG ZH R, ZHENG Y Q, LI J H, et al.. High-resolution metalens imaging polarimetry[J]. Nano Letters, 2023,
23(23): 10991-10997.

[6] BERND K, MAXIM E. Angular bloch oscillations and their applications[J]. Quantum Science and Technology, 2025,
10(1): 015025.

[7] LENZ G, TALANINA I, DE STERKE C M. Bloch oscillations in an array of curved optical waveguides[J]. Physical
Review Letters, 1999, 83(5): 963-966.

[8] BREID BM, WITTHAUT D, KORSCH H J. Bloch-Zener oscillations [J]. New Journal of Physics, 2006, 8: 110.

[9] BLOCK A, ETRICH C, LIMBOECK T, et al.. Bloch oscillations in plasmonic waveguide arrays[J]. Nature
Communications, 2014, 5(1): 3483.

[10] WETTER H, FEDOROVA Z, LINDEN S. Observation of the Wannier—Stark ladder in plasmonic waveguide arrays [J].
Optics Letters, 2022, 47(12): 3091-3094.

[11] ZHAO Y, CHEN Y, HOU ZH SH, et al.. Polarization-dependent Bloch oscillations in optical waveguides[J]. Optics
Letters, 2022, 47(3): 617-620.

[12] LIJH,HU G W, SHI L N, ef al.. Full-color enhanced second harmonic generation using rainbow trapping in ultrathin
hyperbolic metamaterials[J]. Nature Communications, 2021, 12(1): 6425.

[13]

KHAN N, WANG P, FU Q D, ef al.. Observation of period-doubling Bloch oscillations[J]. Physical Review Letters,


https://doi.org/10.1103/PhysRevB.46.7252
https://doi.org/10.1103/PhysRevLett.83.4756
https://doi.org/10.1038/s41467-024-46537-9
https://doi.org/10.1021/acs.nanolett.3c03258
https://doi.org/10.1088/2058-9565/ad8ae4
https://doi.org/10.1103/PhysRevLett.83.963
https://doi.org/10.1103/PhysRevLett.83.963
https://doi.org/10.1088/1367-2630/8/7/110
https://doi.org/10.1038/ncomms4483
https://doi.org/10.1038/ncomms4483
https://doi.org/10.1364/OL.458954
https://doi.org/10.1364/OL.448090
https://doi.org/10.1364/OL.448090
https://doi.org/10.1038/s41467-021-26818-3
https://doi.org/10.1103/PhysRevLett.132.053801

54 1 LI Zhao-hong, et al. : Electromagnetic Bloch-like oscillations in Fibonacci ...... 953
2024, 132(5): 053801.

[14] ZHANG ZH, L1 Y, CHEN CH H, et al.. Polychromatic photonic Floquet-Bloch oscillations[J]. Optics Express, 2024,
32(6): 10703-10714.

[15] SANCHIS-ALEPUZ H, KOSEVICH Y A, SANCHEZ-DEHESA J. Acoustic analogue of electronic Bloch oscillations
and resonant Zener tunneling in ultrasonic superlattices [J]. Physical Review Letters, 2007, 98(13): 134301.

[16] NATALE G, BLAND T, GSCHWENDTNER 8, et al.. Bloch oscillations and matter-wave localization of a dipolar
quantum gas in a one-dimensional lattice [J]. Communications Physics, 2022, 5(1): 227.

[17] ZHANG W X, YUAN H, WANG H T, et al.. Observation of Bloch oscillations dominated by effective anyonic particle
statistics [J]. Nature Communications, 2022, 13(1): 2392.

[18] PRADHAN S K, XIAO B, SKUZA J R, et al.. Effects of dielectric thickness on optical behavior and tunability of one-
dimensional Ag/SiO, multilayered metamaterials [J]. Optics Express, 2014, 22(10): 12486-12498.

[19] MAIER S A, BRONGERSMA M L, KIK P G, et al.. Plasmonics—a route to nanoscale optical devices[J]. Advanced
Materials, 2001, 13(19): 1501-1505.

[20] ZHANG J X, ZHANG L D, XU W. Surface plasmon polaritons: physics and applications[J]. Journal of Physics D:
Applied Physics, 2012, 45(11): 113001.

[21] OZBAY E. Plasmonics: merging photonics and electronics at nanoscale dimensions [J]. Science, 2006, 311(5758): 189-
193.

[22] ZHOU Y, LIU Q, WANG CH K, et al.. Trapping effect and trajectory control of surface plasmon polaritons in a metal-
dielectric-metal waveguide[J]. Physical Review A, 2020, 102(6): 063516.

(23] LIN W H, CHEN Y F, WANG W J. Array periodical nanofocusing effect in nanoscale three-dimensional surface
plasmon polariton waveguide arrays [J]. Journal of the Optical Society of America B, 2020, 37(3): 762-766.

[24] LIN W H, WANG W J. The spatial plasmonic Bloch oscillations in nanoscale three-dimensional surface plasmon
polaritons metal waveguide arrays[J]. Optics Express, 2019, 27(17): 24591-24600.

[25] DAVOYAN A R, SHADRIVOV I V, SUKHORUKOV A A, et al.. Plasmonic Bloch oscillations in chirped metal-
dielectric structures[J1. Applied Physics Letters, 2009, 94(16): 161105.

[26] MEDINA-MAGALLON J E, PEREZ-AGUILAR H, ZHEVANDROV-BOLSHAKOVA P, et al.. Excitation of surface
plasmon polaritons in photonic crystal waveguides that involve dispersive metamaterial [J]. Journal of Physics:
Conference Series, 2019, 1221: 012010.

[27] LI ZH H, PANG X N, DONG ] W, et al.. Electromagnetic Bloch-like oscillations in one-dimensional quasicrystal
consisting of negative permeability metamaterial [J]. Europhysics Letters, 2011, 95(3): 36004.

[28] VASCONCELOS M S, ALBUQUERQUE E L. Plasmon-polariton fractal spectra in quasiperiodic multilayers[J].
Physical Review B, 1998, 57(5): 2826-2833.

[29] RAETHER H. Surface plasmons on smooth surfaces{M]/RAETHER H. Surface Plasmons on Smooth and Rough
Surfaces and on Gratings. Berlin, Heidelberg: Springer, 1988: 4-39.

[30] LOURENCO P, FANTONI A, FERNANDES M, et al.. FDTD analysis of Aluminum/a-Si: H surface plasmon
waveguides [J]. Proceedings of SPIE, 2018, 10526: 105262D.

[31] VERSLEGERS L, CATRYSSE P B, YU Z F, et al.. Deep-subwavelength focusing and steering of light in an aperiodic
metallic waveguide array[J]. Physical Review Letters, 2009, 103(3): 033902.

[32] MALPUECH G, KAVOKIN A, PANZARINI G, et al.. Theory of photon Bloch oscillations in photonic crystals[J].
Physical Review B, 2001, 63(3): 035108.

Author Biographics:

LI Zhao-hong (1983—), male, born in Jining City, Shandong Province, Associate Professor, received his
Ph.D. from Sun Yat-sen University in 2012. He is mainly engaged in the research of the interaction of light
with optical structures. E-mail: at12309@163.com


https://doi.org/10.1364/OE.519007
https://doi.org/10.1103/PhysRevLett.98.134301
https://doi.org/10.1038/s42005-022-01009-8
https://doi.org/10.1038/s41467-022-29895-0
https://doi.org/10.1364/OE.22.012486
https://doi.org/10.1002/1521-4095(200110)13:19<1501::AID-ADMA1501>3.0.CO;2-Z
https://doi.org/10.1002/1521-4095(200110)13:19<1501::AID-ADMA1501>3.0.CO;2-Z
https://doi.org/10.1088/0022-3727/45/11/113001
https://doi.org/10.1088/0022-3727/45/11/113001
https://doi.org/10.1126/science.1114849
https://doi.org/10.1103/PhysRevA.102.063516
https://doi.org/10.1364/JOSAB.384450
https://doi.org/10.1364/OE.27.024591
https://doi.org/10.1063/1.3119666
https://doi.org/10.1088/1742-6596/1221/1/012010
https://doi.org/10.1088/1742-6596/1221/1/012010
https://doi.org/10.1209/0295-5075/95/36004
https://doi.org/10.1103/PhysRevB.57.2826
https://doi.org/10.1103/PhysRevLett.103.033902
https://doi.org/10.1103/PhysRevB.63.035108
mailto:at12309@163.com

	1 Introduction
	2 Results and discussion
	3 Conclusion
	参考文献

