
Hyperbolic nanoresonators with tunable optical
response

1st Olga A. Kochanowska
Faculty of Physics

University of Warsaw
Warsaw, Poland

olga.kochanowska@fuw.edu.pl

2nd Filip Ligmajer
Central European Institute of Technology

Brno University of Technology
Brno, Czech Republic

filip.ligmajer@ceitec.vutbr.cz

3rd Tomasz J. Antosiewicz
Faculty of Physics

University of Warsaw
Warsaw, Poland

tomasz.antosiewicz@fuw.edu.pl

Abstract—Hyperbolic metamaterials exhibit a high local den-
sity of optical states, enabling strong enhancement of spontaneous
emission. Here, we aim to design tunable hyperbolic metasurfaces
by incorporating phase-change materials (PCMs) into their
structure. Such structures allow for modulation of their optical
response through reversible phase transitions. We present tunable
hyperbolic nanoresonators in which the Purcell factor increases
by over 20-fold after the phase transition. Owing to their ability
to switch between distinct optical states, such metasurfaces are
promising candidates for applications in integrated photonics.

Index Terms—Hyperbolic metamaterials, phase-change mate-
rials, Purcell factor

I. INTRODUCTION

Hyperbolic metamaterials (HMMs) enable control of light in
ways unseen in conventional isotropic materials. Their unique
optical properties stem from extreme anisotropy, wherein
one diagonal component of the dielectric permittivity tensor
has a sign opposite to the other two. This results in an
isofrequency contour in the shape of an open hyperboloid,
meaning that even waves with large wavevectors can propagate
in HMMs [1]. Such behavior can be achieved in composite
materials such as metal–dielectric multilayers or conductive
nanorods embedded in a dielectric medium. The flexibility
in tuning the material and geometric parameters of HMMs
enables the design of structures with tailored optical responses.
The ability to support high-k waves, in turn, leads to an in-
creased local density of optical states (LDOS). Consequently,
HMMs can efficiently couple to an external emitter and
enhance its spontaneous emission (SE) rate via the Purcell
effect.

Control of spontaneous emission enhancement is vital for
applications such as single-photon sources, broadband emit-
ters, and quantum information technologies [2]. Hyperbolic
metamaterials therefore appear to be promising candidates for
these applications. However, their practical implementation is
limited by difficulties in fabricating deeply subwavelength el-
ements, as well as by the dominance of non-radiative emission
channels in bulk HMMs [3]. Indeed, the Purcell factor (PF)
and radiative emission enhancement (REE) of bulk HMMs
are lower than those of a simple insulator–metal–insulator
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structure [4], [5]. Nevertheless, outcoupling energy from non-
radiative modes can lead to considerable improvement [2].
For instance, nanopatterning a bulk HMM into a diffraction
grating can enhance the Purcell factor by a factor of 76 [6].
Further structuring of HMMs into nanoscale cylinders results
in radiative emission enhancement exceeding 100 [7].

Furthermore, incorporating phase-change materials into a
multilayer structure provides HMMs with a tunable optical
response. Under external stimuli, such as heating or laser
pulses, PCMs undergo transitions between phases with differ-
ent crystalline structures [8]. A particularly promising PCM
is vanadium dioxide (VO2), which undergoes a transition
from a low-temperature insulating phase to a high-temperature
conductive phase at 67◦C. This highly stable material can
withstand up to 107 optical switching cycles without deterio-
ration. Owing to its relatively low transition temperature and
high stability, VO2 is a promising material for memristors in
integrated photonics [9]–[11].

In this work, we numerically model hyperbolic nanores-
onators exhibiting broadband tunable Purcell factor enhance-
ment. By combining VO2 with a metal in a multilayer struc-
ture, we create an effective material that switches between
hyperbolic and anisotropic dispersion at 67◦C. Similarly, a
multilayer consisting of VO2 and a dielectric behaves as an
anisotropic dielectric at low temperature and as an HMM
after the phase transition. Exploiting the spontaneous emission
enhancement in hyperbolic media, we aim to obtain optical
resonators with a tunable Purcell factor. To further improve
performance, and to mitigate the need for complex outcoupling
systems, we engineer hyperbolic nanospheres instead of bulk
HMMs.

II. RESULTS AND DISCUSSION

The possibility to adjust material and geometric parameters
in an HMM provides considerable freedom in material design.
First, we select suitable materials. We search for a metal and
dielectric that, when paired with VO2 in a multilayer, would
provide broadband tunability of the effective dielectric per-
mittivity. Another adjustable parameter is the PCM fill factor,
i.e., the ratio of PCM layer thickness to the total thickness
of the bilayer. Changing the composition of the multilayer
greatly affects its dispersion relation. Particularly interesting



for further analysis are Ag and SiO2. Both Ag:VO2 and
SiO2:VO2 multilayers switch between metallic or dielectric
dispersion and type II hyperbolic dispersion upon the phase
tranistion in VO2 in the near-infrared region above 1000 nm.
The tuning regions span for a wide range of PCM fill factors,
providing flexibility in material design and fabrication.

We then investigate the optical response of nanospheres
made of the selected effective HMM, while adjusting the fill
factor of VO2 in the structure. Using the T-matrix method, we
numerically calculated the Purcell factor and radiative emis-
sion enhancement of these nanospheres excited by a dipole
source. Spontaneous emission enhancement is largely influ-
enced by the location and orientation of the dipole source [7].
Depending on the illumination conditions, the emitter can
excite different multipoles in the hyperbolic nanoresonator.
For instance, for a dipole source located next to a SiO2:VO2
nanosphere, 10 nm from its surface, and oriented along the
anisotropy axis, the total Purcell factor increases by a factor
of 20 after the phase change (cf. Fig. 1). However, placing
the dipole source above the nanosphere on its anisotropy axis,
will result in a lower Purcell factor enhancement [7].

From the multipole decomposition of the Purcell factor and
radiative emission enhancement, it is clear that the emission
enhancement is dominated by electric multipoles.Moreover,
compared to the low-temperature phase, the Purcell factor
enhancement occurs in the spectral range and for the fill-factor
values for which the SiO2:VO2 multilayer exhibits hyperbolic
dispersion.

However, the dominant emission channel is nonradiative,
which limits the performance of single-photon sources based
on hyperbolic nanoresonators. In Fig. 1 only 0.1% of the total
spontaneous emission is radiated in the far field. This low
quantum efficiency (i.e., the ratio of radiated power to the
total emitted power in the presence of the nanoresonator) is
associated with ohmic losses in the metal. In HMMs, light is
strongly confined in the metal layers, which increases losses
in the system [3]. Nevertheless, with appropriate material and
geometry optimization, it is possible to increase the radiative
contribution to the Purcell factor.

III. CONCLUSION

Hyperbolic nanoresonators based on phase-change materials
offer tunable Purcell factor enhancement over a broad near-
infrared spectral range. For a dipole located 10 nm from a
SiO2:VO2 nanosphere, switching between dielectric dispersion
in the low-temperature phase and hyperbolic dispersion in
the high-temperature phase results in an increase of the total
Purcell factor by a factor of 20. Most of the emitted power,
however, is dissipated through nonradiative channels. Never-
theless, the radiative emission efficiency could be improved
through further optimization of the nanoresonator geometry
and material composition.
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Fig. 1. Purcell factor (a – j) and radiative emission enhancement (k – t) spectra
vs. PCM fill factor of the effective medium VO2:SiO2 sphere (r = 50 nm).
Dipole source is located 10 nm from the nanosphere’s surface in y-direction,
and oriented parallel to the anisotropy axis. The first column presents the total
values of the respective quantities, and the following columns – contributions
from consecutive multipoles (ED, MD, EQ and MQ) to the PF and REE. Rows
first and third correspond to VO2 at 30◦C (before the phase change), while the
second and fourth rows correspond to VO2 at 90◦C (after the phase change).
The black lines indicate the boundaries of the various dispersion regions,
which are defined by Re(ϵ⊥) = 0 (solid lines) and Re(ϵ∥) = 0 (dashed
lines). The region of hyperbolic dispersion is between these two lines where
ϵ⊥ϵ∥ < 0.
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