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ABSTRACT: Light−matter interaction in two-dimensional
photonic or phononic materials allows for the confinement
and manipulation of free-space radiation at sub-wavelength
scales. Most notably, the van der Waals heterostructure
composed of graphene (G) and hexagonal boron nitride
(hBN) provides for gate-tunable hybrid hyperbolic plasmon
phonon-polaritons (HP3). Here, we present the anisotropic
flow control and gate-voltage modulation of HP3 modes in G-
hBN on an air−Au microstructured substrate. Using broad-
band infrared synchrotron radiation coupled to a scattering-
type near-field optical microscope, we launch HP3 waves in
both hBN Reststrahlen bands and observe directional
propagation across in-plane heterointerfaces created at the
air−Au junction. The HP3 hybridization is modulated by varying the gate voltage between graphene and Au. This modifies the
coupling of continuum graphene plasmons with the discrete hBN hyperbolic phonon polaritons, which is described by an
extended Fano model. This work represents the first demonstration of the control of polariton propagation, introducing a
theoretical approach to describe the breaking of the reflection and transmission symmetry for HP3 modes. Our findings
augment the degree of control of polaritons in G-hBN and related hyperbolic metamaterial nanostructures, bringing new
opportunities for on-chip nano-optics communication and computing.
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Photonics based on two-dimensional (2D) materials1−5

exhibits a plethora of optical nanoscale phenomena,
including the ability to confine free-space radiation to the
deep sub-wavelength length scale.6 Remarkably, photonic
crystals and metamaterials built from hybrid 2D hetero-
structures provide for qualitatively new ways of light−matter
interaction at the nanoscale1,2 and are approaching their
ultimate purpose as components for novel nanophotonic
devices.4,7,8 Nanoelectronics has recently reached a pivotal
stage with the realization of atomically thin p−n junctions.9

Graphene has excelled at converting light into surface
plasmon polaritons (SPPs)10,11 with sub-diffraction wavelength

gate tunability.12,13 Similarly, mid-infrared free-space radiation
can couple to sub-wavelength-confined hyperbolic phonon
polaritons (HPhPs) in hBN14−16 that are able to propagate up
to 20 times the typical distances of graphene plasmons.16

Merging the optical attributes of graphene and hBN, the G-
hBN heterostructure constitutes an electromagnetic hybrid2

with enhanced optoelectronic and photonic performances
compared to its standalone constituents. In G-hBN, coupling
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between graphene SPPs and in-plane polarized HPhPs of hBN
has created gate-tunable hybrid hyperbolic plasmon phonon-
polariton (HP3) modes.15,17 G-hBN not only supports
graphene plasmons with reduced damping18 but also HP3s
with propagation lengths up to 2 times greater than HPhPs in
bare hBN,17 with great potential for emission control driven by
the surrounding media, as recently suggested theoretically.19

The rectification of phonons, often measured through
thermal transport, has been predicted in the 1D chain of
atoms with a mass gradient20 and across interfaces between
materials of different atomic masses21 and has been reported in
boron nitride nanotubes.22 The asymmetry of reflection
coefficients of graphene SPPs has been observed across grain
boundaries due to a variation of the doping density and the
SPP momentum.23 To date, however, a G-hBN-based device

Figure 1. G-hBN polaritonic device architecture and tip-induced HP3 mode excitation. (a) Schematic of the G-hBN heterostructure with SiO2 and
air-Au patterned (Au pads spaced by air gaps) substrates and electric gating. Using SINS, the metallic AFM tip launches the HP3 modes and
provides for nanoscale-resolved scattering detection. Inset: illustration of the asymmetric power flow for the HP3 modes across G-hBN/(air−Au)
junction. (b) AFM topography of hBN/SiO2 edge region, hBN on Au pads, and graphene. (c) Corresponding broadband infrared near-field image
with dielectric contrast of Au contacts under the 20 nm of hBN and the graphene sheet (scale bar: 1 μm). Circles indicate locations of near-field
spectra shown in Figure 2. White dashed frame denotes the spectral line scan shown in Figure 3c.

Figure 2. Substrate and gate tuning of the G-hBN HP3 response. SINS point spectra of G-hBN and hBN on (a) SiO2, (b) air (freestanding
structure), and (c) Au, with measurement locations as indicated in the schematics (arrows) and type I (746 to 819 cm−1) and type II (1370 to
1610 cm−1) bands highlighted. Insets in panels a−c: zoomed-in panel showing spectral oscillations near the edge of the type I band associated with
the graphene/hBN coupling. (d) Type I band optical response of the G-hBN on Au, SiO2 and air, respectively, with characteristic Fano lineshapes
and corresponding numerical fits (dashed black curves). (e) Gate tuning of the type I band response and device schematic for controlling gate bias
between graphene and Au (inset). (f) Gate voltage dependence of normalized amplitude maxima (from spectra in panel e) and Fano coupling
strength of the 815 cm−1 mode.
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able to regulate the flow of polariton waves and with full
electro-optical control of the local polaritonic response is still
elusive.
In this work, we demonstrate bias-control of the local

response of out-of-plane polarized HP3 modes. By configuring
the G-hBN/Au heterostructure as a gate-controllable device
(Figure 1a), we externally modulate the graphene plasmons
and achieve fine-tuning of the optical response of the type I
HP3 mode (Figure 2). Regarding the propagation of the
polaritons in the G-hBN, we primarily report asymmetric
power flow of the in-plane HP3 waves near the substrate air−
Au transition, which is called G-hBN/(air−Au) junction
(Figure 1a). These effects are probed by using scattering
scanning near-field microscopy (s-SNOM), configured for
synchrotron infrared nanospectroscopy (SINS; see the
Methods section).24−26 SINS provides for momentum
matched excitation required for exciting polaritonic waves in
G-hBN. In the article, the electric gate modulation is addressed
first. In sequence, we present the anisotropic control of the
HP3 power flow, which is followed by our discussion on both
effects.
Results. Substrate Influence and Gate Control. Figure

2a−c shows SINS amplitude spectra at different device
locations as indicated schematically. The spectra in Figure
2a, taken on the hBN/SiO2 region with and without graphene,
are characterized by three resonances assigned to the type I
band of hBN (746−819 cm−1), SiO2 surface phonon-polariton
near 1130 cm−1, and the hBN type II band (1370−1610
cm−1).17 Concerning the type II band, the comparison of
hBN/SiO2 and G-hBN/SiO2 spectra (Figure 2a) reveals that
graphene prompts a slight blue shift of the transverse optical
(TO) response at 1365 cm−1. For hBN/air and G-hBN/air
(Figure 2b), however, the amplitude increases with respect to
both SiO2 (Figure 2a) and Au (Figure 2c). As shown in ref 27,
type II HP3 modes present higher momenta (higher confine-
ment) over Au than over air or SiO2. This explains the reduced

amplitudes of the type II response over Au because launching
highly confined HP3 modes is expected to be less effective.28

In contrast, the type I band behaves distinctly. Figure 2a
shows a HP3 amplitude increase for type I band of more than a
factor of 2 for G-hBN/SiO2 in comparison with hBN/SiO2,
while previous reports15,17 showed only a relative increase of
less than 50%. The HP3 amplitude increase also takes place for
G-hBN/air with respect to hBN/air (Figure 2b). Figure 2c
shows the amplitude of the type I modes for G-hBN/Au with
distinct line-shape and almost a factor of 3 larger magnitude
compared to hBN/Au. Comparatively, G-hBN/Au yields the
largest amplitude increase, indicating that Au supports the HP3

coupling (see the Supporting Information). The spectral
oscillations outside the type I band (insets of Figure 2a−c)
are a manifestation of pure SPP modes of graphene, which are
seen only in the G-hBN heterostructure spectra. The
interaction of broadband SPPs of graphene with HPhPs of
hBN, resulting in amplitude changes and line-shape
asymmetry, can be described by a Fano model (see the
Supporting Information).29−31 The analytic expression of the
Fano resonance32 EFano(ω), is given by:

E
p f

( )
( ( ))
( )Fano

0
2

0
2 2ω

ω ω
ω ω

∝
Γ + −

− + Γ (1)

which is composed of the dimensionless Fano coupling f,
excitation frequency ω, phonon frequency ω0, damping Γ and
the transition dipole strength of the coupled mode p. The Fano
coupling f corresponds to the dipole strength of the transition
between the discrete and continuum states. Thus, f provides a
measure for the polaritonic coupling in the HP3 modes. We
extend the eq 1 to the case of interaction of multiple HPhPs
modes (index j) with the graphene quasi-continuum SPPs, and
a non-resonant background Enr (see the Supporting
Information), resulting in the complex expression:

Figure 3. HPhP and HP3 modes being reflected at the hBN crystal edge and at the G-hBN/(air−Au) junction. Spectral linescans near the edges of
(a) a 20 nm thick hBN crystal on SiO2 (hBN/SiO2) and (b) a 240 nm thick hBN crystal on Au (hBN/Au). (c) Spectral linescan, for zero gate
voltage, across G-hBN/(air−Au) with regions of amplitude depletion or increase for the type I (on Au side) and type II (on air side) modes, as
indicated by arrows. (d−f) Schematics of polaritonic wave propagation, respectively, near the hBN/SiO2, hBN/Au, and the junction. The SiO2
surface phonon is seen at ∼1130 cm−1 in panels a and c.
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We use eq 2 (see the Supporting Information) to fit the type
I band of the G-hBN on the different media (Figure 2d). G-
hBN/SiO2 and G-hBN/air present f-values with similar
magnitudes for the 815 cm−1 mode. A large negative f-value
is found for the 815 cm−1 mode over G-hBN/Au (see the
Supporting Information). This suggests a much weaker
coupling for SiO2 and air than for Au.
On the G-hBN/Au heterostructure, gate voltage variation

(see scheme in the Figure 2e inset) leads to significant
modulation of the type I band (Figure 2e), albeit causing
negligible changes in the type II band. The stronger gate
influence on the type I band stems from the maximized
coupling between the gate electric field parallel to the
polarization direction of the out-of-plane modes in the type I

band. The coupling is then hindered for the type II band
because the electric gate is perpendicular to the in-plane
polarized modes. This interpretation is supported by numerical
simulations of the field structure in a similar system of hBN/
Au for both type I and II bands,33 where the type I modes are
mostly polarized in the out-of-plane direction and type II
modes present a rather high polarization disorder. Figure 2e
displays type I amplitude spectra for gate voltages from −12 to
12 V. From −12 to 0 V, the type I band increases globally.
From 0 to 4 V, despite a continuous increase of the 815 cm−1

mode amplitude, an onset of amplitude attenuation occurs for
the 770 and 800 cm−1 resonances. From 4 to 12 V, the 815
cm−1 mode amplitude decreases almost monotonically, while
the other two modes gradually quench.
Amplitude and model-extracted f-values for the 815 cm−1

mode are plotted as a function of the gate voltage in the Figure
2f. Amplitude maximum coincides with the minimum value of f
at 4 V. Negative f-values indicate higher weight of discrete

Figure 4. Frequency−momentum dispersion relation, calculated reflection coefficients for the type II HP3 modes propagating over the G-hBN/
(Au−air) junction, and narrow-band amplitude maps and amplitude profiles. (a) Calculated frequency−momentum dispersion relation of the type
II HP3 modes for Au (blue curves) and air (red curves) substrates for a measured 160 meV Fermi level of the graphene. hBN discrete polariton
dispersion branches with momenta qn are shown for n = 1 and 2 mode indices (see the Supporting Information). Model-extracted momentum for
air (◆) and Au (◇) are plotted in panel a. (b) Calculated reflection coefficients from eq 3 for type II HP3 modes propagating from G-hBN/air to
G-hBN/Au regions (blue curve) and in the opposite direction (yellow curve). (c) Schematic of HP3 waves launched by tip and Au edges: tip
launches isotropically circular waves that travel to and reflect at the G-hBN/(air−Au) junctions. HP3 waves are also excited by Au edges. (d)
Amplitude narrow-band maps reconstructed from a hyperspectral image of a 35 nm thick G-hBN on a 0.5 μm × 2.5 μm region near the G-hBN/
(air-Au), which is marked by the vertical white dashed line, for different excitation wavenumbers in the type II band and zero gate voltage. (e)
Amplitude profiles extracted from the narrow-band amplitude maps in panel d. Dots are experimental data and red lines are fits from the model
considering both the tip and the Au edges as launchers of HP3 waves, as shown in the cartoon in panel c.
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states than of continuum states in Fano-like systems.30

Accordingly, the 815 cm−1 mode experiences greater enhance-
ment when the contribution of HPhPs surpasses that of the
plasmons in the HP3 coupling. However, as the voltage is
tuned away from 4 V, f magnitude decreases, correlating to
augmented contributions from graphene plasmons to attenu-
ation of the type I band.
Anisotropic Control of the HP3 Power Flow. Through the

spectral linescans in Figure 3, we compare propagating HPhP
modes near the edge of the hBN crystal on SiO2 (Figure 3a)
and on Au (Figure 3b) substrates, with the propagation of HP3

modes near the G-hBN/(air−Au) junction (Figure 3c).
Whereas the hBN/SiO2 spectral linescan shows only modest
features for the type I band, the type II band presents the
spatio-spectral fringes (arrows in the Figure 3a), typically,
assigned to HPhP standing waves formed between the tip and
the crystal edges: tip launches circular waves that propagate to
the crystal edges, wherein they are back-reflected to the tip
(Figure 3d).16,34 Similar reflection effect was recently reported
for HPhPs waves near crystalline defects of a hBN flake.35 The
dense pattern of fringes in the type II band of the hBN/Au
spectral linescan (white arrows in the Figure 3b) reveals such
standing waves (Figure 3e). HPhPs propagation and reflection
is also seen in the type I band of hBN/Au (see the Supporting
Information and Figure 3b). Analogue effects emerge in the
spectral linescan across the G-hBN/(air−Au) junction (Figure
3c). Near the junction, the amplitudes of the type I and II HP3

modes show spatial fringes, respectively, on the Au (red arrow
in Figure 3c) and air (white arrows in Figure 3c) sides. Such
features are similar to the hBN/SiO2 standing waves near the
crystal edge. Thus, we attribute those amplitude spatial fringes
in the linescan across G-hBN(air−Au) to reflection of HP3

waves due to a dielectric discontinuity caused by the air−Au
transition (Figure 3f).
For the type II modes, the dispersion relations of the first

two branches15−17,36−38 (mode indices n = 1 and 2; see the
Supporting Information) for each substrate are plotted in
Figure 4a. Type II HP3 momenta are higher over the Au
region compared to the air region. Hence, the structure of
polariton modes in G-hBN/air is different from that in G-
hBN/Au leading to a mismatch of momenta at the junction. It
is then straightforward to see that a given transverse mode
from a high-momentum (strong-confinement) region scatters
with high efficiency into a set of transverse modes in a region
with a lower confinement, which is the case of the in-plane
polarized HP3 modes propagating from the Au to the air side.
Conversely, the same process originated from the opposite side
is much less efficient.39 This is verified by calculations of the
reflection coefficient r (see the Supporting Information)40 of
type II HP3 modes traveling from a region with qn into a region
q′n given by

r
q

q

q q q

q q q

q

q

(1 /q )(1 / )

(1 / )(1 /q )n

S
n n

n n

1 1

1 1 2

1 1

1 1

∏=
′ −
′ +

− ′ +
− + ′= (3)

Calculation of r (Figure 4b) shows that polaritons traveling
from a high- to a low-momentum region (Au to air case)
couple more efficiently than for the opposite direction (air to
Au case). This asymmetry is, experimentally, observed in the
SINS narrow-band amplitude maps in Figure 4d. Those maps
are obtained from a hyperspectral image acquired next to the
G-hBN(air−Au) junction (for the type I band; see the
Methods section and the Supporting Information). Patterns of

maxima and minima, representing different structures of
polariton modes for different ω values, rise over Au and air
in between junctions (Figure 4e). Those amplitude oscillations
originate from the interference of tip-launched circular waves
(ξTip field) and waves from the Au edges (ξAu edges field).

14,18,23

The resulting optical field ξOpt = ξTip + ξAu accounts for the
nontrivial behavior of those polariton waves that cannot be
ascribed either to pure plane waves launched by Au edges or to
only circular waves launched by the tip.16,27,41 As an insight for
future experiments, one can isolate edge and tip contributions
by exploring the sensitivity of the edge launching efficiency to
the incident light polarization. Tip and edges waves amplitudes
are given, respectively, by

e
x

e
x x

CA
e

2
e

e
i i q ik x i i q ik x x

in
Tip

( )2 ( )2( )
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0 1 1 1 1 1 edge
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+
α α− + − − + −
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i
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jjjjjjj
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0 1 1 1 1 1 edge

ξ = +
−

β β− + − − + −i

k
jjjjjj

y

{
zzzzzz

(5)

We model ξTip (eq 4) as tip-launched circular waves, which
decay geometrically as d

1 , where d is the distance from the
source (tip apex).18,41 These waves propagate toward the
junctions at x = 0 and at x = xedge, where they reflect and
propagate back toward the tip at x (see Figure 4c). They carry
the amplitude A and the phases α1 and α2. The term Ce−iη

accounts for contributions from (i) a local dielectric near-field
interaction between tip and sample, which does not depend on
the tip position, and (ii) a nonresonant background originating
from other scattering centers in the far-field illuminated
confocal spot. ξAu edges (eq 5) is defined by the counter-
propagating waves launched by the Au edges, where (B1,β1)
and (B2,β2) are the pairs of amplitude and phase, respectively,
of waves emerging from the edges at x = 0 and at x = xedge. We
assume that the edge-launched waves decay as d

1 because we
treat the edges as a linear series of point sources launching
spherical waves inside the hBN crystal. This decay rate was
successfully applied previously18 for modeling plasmons waves
launched by a graphene edge in a hBN-G-hBN system. Except
for the different launchers efficiency and damping constants,
the model proposed by Woessner et al.18 inspired our
modeling of polariton waves launched by multiple sources.
Tip- and edge-launched waves have the same complex
momentum, with q and κ representing real and imaginary
parts, respectively (see the Supporting Information for more
details).
We comment the differences of the d

1 geometrical decay of
the edge launched waves, in our case, and recent observations
of edge-launched plane waves by Yoxall et al.42 and Ambrosio
et al.33, wherein a sample with the Au edge located atop the
hBN crystal and a hBN crystal lying on the Au surface are,
respectively, investigated. In those works,33,42 thus, the
launching edges and tip are directly exposed to the far-field
illumination, whereas in our device, Au pads (and Au edges)
are buried as shown in Figure 1a. The polaritons launching
efficiency scales with the antenna efficiency on converting free-
space radiation (far-field) into highly confined electric fields at
edges or tip. Therefore, we cannot expect that our Au edges
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present the same efficiency reported in the referred works
because, in our case, the illumination must transmit the
graphene−hBN structure to access the Au edge. Accordingly,
the polaritons launched at the bottom surface of the hBN must
travel up to the top hBN surface to be tip-detected. In the past
cases, polaritons are already launched at the top surface.
Moreover, both Yoxall et al.42 and Ambrosio et al.33 report on
HPhPs properties of hBN, while we focus on HP3 in G-hBN
heterostructures over the air−metal heterointerface. As
previously shown, the hybridization with graphene plasmons,
importantly, leads to hybrid waves with different properties17

from the HPhPs ones.
The fits of the experimental amplitude profiles in Figure 4e,

which are extracted from the narrow-band amplitude maps in
Figure 4d, to the modeled amplitude ξOpt yield momenta and
amplitudes of the polaritonic waves for each value of ω over air
and Au regions. From the model-extracted amplitudes, we find
that tip launching efficiency (σ)41 is dominant regardless of
substrate (σTip ≫ σAu edges; see the Supporting Information).
Model-extracted momenta over air q1,air reasonably match the
momentum-frequency dispersion relation calculations (Figure
4a). The predictions for Au substrate present larger q1,Au values
than those determined by the fits (Figure 4a), likely because
boundary conditions (see the Supporting Information) related
to sample inhomogeneities were not included in the model, for
simplicity. Nevertheless, the main trend of the systematic
increase of q1,Au with ω follows the theoretical dispersion
relations for the system (Figure 4a). Also, the fact that q1,Au ≫
q1,air confirms that the type II HP3 modes are more confined
(higher momenta values) over Au than in the air regions.27

Therefore, air and Au differently modify the dielectric
environment in the G-hBN heterostructure and, thus,
determine HP3 momenta. The model-extracted momenta
give q1,Au ≫ q1,air indicating, according to the calculated
reflection coefficients r (Figure 4b), lower reflection for HP3

traveling in the Au-to-air direction rather than in the opposite
direction. This configures an asymmetric regulation of HP3

power flow across the dielectric junction.
Discussion and Conclusions. The gate control demon-

strates the nature of the HP3 coupling between the quasi-
continuum SPPs of graphene interacting with discrete HPhPs
of hBN. In particular, the combined tunability and anisotropic
control of the HP3 power flow can inspire future design of full
polaritonic nanodevices in analogy to electronic transistors.
Our results on anisotropic regulation of the power flow differs
from optical isolation, as implemented in, e.g., Faraday
isolators, because our experimental conditions do not break
Lorentz reciprocity as our system is linear and time-
independent and has no magnetic field applied.39 In contrast,
the anisotropic power flow control is a consequence of the
local excitation of HP3s with mode index n = 1, which can
couple to higher order modes during transmission to regions of
different polariton confinement. It is this difference in coupling
which breaks the symmetry. However, the process is still
reversible in the following sense, when the n = 1 tip-excited
polaritons in region A experience the substrate dielectric
junctions, they transmit into a superposition of polariton
modes with mode indices n ≥ 1 when propagating into region
B. If that same superposition, with the same relative phase
relation, is incident on the boundary from region B toward
region A, it will combine to create a pure n = 1 transmitted
mode propagating into region A. In summary, we present and
quantitatively explain substrate-mediated anisotropic power

flow and gate control of HP3 out-of-plane modes in G-hBN
heterostructures. Our observations provide for fine control of
subdiffractional confined light, which is a prime step toward
the realization of nanoscale on-chip polaritonic elements for
optical communication and logic applications.

Methods. Sample Preparation. The G-hBN heterostruc-
ture was assembled onto SiO2, Au stripes, and across air gaps
by standard mechanical exfoliation using adhesive tape.43,44

The flatness and quality of the hBN and graphene surfaces
were characterized through a combination of optical
microscopy, atomic force microscopy (AFM), and Raman
spectroscopy. An electrode on top of the graphene region
allowed for charge injection by tuning the gate voltage as
illustrated (Figure 1a). The graphene is identified by the AFM
topography (Figure 1b) and in the spectrally integrated
broadband s-SNOM image (Figure 1c), with corresponding
dielectric contrast from the underneath Au contacts. The
combined AFM/s-SNOM imaging confirms that the 20 nm
hBN crystal smoothly bridges the Au contacts, thus forming
free-standing G-hBN/air regions. The Au stripes (60 nm thick)
were designed by standard electron-beam lithography and
thermal metal deposition. In sequence, single layer of
mechanically exfoliated graphene was transferred atop of
hBN flake forming the G-hBN/SiO2, G-hBN/Au, and G-hBN/
air heterostructures constructing the sample structure shown in
Figure 1a. The graphene partially covered the flake leaving
areas with bare hBN. After each material transference, the
sample was submitted to thermal annealing at 350 °C with
constant flow of Ar:H2 (300:700 sccm) for 3.5 h to remove
organic residues. Residues are likely to have contributed to the
doping discussed in the Substrate Influence and Gate Control
section. The heterostructures measured in the Figures 2 and 3a
corresponded to a 20 nm thich hBN, while those in Figure 4
corresponded to a 35 nm thick crystal.

Synchrotron Infrared Nanospectroscopy Experiments.
SINS, carried out at the Brazilian Synchrotron Light
Laboratory (LNLS) provided for tip-based nanolocalized
spectroscopy, imaging and spatio-spectral probing as estab-
lished for graphene SPPs,12,13,23 hBN HPhPs,16,34 and G-hBN
HP3s.15,17 In its implementation with synchrotron radiation,
SINS operates with high spectral irradiance through the mid-
IR range (700 to 3000 cm−1)26 and it is capable of probing
both hBN Reststrahlen bands simultaneously. In the infrared
(IR) beamline of the LNLS, the infrared radiation extracted
from a 1.67 T bending magnet is collimated and then coupled
to a commercial s-SNOM (NeaSnom, Neaspec GmbH).45 The
IR synchrotron beam is focused on the metallic AFM tip shaft
(NCPt-Arrow and PtSi-NCH, Nanoworld AG), which works
as an extended antenna of about 25 nm apex radius. This
antenna, which has a quasi-achromatic response in the mid-IR
range, becomes an evanescent broadband source with
dimensions comparable to the tip size. Operating in semi-
contact mode AFM (tip frequencies from 250 to 350 kHz), the
sample is brought in close proximity to the tip. The optical
fields confined in the gap between tip apex and the sample gap
generate an mutual polarization with amplitude and phase
carrying the local sample dielectric response.46 A mercury
cadmium telluride detector (MCT KLD-0.1, Kolmar Tech-
nologies Inc.) is responsible for the detection of the scattered
fields from the tip−sample interaction volume. For background
suppression, we perform lock-in detection of the MCT signal
on the second and third harmonics of the tip frequency.47

Phase-sensitive nanospectroscopy is obtained by mounting the
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tip−sample stage in an asymmetric interferometric scheme,
which is also used to demultiplex the spectral response of the
broadband beam in similar fashion as Fourier Transform IR
spectroscopy (FTIR).48,49 We used 5 cm−1 spectral resolution
by setting 2 mm optical path difference (OPD) of travel for the
scanning mirror. The spectra acquisition was done by
integrating over 2048 points with 20.1 ms integration time
per point. All spectra are normalized by a reference spectrum
acquired from a clean gold surface (100 nm thick Au sputtered
on a silicon substrate). The images shown in Figure 1b,c were
taken with 250 pixels × 250 pixels with a 15 ms integration
time per pixel.
SINS Hyperspectral Map Data Processing. Narrow-band

maps shown in Figure 4a were extracted from a full
hyperspectral map (the 2D s-SNOM map in which every tip
position contains a broadband IR spectrum) of a 0.5 μm × 2.5
μm area on G-hBN over the air−Au substrate transition. This
area was segmented in 25 pixels × 125 pixels. Each spectrum in
the hyperspectral map resulted from 5 averages over the
Fourier transform of an interferogram acquired with 600 μm
optical path difference length, yielding 16.6 cm−1 spectral
resolution, divided in 400 points with 5.7 ms integration time
per point. The narrow-band amplitude maps (Figure 4a) were
obtained by extracting the amplitude of selected frequency
from the spectrum of each pixel. We used the open-source data
mining software Orange (https://orange.biolab.si) for fre-
quency slicing the hyperspectral data cube.
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