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Unlike conventional plasmonic media, polaritonic van der Waals (vdW) mate-
rials hold promise for active control of light-matter interactions. The disper-
sion relations of elementary excitations such as phonons and plasmons can
be tuned in layered vdW systems via stacking using functional substrates. In
this work, infrared nanoimaging and nanospectroscopy of hyperbolic phonon
polaritons are demonstrated in a novel vdW heterostructure combining hex-
agonal boron nitride (hBN) and vanadium dioxide (VO,). It is observed that
the insulator-to-metal transition in VO, has a profound impact on the polari-
tons in the proximal hBN layer. In effect, the real-space propagation of hyper-
bolic polaritons and their spectroscopic resonances can be actively controlled
by temperature. This tunability originates from the effective change in local
dielectric properties of the VO, sublayer in the course of the temperature-
tuned insulator-to-metal phase transition. The high susceptibility of polari-
tons to electronic phase transitions opens new possibilities for applications of
vdW materials in combination with strongly correlated quantum materials.

Van der Waals (vdW) materials!'~l exhibit enigmatic electronic,
optical, and magnetic properties. For example, they host Diract
and valley®! electrons, support unconventional superconduc-
tivity,®”] exhibit low-dimensional ferromagnetism,®? and
harbor topologically protected electronic states.'%!] Stacking

vdW materials into heterostructures offers
a versatile and interesting route to control
novel material properties and quantum
phenomena.B! This is especially the case
when vdW systems are combined with
phase-change  materials  (PCMs),'>""7]
which serve as the basis for numerous
applications such as energy storagel!®1’]
and reconfigurable electronics.”!

In this work, we demonstrate tunable
phonon polaritonic behavior in a vdW
heterostructure (Figure 1a) combining hex-
agonal boron nitride (hBN) and a represent-
ative PCM, vanadium dioxide (VO,).[21-23]
Polaritonsi?”?4 are hybrid light-matter
modes involving collective oscillations of
electromagnetic dipoles. In hBN, hyper-
bolic phonon polaritons (HPPs)2125-31
are supported in both type I (g, < 0,
g > 0) and type II (g, > 0, & < 0) regions.
The hyperbolic responsel*?  originates
from highly anisotropic mid-infrared (mid-IR) phonon reso-
nances.[?*?7-33-3% This natural hyperbolicity in hBN offer advan-
tages over its metamaterial counterparts®**®l owing to the high
light-momentum cutoff set by the interatomic spacing in hBN
lattices.1?>37] Therefore, hyperbolicity in hBN holds promise for
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Figure 1. a—f) s-SNOM nanoimages reveal the HPPs and IMT phase transition in hBN/VO, heterostructures. s-SNOM images of HPPs (plotted on the
hBN top surface) affected by the IMT (hBN/VO, interface) recorded at temperatures and incident IR wavelengths of: a) 320 K and 6.5 um, b) 330 K
and 6.5, ¢) 335 Kand 6.5 um, d) 345 K and 6.5 um, e) 345 K and 6.4 um, and f) 345 K and 6.7 um. Thickness of the hBN: 73 nm.

applications to subdiffractional focusing,*>*”] emission engi-
neering,*® and light steeringl?'3%3% at a microscopic scale.
Here, using infrared (IR) near-field nanoscopy, we reveal the
dynamic tuning of HPPs by introducing thermal phase tran-
sitions in correlated electron materials. We find that HPPs
in hBN can be effectively redirected in real space through
their interaction with the emerging metallic phase domains
in VO,. The corresponding phonon resonances in type I and
type II regions can be switched on and off, respectively, with
increasing temperature. We remark that although optical
switching of surface phonon polaritons in PCMs has been pre-
viously reported in Ge;Sb,Teq,*l the dynamic tuning of the
HPPs is unprecedented.

Scattering-type scanning near-field optical microscopy
(s-SNOM) is employed to study the hBN/VO, heterostructures.
We illuminate the tip of an atomic force microscope (AFM) with
IR quantum cascade lasers (QCLs: solid red arrow, Figure la)
and collect the back-scattered IR signal (dashed red arrow).
The scattered signal is demodulated at higher harmonics of
the tip tapping frequency to yield essentially a near-field signal.
The s-SNOM records optical signals with a spatial resolution
of 10 nm (see the Experimental Section) and has been exten-
sively used to investigate nano-optical phenomena, including
polaritons in vdW materialsi?"2>4*#l and phase inhomoge-
neity in quantum materials.*>*3l The VO, film studied in this
work had a thickness of 50 nm and was deposited on a [110]z
TiO, substrate to ensure a large conductivity jump (five orders
of magnitude) during the insulator-to-metal phase transition

(IMT).[*2I This particular VO,/TiO, system provides a unidirec-
tional metal-insulator phase separation that serves as a unique
platform for modulating the dielectric environment of hBN.[*4

The [110]z VO, undergoes an anisotropic IMT over the
temperature range from 320 to 345 K.*2 The evolution of the
IMT can be characterized by s-SNOM: from the homogenous
insulating state to metallic nucleation clusters, and finally uni-
directional metallic stripes. These different stages of the IMT
with increasing temperature are plotted on the surface of VO,
(below hBN) in Figure 1la—d. We note that the IMT is nondis-
persive in the mid-IR frequencies, since identical images were
obtained regardless of the IR frequency (Figure 1d-f).

In heterostructures with hBN on top of VO,, HPPs can be
effectively launched by an s-SNOM tip.[21:3>37454%] The metal-
insulator phase boundaries in VO, act as effective reflectors
for HPPs. At the beginning of the IMT, ring-shaped polariton
fringes appear on the hBN top surface (Figure 1b). This is
because the metallic nucleation sites (MNS) in VO, are point-
like at low temperature, and the standing-wave interference
between the MNS-reflected and tip-launched HPPs forms
rings around the MNS. At higher temperatures, these polariton
fringes start to connect with each other as the density of MNS
increases (335 K, Figure 1c). At temperatures above 335 K,
metallic stripes emerge in VO,, and the corresponding HPP
fringes exhibit a similar stripe contrast with illumination wave-
length A;g = 6.5 um (Figure 1d).

At Aig = 6.4 um (Figure 1e), the polariton fringes become nar-
rower, indicating a shorter HPP wavelength, which is in accord
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Figure 2. Tuning HPPs in hBN/VO, heterostructures by temperature control. a,b), Nano-FTIR spectra of hBN/VO; at various temperatures in type | (a)
and type I (b) hyperbolic regions. c,d) Simulation of hybridization between HPPs and IMT in hBN/VO, heterostructures in type | (a) and type Il (b)
hyperbolic regions. The polariton dispersion is plotted by red curves in the metallic state and with false color in the insulating state of VO,. The white
dashed curves indicate the near-field coupling weight function. Nano-FTIR spectra resolution: 3.33 cm™". hBN thickness: 73 nm.

with the frequency-momentum dispersion of HPPs.?>?”] The
hybrid polariton phase-transition is further verified in a control
experiment: no evident nano-optical features can be observed at
the wavelength Ajg = 5.7 um (Figure 1f), which is outside of the
hyperbolic regime. In comparison with previously demonstrated
topographic reflectors/launchers for nanopolaritons,!?>#0:41:47]
the conducting stripes in VO, are predominantly electronic
reflectors, which do not reveal any evident topographic features
in AFM measurements. The reflection of HPPs in this work
can be attributed to local permittivity variations that are formed
“electronically” at the phase boundaries in VO,.

Having established the interaction between polaritons in hBN
and the IMT in VO,, we now demonstrate the dynamic tuning
of the phonon resonances by performing Fourier transform
infrared nanospectroscopy (nano-FTIR) of the hBN/VO, hetero-
structure. The nano-FTIR spectra were obtained near the center
of the hBN flakes, away from the edges where strong variations of
the signal intensity were caused by polaritonic standing waves.
The phonon spectral peaks in the low-frequency (type I) and
high-frequency (type 1I) regions are demonstrated in Figure 2a,b,
respectively. At room temperature, the spectral features are con-
sistent with the reported results in hBN/SiO, structures.?¥ As
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the temperature increases, interesting spectral evolutions in
the heterostructure of hBN/VO, can be observed in both type I
and type II regions. In the type I region (Figure 2a), the spec-
tral intensity of the z-axis phonon increases as VO, undergoes
the IMT with increasing temperature. In the type II region
(Figure 2b), in contrast, the spectral intensity of the in-plane
phonon decreases with increasing temperature. The intensity of
the nano-FTIR spectrum in type I and type II regions exhibits
opposite trends with increasing temperature. Furthermore, the
frequency of the phonon resonances in the type I region red-
shift during the IMT from 803 cm™! (black curve in Figure 2a) to
766 cm™! (red curve in Figure 2a). Therefore, both the intensity
and the peak frequency of the hBN phonon resonance can be
tuned by temperature-controlled IMT in VO,.

The tuning of phonon resonances stems from the modifica-
tion of hyperbolic polariton dispersion in hBN/VO, heterostruc-
tures. We account for this effect by performing a simulation of
frequency (w)-momentum (k) dispersion (Figure 2c,d) in hBN/
VO,. Although a quantitative interpretation requires a precise
measurement of the local permittivity at each temperature which
may demand future work, our -k, dispersion simulation can
qualitatively account for all the main observations in Figure 2a,b.
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Since nano-FTIR probes spectroscopic response with an in-plane
momentum k, that is effectively coupled to the s-SNOM tip,
its spectra manifest optical modes within a finite momentum
region. This tip-coupled momentum is scoped by the time-
averaged near-field coupling weight function*®l G = (ke ™),
(white dashed curves in Figure 2c,d). Here zq4 is the distance
between the sample surface and the AFM probe, which is mod-
eled as a point dipole.*® In hBN, multiple branches of HPPs
(shown as false color in Figure 2¢,d) in type I and type II regions
contribute to the z-axis and in-plane phonon resonance, respec-
tively (300 K, black curves in Figure 2a,b). In the simulation, the
permittivity of hBN was obtained from ref. [26]. The VO, is mod-
eled as a variable-dielectric ground plane, in which the complex
dielectric constants in the fully insulating and metallic phases
are extracted from previous experiments.*) As VO, under-
goes the IMT, type I HPP modes shift into the strong-coupling
region (white dashed curves), whereas in the type II region, HPP
modes shift out. This is evident on comparing the w-k, disper-
sion of hBN on insulating VO, (false color in Figure 2c,d) with
that of hBN on metallic VO, (red curves in Figure 2¢,d). During
the IMT, coupling between the s-SNOM probe with more polari-
tonic modes can account for the increasing spectral intensity in
the type I region. In contrast, coupling with fewer polaritonic
modes in the type II region will cause a decrease in the spectral
intensity. Moreover, with increasing metallicity, the hybrid HPP-
IMT modes are redshifted in both type I and type II regions, in
accordance with our experimental observations at increasing
temperature (Figure 2a,b). Note that while HPPs shift in the
course of the IMT (e.g., see dispersion plots in Figure 2¢,d), no
evident mode broadening was observed (Section S1, Supporting
Information). This is an interesting observation since losses of
proximal layers are considered to be important for the dynamics
of plasmon polaritons (close cousins of HPPs) in graphene
based heterostructures.’®>!l Here, in contrast, the metallicity of
VO, does not generate noticeable mode broadening, which can
be attributed to the fact that HPPs travel mostly through the
bulk of the hBN slabs.

In summary, nanoimaging and nanospectroscopy aug-
mented with frequency-momentum dispersion analysis reveal
effective tuning of phonon polaritons in hBN/VO, hetero-
structures. Dynamic redirection of polariton waves can be
achieved at the nanoscale using metallic nucleations in VO, as
electronic reflectors, where delicate control of the local dielec-
tric environment is readily available.’>>3] We envision the pos-
sibility of engineering local patternsi*>°* in PCMs for memory
applications in polaritonic circuits and other advanced nano-
photonic devices.®! Furthermore, the methodology that we
have utilized here can be easily extended to the tuning of
nanopolaritons in heterostructures combining PCMs with
other vdW materials, including graphene,’® transition metal
dichalcogenides,[?! topological insulators,’”) and black phos-
phorus,® where the polaritonic modes are also sensitive to
the dielectric surroundings. In addition, multiple routes for
tuning the IMT, including electrostatic, electrochemical, and
ultrafast switching, can all be utilized to control polaritons in
hBN/VO, heterostructures.

During the preparation of this manuscript, we became aware
of another experimental work on phonon polaritons in hBN/
VO, heterostructures.?!

Experimental Section

Experimental Setup: The IR nanoimaging and nano-FTIR experiments
on hBN/VO, heterostructures were performed using s-SNOM. A
commercial s-SNOM system (www.neaspec.com) is used based on
a tapping-mode AFM and a commercial AFM tip (tip radius = 10 nm)
with a Ptlrs coating. In the experiment, the AFM tip is illuminated by
monochromatic QCLs (www.daylightsolutions.com) and a broadband
source from a difference frequency generation system (www.lasnix.com)
to cover a frequency range of 900-2300 cm™'. The s-SNOM nanoimages
were recorded by a pseudo-heterodyne interferometric detection module
with an AFM tapping frequency of 280 kHz and a tapping amplitude
around 70nm. To remove the background signal, the s-SNOM output
signal was demodulated at the third harmonics of the tapping frequency.

Sample Fabrication: The VO, substrates studied in this report were
deposited on [110]z TiO, substrates (1 cm X 1 c¢m) by temperature-
optimized sputtering using reactive-bias ion-beam deposition in a
mixed Ar and O, atmosphere. These substrates showed consistently
anisotropic THz and DC conductivity.*s A 1-2% tensile strain along the
cr axis was present in these substrates owing to the lattice mismatch
between TiO, and VO,. The hBN crystals were mechanically exfoliated
onto the VO,/TiO, substrates.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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