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ABSTRACT: Electromagnetic design relies on an accurate
understanding of light—matter interactions yet often overlooks
electronic length scales. Under extreme confinement, this
omission can lead to nonclassical effects such as nonlocal
response. Here, we use mid-infrared phonon-polaritons in
hexagonal boron nitride (hBN) screened by monocrystalline
gold flakes to push the limits of nanolight confinement
unobstructed by nonlocal phenomena, even when the polariton
phase velocity approaches the Fermi velocities of electrons in
gold. We employ near-field imaging to probe polaritons in
nanometer-thin crystals of hBN on gold and extract their
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complex propagation constant, observing effective indices exceeding 94. We further show the importance of sample
characterization by revealing a thin low-index interfacial layer naturally forming on monocrystalline gold. Our experiments
address a fundamental limitation posed by nonlocal effects in van der Waals heterostructures and outline a pathway to bypass

their impact in high-confinement regimes.
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Nanophotonic studies increasingly rely on mesoscopic features
and corresponding highly confined electromagnetic fields, with
two-dimensional (2D) van der Waals (vdW) crystals, such as
graphene and hexagonal boron nitride (hBN), playing pivotal
roles."”” The polar nature of hBN facilitates the hybridization
of optical phonons (lattice vibrations) with photons to form
collective light—matter modes called phonon-polaritons
(PhPs). Similarly, graphene’s semimetal nature allows coupling
between the collective oscillations of its free charge carriers and
photons, resulting in highly localized plasmonic modes. These
phenomena provide powerful means to localize and control
electromagnetic fields in mid-infrared (MIR) to terahertz
frequencies.’

In mesoscopic plasmonics, it has become evident that the
ultrahigh field confinement leads to considerable discrepancies
between classical electromagnetic predictions and experimental
observations.”™” These discrepancies arise from the neglect of
quantum-mechanical effects, which mainly become significant
when electrons are confined in low-dimensional systems.
Typically, individual aspects of these effects, such as spill-out'®
and nonlocality,'" can be addressed using phenomenological
approaches'” or the unified framework of the Feibelman d-
parameters.””"*~"> Regardless of the approach, there is a
strong desire to probe these nonclassical effects further and to
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deepen our understanding of how to support or circumvent
them in state-of-the-art electromagnetic designs.

In planar structures with in-plane translational invariance,
elastic scattering among electromagnetic and matter excitations
conserves energy Aiw (where w is the angular frequency) and
in-plane momentum g, implying that this requires modes with
the same phase velocity (v, = @/q) as a prerequisite. In the
MIR and terahertz regimes, acoustic-like graphene plasmons
(AGPs)—graphene plasmons screened by a nearby metallic
substrate such as gold (Au)'*"”
light into nanometer-scale spacers, reducing the plasmon phase
velocity v, to approach the Fermi velocity of graphene vgg =
10°m/s in an attempt to characterize the quantum response
from graphene.'® AGPs have been proposed as a potential
probe for quantum-corrected electrodynamics associated with
nearby metals'”*°
correlated matter.

—have been used to confine

and even excitations in more strongly
*12> However, the potentially significant
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nonlocal effects in the adjacent metal cannot be ignored a
priori, as the Fermi velocity of the commonly used Au, vg,, ~
1.4 X 10°m/s, is comparable to or even greater than that of
graphene.' %%

As an alternative to disentangle the nonlocal effects in
graphene and metal,” it may be rewarding to remove graphene
from the system altogether and employ a different polariton
material instead. Polar vdW crystals, such as hBN, support
hyperbolic PhPs, whose dispersion can be modified by the
material §eometry, surrounding environment, and crystal
thickness.””*> Notably, experiments have shown that PhPs
are supported by a single atomic layer of hBN, achieving an
effective mode index (n.s = q/q, where g, = @/c is the free-
space wavevector) approaching 60.°° However, PhP confine-
ment can be further increased by placing hBN on a metallic
substrate, where the polaritonic fields are screened by the
image charges in the metal, forming a hyperbolic image
phonon-polariton (HIP) mode,”” >’ similar to the screening
mechanism giving rise to AGPs.”> Compared to the PhP in
freestanding hBN, the HIP mode exhibits approximately 4-fold
lateral confinement, with the strongest field enhancement
occurring at the interface between hBN and metal’’—in this
work, we use crystalline Au.

We note that both hBN and crystalline Au potentially
introduce their own spatially dispersive response, being
associated with phonons® and Shockley—Tamm surface
states,>> respectively (Figure 1). However, for hBN, this
response only manifests at very large wave vectors due to the
relatively slow phonons with phonon group velocities bein
anisotropic and in the range of 1 X 10°m/s to 3 X 10°m/s.’
Likewise for Au, the AGP-like plasmons associated with the
Shockley—Tamm surface states have a phase velocity of about
1.5 X 10°m/s.”> Thus, the Fermi velocity of Au, being the
highest among all other characteristic velocities in the hBN/Au
system, intuitively prompts two pivotal and entwined
questions: what are the prospects for probing nonlocal
phenomena in metals using phonon-polaritons, and can they
offer a pathway to bypass the perceived Fermi velocity barrier?

Here, we show that the nonlocal metal effects are so small in
the vg,, regime that they evade detection altogether, a
fortunate outcome that allows us to answer the second
question with a resounding yes. This absence of strong
nonlocality not only removes a potential complication, thereby
simplifying the physical picture, but also reinforces our central
finding that the Fermi velocity barrier can be bypassed for
HIPs. To demonstrate this, we use thin crystals of naturally
abundant hBN on monocrystalline Au flakes to probe HIPs
with ng > 90, where the measured oscillation periodicity is
Aurp/2 =~ 35nm—close to the spatial resolution limit of
scattering-type scanning near-field optical microscopy (s-
SNOM) used here—in =11 nm-thick hBN. In our experi-
ments, the atomically flat surface of the Au is critical to
dramatically suppress roughness-induced PhP scattering and
accurately extract the complex propagation constant of the
ultraconfined HIPs.”” We observe a HIP dispersion deviation
of up to 30% between the classical predictions and the
experiments, far exceeding what nonlocal effects alone can
explain. However, this discrepancy can ultimately be attributed
to a carbonous layer between hBN and Au, which is likely
native to Au. This ultrathin layer fully accounts for the
observed dispersion perturbations, demonstrating that non-
local effects are minuscule in the system at the probed
polariton velocities near vg,, While AGPs are known to
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Figure 1. Prospects for extreme confinement and slow-down of
HIP modes. Effect of hBN thickness on HIP phase velocity (red
lines) and spacer thickness on AGP phase velocity (blue lines) at a
frequency of 1500 cm™'. Graphene is modeled with Fermi level E
= 0.5 ¢V and damping 7y = 10 meV. Horizontal gray dotted lines
indicate possible nonlocal couplings to slow matter excitations.
For AGPs, the phase velocity is influenced by the combined Fermi
velocities of graphene and Au, leading to significant discrepancies
between local and nonlocal theories—the phase velocity cannot
bypass the Fermi velocity barrier. For HIPs, the Fermi velocity of
Au does not induce notable deviations, and the mode can be
slowed beyond the intuitive phase velocity barrier. At an hBN
thickness of 1 nm (corresponding to three atomic layers), the HIP
phase velocity is approaching the phase velocity of plasmons
associated with Shockley—Tamm surface states in Au yet is still far
from the phonon velocities, causing spatial dispersion in hBN. At
large thicknesses, the phase velocity is naturally bounded by the
speed of light in the medium.

exhibit strong nonlocality-driven saturation of the phase
velocity when pushed to high confinement, HIPs behave
purely local, clearing the path toward record-breaking field
confinement in PhPs (Figure 1).

RESULTS AND DISCUSSION

Theoretical Analysis. We start with a theoretical
investigation of HIPs supported by a thin hBN layer on Au
and AGPs supported by a graphene sheet with Fermi level Eg =
0.5 eV, suspended a small distance above Au. At a frequency of
1500 cm™ our calculations predict that even in about 5—10
nm-thick hBN flakes, HIPs can be slowed down to phase
velocities near vg, in the middle of hBN’s upper Reststrahlen
band, whereas AGPs require Angstrom-scale spacers to reach
similar phase velocities (Figure 1). Moreover, our theoretical
implementation of Au nonlocality (see Methods and
Supporting Information Section S1) suggests that HIPs can,
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(b) energy density U (multiplied by the spacing distance d) as a function

of d and position along the HIP-supporting heterostructure (schematic on the left), at a frequency of 1500 cm™". Energy density is calculated
and normalized as described in the Supporting Information. (c) Integrated energy density within the hBN (red), air (green), and Au (blue)
regions, as percentage of the total integrated energy density in the full structure, plotted as a function of d. Results are calculated within both
local (dashed) and nonlocal (solid) metal formalisms. (d—f) same as (a—c), respectively, but for the AGP-supporting heterostructure

depicted on the left. Graphene conductivity is always described

through its nonlocal response. In all panels, dashed lines are added,

highlighting the hBN monolayer limit and the Fermi velocity of Au.

in principle, bypass the perceived vg 5, barrier, reaching phase
velocities orders of magnitude slower than supported by AGPs.

Why, then, do HIPs theoretically behave largely in a classical
manner and seemingly are independent of the Au Fermi
velocity? To get a better grasp on this, we study the impact of
metal nonlocal effects on the energy density distribution U.
Figure 2a shows that in the local case the energy density is
almost entirely concentrated within the hBN and remains
invariant with respect to d, except at d > 1000 nm, where the
mode becomes fundamentally limited by the speed of light
(Figure 1). Interestingly, considering nonlocal effects, echo this
overall trend while providing a more complete picture of the
metal’s screening behavior (Figure 2b): As the mode
approaches vg 4, at d ~ 10 nm, the Au still effectively screens
the PhPs, as expected of a good metal, and continues to do so,
to a reasonable extent, at smaller thicknesses. Only at d < 2
nm—where the HIP phase velocity is nearly an order of
magnitude lower than v ,,—does the energy density in the Au
become visually significant, leading to a noticeable redistrib-
ution from the hBN.

To quantify this electromagnetic energy redistribution, we
integrate U along the z-axis (Figure 2c), confirming that the
HIP mode stays highly confined in the hBN, with Au
contributing less than 10% until d ~ Snm, and becoming
dominant only for d < 0.5nm. Notably, the associated
dispersion blueshift is rather small, only ~2% and ~13%,
respectively, despite this energy density penetration into the
metal. As the thickness decreases further, nonlocal effects

appear to saturate, suggesting that the mode volume can, in
theory, be reduced indefinitely, and in practice it is limited only
by the intrinsic atomic thickness of monolayer hBN.

In contrast to the energy density distribution of the HIP
modes, small-gap AGPs exhibit markedly different character-
istics. In the local calculations, the AGP mode emerges at d <
100nm and remains increasingly within the gap between
graphene and Au (Figure 2d). However, the nonlocal effect
significantly alters this picture: almost immediately after the
mode formation, energy density penetration into Au is
apparent, with a much higher amplitude than for the HIP
mode (Figure 2e). Integrating U along z reiterates the early
metal penetration, as the AGP surpass 10% Au contribution at
d ~ 16 nm and the contribution becomes dominant at d < 3.5
nm (Figure 2f). This behavior is striking when contrasted with
the HIP mode, demonstrating that the AGP mode exhibits
nonclassical behavior well before reaching vg 4, while HIPs do
not.

Importantly, the spatial distribution of energy density
distinguishes these modes: while the HIP mode remains
concentrated near the hBN/air interface (Figure 2b), the AGP
mode exhibits a more uniform distribution within the gap
(Figure 2e). We speculate that this distribution in the HIP
mode reduces energy penetration into the metal, thereby
mitigating the influence of vg,,.

Beyond the main text, we provide a deeper dive into the
theoretical aspects of nonlocal effects with additional figures in
Supporting Information Section S2 detailing: field profiles
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Figure 3. Experimental setup and near-field imaging. (a) Experimental heterostructure: monocrystalline Au flake with an hBN flake on top,
probed by a metallic AFM tip. Inset to (a) close-up of the hBN/Au interface displaying interference fringes probed by s-SNOM with an in-
plane wave vector q = 27/Ayp. (b) AFM measurement revealing terraces on the Au surface. Inset to (b) surface terrace in the top left corner

of the main image (scale bars, 250 nm). (c) Spatial plot of the s-SNOM measurement of a sample at a frequency of 1480 cm~

! where the

field is saturated over the Au area (scale bar, 250 nm). (d) Line scans extracted from (c) and at frequency increments of 10 cm™" between
1460 and 1500 cm™". The line scans were all normalized and offset for ease of comparison. (e) Normalized and offset Fourier spectrum and
fit of the tip-launched part of the near-field signal in (d). (f,g) Experimental and theoretical dispersion relation, g, versus Re(q) (f) and

Im(q) (g).

(Figure S1); additional comparisons between HIP and AGP
modes (Figures S2 and S3); and spectral variations of the plots
(Figures 2¢,f and S4). Interestingly, the HIP mode exhibits a
negative dispersive behavior concerning its small nonlocal
effects, where an increase in g—driven by a frequency
increase—results in a smaller perturbation. Additionally, we
compare the nonlocal effects in Au and titanium (Ti)
substrates (see Supporting Information Section S3), as Ti is
known to exhibit a stronger nonlocal response in AGPs,”
which we also theoretically observe in HIPs.

Experimental Results. Our experimental approach for
measuring highly confined HIP modes employs s-SNOM,
which enables direct probing of polaritonic fields (Figure 3a).
Operating within the upper Reststrahlen band of hBN, in the
MIR range, we utilize a laser frequency spanning from 1460 to
1510 cm™’, although for some samples, poor signal-to-noise
ratio prevents high-frequency imaging. When the metallic s-
SNOM tip approaches the edge of an hBN flake, the near-field
interference fringes emerge from the superposition of the tip-
launched and edge-reflected HIP. The periodicity of the
observed oscillations reveals the HIP wavelength, as it is equal
to Agp/2, from which the in-plane wavevector g = 277/ Ay can
be derived (Figure 3a, close-up inset). By using thin (¢t < 40
nm) hBN flakes, the strong confinement and significantly
reduced phase velocity of the HIPs provide an opportunity to
test whether nonlocal effects associated with the metal’s Fermi
velocity constrain the ability to slow down the phonon-
polaritons below this critical velocity.

42722

Additionally, to ensure precise HIP characterization, we
measure the surface roughness of the Au flakes prior to hBN
deposition (Figure 3b), revealing an ultrasmooth surface with
an RMS roughness of x44 pm, along with atomic terraces
indicative of pristine surfaces. Atomically smooth surfaces are a
requisite for reducing noise in s-SNOM measurements of
nanoscale features, especially for fundamental image modes
where the normal E,(z) field is strongest at the interfaces (see
Supporting Information Section S2). In contrast, evaporated
and sputtered Au surfaces—where attaining RMS roughnesses
on the order of 0.5nm typically represents the best case
scenario”*’—are known to be insufficient for precise near-field
investigation of HIP modes, even when the hBN thickness
exceeds 20 nm, leading to a noisy signal and increased loss
through surface-mediated scattering.””

Using the s-SNOM method, we spatially map the HIP-
associated interference fringes (Figure 3c) and extract the near-
field profile by performing a line scan perpendicular to the
hBN edge (Figure 3d). Ideally, the hBN edge is straight as it
ensures a uniform wavefront and allows for averaging across
multiple parallel lines, thereby improving the signal-to-noise
ratio. For accuracy, it is beneficial to truncate the signal at the
second fringe from the hBN crystal edge, as the first fringe is
contaminated by parasitic near-field signals resulting from
strong edge scattering. The shortest observed fringe is &~ 35 nm
at 1500 cm™', which is comparable to the spatial resolution
limit of our s-SNOM using tips with an apex radius of around
25 nm. Although higher resolution and better coupling
between the s-SNOM tip and HIP can be achieved by using

https://doi.org/10.1021/acsnano.5c07349
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sharper tips, this comes at the cost of reduced signal-to-noise
ratio, as the s-SNOM signal strongly depends on the tip radius,
ultimately creating a trade-off between resolution and
contrast.’* As the tip becomes sharper, the effective interaction
volume also shrinks, which is detrimental for detecting highly
confined HIP modes in thin hBN flakes, where the field
penetration depth into free-space decreases rapidly with hBN
thickness' >’ (see Supporting Information Section $4). Under
these conditions, reducing the tapping amplitude can improve
near-field sensitivity but further suppresses the signal strength.
While near-field strength can be recovered by elongating the
tip, high-aspect ratio, ultrasharp tips demand custom tip
fabrication, and stable performance may require low temper-
atures and ultrahigh vacuum.>> Moreover, light—matter
coupling appears further constrained by the intrinsic Rest-
strahlen band of hBN, limiting the near-field signal contrast.>

Extensive research has been done on the methodology of s-
SNOM :1n:1lysis,-37_39 therefore, we summarize our character-
ization process here, while outlining it in detail in Supporting
Information Section S6. To precisely extract g, we perform a
fast Fourier transform (FFT) on each line scan and fit the
resulting spectrum with that of a damped harmonic oscillator
model. The peak in the Fourier spectrum directly provides the
spatial frequency from which g is obtained (Figure 3e). In
order to determine the loss of the HIP mode, we apply an
inverse transform to the Fourier signal, stemming from the tip-
launched mode, and fit it to a damped harmonic oscillator,
incorporating the x™'/> geometrical decay factor from radial-
wave spreading.”® We also employ this approach to establish
the dielectric function of our hBN crystals by conducting
experiments on hBN of varying thickness on a silicon (Si)
substrate ahead of examining the hBN/Au heterostructure
(Supporting Information Section S7).

Figure 3f displays the Re(q) we extract from the measure-
ments, showing a near-linear dispersion that is characteristic of
image modes at low frequencies. To the best of our knowledge,
the measured Re(q) = (8.86 + 0.51) X 10° cm™' and the
associated n.s = 94 represent the highest values observed for
hBN in near-field studies, even exceeding those in a single
atomic layer of hBN measured at lower frequencies.”® Since
the near-field contrast diminishes for thinner vdW crystals,
many studies have adopted a method of measuring only a
single fringe to extract Re(q), enabling the probing of highly
confined polaritons.”****’ While this single-fringe approach
has been pivotal in advancing high-confinement near-field
studies, the analysis of multiple fringes, as we achieve here,
provides greater accuracy and allows us to extract the
imaginary part of the HIP’s wavevector, Im(q), shown in
Figure 3g. The observed Im(q) values are substantial; however,
this result does not necessarily indicate the presence of
nonclassical effects such as surface-enabled Landau damping—
the high loss is primarily because Im(q) is not independent of
Re(q)-

In Figure 3f and g, we compare the measured data with the
theoretical HIP (local) dispersion relation for a hBN slab
placed on top of a Au mirror using the methodology described
above and in the Methods section. Comparison of theory and
experiment reveals a significant blueshift of the latter of more
than 20%. This trend is consistent between multiple samples
with varying hBN thickness, as shown systematically in Figure
S. Such significant deviations from classical theory are rarely
observed in experiments, e.g., state-of-the-art gap surface
plasmon investigations require a spacer of approximately 1 nm

to observe such deviations,® a behavior echoed by AGPs,*!
suggesting the need for an alternative explanation. To
understand the origin of such a blueshift, we resorted to
high-resolution transmission electron microscopy (TEM)
images of several samples, focusing on the interface between
Au and hBN (Figure 4a). These images confirm the crystalline
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Figure 4. Observation of the interfacial layer. (a) Cross-sectional
high-resolution TEM image of the hBN/Au interface where an
interfacial layer is present (scale bar, 1 nm). (b) EELS spectra of
the interfacial layer with clear peaks at the carbon and oxygen K-
edges.

orientation of our Au crystals with visible atomic terraces of
approximately 0.22 nm height. The expected fringes character-
istic of crystalline hBN, with an atomic spacing of around 0.33
nm, are also clearly observed. However, between the two
materials, we detect an amorphous interfacial layer, typically
ranging from 1.3 to 2 nm in thickness. Notably, annular dark-
field scanning TEM, which is frequently used to characterize
cross sections, would conceal the presence of an interfacial
layer, as the weak electron scattering of dielectrics makes it
difficult to unambiguously distinguish it from hBN (see
Supporting Information Section S8). This interlayer could
account for the discrepancies between classical predictions and
experimental data, depending on its optical properties;
particularly, a lower refractive index would lead to greater
deviations of g and especially Re(g), as it reduces the effective
index of the HIP modes.

To understand the composition of this interfacial layer, we
perform electron energy loss spectroscopy (EELS) using TEM.
The analysis reveals that the layer is composed primarily of
carbon and oxygen (Figure 4b), suggesting that it optically
behaves like an organic material. We then estimate its optical
constants by referencing previously reported values for organic
compounds. Across the mid-infrared frequency range of our
study, organic solids and liquids typically exhibit refractive
indices between 1.35 and 1.5, with some, such as methyl
groups and their esters,"” and polydimethylsiloxane (PDMS),"
approaching values just under 1.3. At the same time, extinction
coefficients for these materials are generally small, on the order
of 1 x 1072 Using these parameters, we include the lossless
interfacial layer in the model by assuming a thickness of 2 nm
and a real refractive index of 1.2, which remarkably leads to a
consistent agreement of theoretical and experimental curves
across all measured hBN slab thicknesses (Figure S; see
Supporting Information Section S10).

Although the formation of surface layers on Au is rarely
considered in nano-optics, it is in fact a well-established
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Figure 5. Systematic measurement of the dispersion. (a—c) Measured (markers) dispersion of Re(q) (a), Im(q) (b), and the phase velocity
(c) as a function of hBN thickness and HIP frequency. Classical theory in the absence (dashed curves) and presence (solid curves) of an
interfacial layer are included, with the latter agreeing well with the experimental data.

phenomenon.**** Surface layers, predominantly composed of

carbon, but also oxygen, begin to form within minutes on clean
Au surfaces.”> While we attempt to mitigate such layers by
cleaning our Au crystals with oxygen plasma (see Methods),
which temporarily leaves a clean surface, the plasma-treated
surface may expedite the formation of a new layer before the
hBN deposition can be completed—we observe the formation
of these layers as well (see Supporting Information Section
S9). Thus, avoiding the formation of this layer entirely would
likely require operating in a controlled environment, such as
inert nitrogen or argon chambers, or a high vacuum
environment throughout the entire process, or employing
alternative fabrication methods such as Au deposition on hBN.
However, while thermal- and sputter-deposited Au can achieve
direct contact, they likely introduce hBN lattice defects as
observed for MoS,**—which is also a reason why we avoid
nanoantenna fabrication on our samples.

Figure S summarizes our s-SNOM results by comparing g
across multiple samples with varying hBN thickness, with the
aim of identifying any systematic trend in the discrepancies. To
this end, we contrast our experimental results with predictions
from classical electrodynamic theory with and without
incorporating the interfacial layer. Our analysis reveals that
the HIP mode is consistently blueshifted relative to the
classical prediction by up to as much as 30% as the flake
thickness decreases, but the inclusion of the interfacial layer
accounts for this perturbation (Figure Sa). However, we note
that for the hBN flakes with thickness around and above 30
nm, the inclusion of an interfacial layer is not particularly
relevant, as the deviation of Re(q), across all frequencies, is
negligible.

When analyzing Im(q), as a function of thickness (Figure
Sb), we find a similar trend where the experiment yields lower
values than the theory. However, the measured loss has a
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higher degree of data variability and the sporadic presence of
outliers, leading to increased uncertainties. This is anticipated
due to the reduced near-field contrast associated with highly
confined HIPs, as discussed above (additionally, see
Supporting Information Section S4). Despite the relatively
noisy data, the inclusion of the interfacial layer accounts well
for the observed deviations, signifying no additional damping.
Similar observations have been reported for AGPs,*" attributed
to Landau damping dissipating for ® < ®,, where w, is the
metal plasma frequency. This phenomenon is well explained by
the imaginary part of the Feibelman d-parameters approaching
zero at low frequencies.”*’

Finally, to quantify the measurements and their relation to
classical electrodynamic theory, we calculate the HIP phase
velocity from Re(q) in Figure Sa. As classical theory predicts, a
linear relationship is evident between the hBN thickness and
the phase velocity (Figure Sc). A consistent linear deviation of
the experimental data from theory is effectively accounted for
by including the interfacial layer in the model. Notably, our
measurements show no evidence of deviations from classical
electrodynamics as we approach the Fermi velocity of Au, even
when probing phase velocities as low as X2vg 4, We would like
to emphasize that such phase velocities are comparable to
those demonstrated for AGPs with an atomically thin hBN
spacer where significant nonlocal effects have been observed,
signaling the limiting field confinement.”' In contrast, our
experimental results and theoretical calculations suggest that
nonclassical effects are not exhibited for HIP modes in the
hBN/Au heterostructure even when their phase velocity goes
below the Fermi velocity of Au, paving the way toward
uncharted territories of field confinement.
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CONCLUSIONS

The significant advancements in nanophotonics initiated by
plasmons in metals and graphene have a fundamental
electrodynamic constraint: at mesoscopic confinements,
plasmons exhibit pronounced nonclassical effects. Among
these, nonlocality is expected to become relevant when the
characteristic phase velocity of a given material approaches v,
of the electromagnetic excitation. In metals and graphene, the
dominant factor is the Fermi velocity, whereas for dielectrics, it
is the phonon group velocity. Consequently, the comparatively
low group velocity of phonons in polar dielectrics such as hBN
makes the optical response of these materials inherently local
even for large confinement factors; this allows for the PhPs
they support to be confined more strongly than plasmon-
polaritons, even in the presence of metals, as long as they
concentrate the bulk of the energy density. This ability to
effectively mitigate nonclassical effects presents opportunities
in a plethora of fields, including spontaneous emission control,
quantum emitter coupling, and the exploration of velocity-
dependent phenomena such as Shockley—Tamm surface states
and phonon nonlocality.”

While our experiments show that nonclassical corrections
are very mild in our hBN-Au setup (with nonlocal theory
predicting a perturbation of less than 1% for a 10 nm thick
hBN slab), different combinations of materials lead to different
field distributions that may be more strongly affected by
nonlocal effects. For example, replacing Au with Ti—a widely
used adhesion layer—leads to an order of magnitude increase
of the nonlocal perturbation to more than 8%, due to a higher
Fermi velocity vgp; =~ 1.79 X 10°m/s and lower plasma and
collision frequencies (see Supporting Information Section S3).
Ti is also prone to oxidation, which can likely further alter its
response. Likewise, if an additional layer of graphene would be
included atop the hBN,"””* we expect that the graphene
nonlocal response would dominate, and therefore the overall
achievable polariton confinement would be limited. These
comparisons highlight that, in general, HIPs are not shielded
from nonclassical effects, although they still enable effective
bypassing under appropriate conditions.

In this work, we have focused on the upper Reststrahlen
band of hBN supporting in-plane PhPs, while ignoring the
lower one supporting out-of-plane PhPs. Due to field
symmetry, the HIP mode in the lower Reststrahlen band will
correspond to the same symmetric PhP mode in an effectively
twice thicker hBN slab, thus decreasing g, making it harder to
reach vy, a2 Tt is, however, still an interesting case that we
explore theoretically (see Supporting Information Section
S11), observing similarly minuscule nonlocal corrections with
one interesting caveat: for the upper Reststrahlen band, the
small nonlocal effects are expected to cause a blueshift—i.e,, a
decrease in g—but for the lower band, they cause an increase.
This apparent difference in behavior is explained by the
negative phase velocity of HIPs in the lower Reststrahlen band
(with respect to the propagation direction), so in both cases,
the theoretical nonlocal effect corresponds to an introduced
blueshift.

Furthermore, our findings in Figure 5 demonstrate that HIPs
enable the probing of interfacial layers between vdW crystals
and screening materials, providing crucial insights into the
optical properties and thicknesses of such layers. This approach
is particularly effective when nonclassical effects are negligible,
as in this study. However, Figures 4 and S also call attention to

the fact that, while it is not yet common practice, all
experiments investigating nonclassical effects should carefully
examine the relevant interface, e.g.,, by using TEM.

Finally, our results suggest that HIPs serve as an excellent
testbed for probing nonlocal effects in metals and assessing the
accuracy of the theoretical models describing them. In thin
hBN films, HIPs can achieve extreme confinement levels where
nonlocal metal models, such as the hydrodynamic model used
here, remain untested. This raises a fundamental question: can
our theoretical predictions be experimentally verified, high-
lighting the surprising nature of virtually boundlessly confined
polaritons, or does the model break down, offering new
insights into the microscopic behavior of charge carriers in
noble metals? Regardless of the outcome, these findings pave
the way for exciting experiments that push polariton
confinement further than ever before while addressing key
open questions in the field.

METHODS

Sample Preparation. We synthesize monocrystalline Au flakes
using a thermolysis-based Brust—Schiffrin method.>® An aqueous
solution of chloroauric acid (HAuCl,-3H,0 in a $ mM concentration)
is mixed with tetraoctylammonium bromide in toluene, stirred for 10
min at 5000 rpm, and then allowed to separate into aqueous and
organic phases over a further 10 min. All reagents were purchased
from Sigma—Aldrich.

The Si substrate is prepared by precleaning in sequential ultrasonic
baths: first in acetone, followed by isopropyl alcohol (IPA), and finally
with ultrapure water. After being blow-dried with nitrogen gas, the
substrate is baked on a hot plate at 200°C for approximately 5 min to
ensure dehydration. To induce the growth of Au flakes, a few
microliters of the organic phase is drop-cast onto the substrate, which
is then left on a hot plate, enclosed under a beaker, at 130°C for 24 h.
After that, the sample is cleaned in toluene at 75°C, followed by
acetone and IPA, which effectively remove most of the residual
organic solvents. Immediately before hBN transfer, we clean the Au
flake using oxygen plasma at an O, flow rate of 30 sccm and a power
setting of 30 W for 1S min (CUTE-1MPR-Dual mode from Femto
Science Inc.) or 300 W for 15 min (PE-S0 from Plasma Etch Inc.)
with similar outcome.

To transfer hBN to the Au flakes, we mechanically exfoliate
epitaxial solidification-grown hBN, commercially sourced from 2D
semiconductors USA, using low adhesion Nitto SPV224 tape (blue
tape). We exfoliate the original hBN crystal until the tape is visibly
covered and then switch to a fresh piece of tape for a last round of
exfoliation on a polydimethylsiloxane (PDMS) stamp, commercially
available from GELPAK.

We select the hBN flakes on the PDMS stamp by comparing their
visual contrast, and the chosen flake is transferred onto the Au flake of
choice using a manual transfer stage at a temperature of 80°C.

s-SNOM Measurements. We perform near-field imaging using a
commercial s-SNOM (neaSNOM from attocube systems AG,
formerly Neaspec) coupled to a tunable quantum cascade laser
(MIRcat from Daylight Solutions). To probe the propagating
phonon-polaritons, we employ Pt/Ir-coated AFM tips (ARROW-
NCPt-50 from NanoWorld) operating in noncontact mode, with a
tapping frequency of approximately 270kHz and an oscillation
amplitude between 60 and 70 nm.

In s-SNOM, infrared radiation from the laser, tuned to a frequency
within the Reststrahlen band of hBN, is focused onto the metallic
AFM tip. The incident light scatters from both the tip and the edge of
the hBN flake, facilitating the necessary momentum change to launch
phonon-polaritons.

For image generation, we utilize the pseudoheterodyne interfero-
metric detection module, where background-free interferometric
signals are obtained by demodulating the scattering amplitude (the
output signal of the s-SNOM) at different n-order harmonics of the
tapping frequency. We select the n = 3 harmonic to ensure near-field
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images with minimal background noise—the n = 4 harmonic can also
be employed for further background reduction, albeit with a lower
signal-to-noise ratio.

Additionally, during the s-SNOM raster scans of the surface, we
simultaneously acquire topography data for the scanned area, thereby
providing precise thickness measurements of the hBN flakes and
ensuring consistency across measurements. Furthermore, we
employed the AFM mode of the neaSNOM to measure the surface
roughness of select Au flakes prior to hBN transfer.

TEM. We prepare cross-sectional TEM specimens using a focused
ion beam (FIB; Thermo Fisher Scientific Helios NanoLab 450). To
mitigate damage and amorphization of the ion-beam-sensitive hBN
crystal, a fine milling process at S KV is carefully performed, gradually
reducing the sample thickness to approximately 50 nm.

Cross-sectional high-resolution TEM and scanning TEM images of
the interface between the hBN and Au crystals are acquired using a
cold field emission gun (JEOL-ARM300F), equipped with a probe
aberration corrector and operating at an accelerating voltage of 160
keV. EELS measurements are conducted in dual mode to
simultaneously collect zero-loss and core-loss spectra, minimizing
energy drift while measuring energy loss.

Theoretical Modeling. The frequency- and momentum-depend-
ent p-polarization reflectance coefficient r,(w,q) of a general
heterostructure is calculated by solving Maxwell’s equations within
each layer under plane-wave illumination and subsequently finding
the electric and magnetic fields and associated coeflicients through the
interlayer boundary conditions. Notably, we incorporate the nonlocal
response of metallic layers following the hydrodynamical
model,""***" whereby nonlocal longitudinal electromagnetic modes
are incorporated alongside local transverse ones. The detailed
procedure, including all boundary conditions employed to solve the
problem, is presented in the Supporting Information

To determine the dispersion relation of the polaritonic modes
supported by the heterostructure, we solve the condition 1/r,(@,q) =
0, which, in our case, is done by setting a real frequency @ and
numerically solving the equation to find the complex-valued
momentum q that satisfies it. From the resulting (w,q) pairs, the
polariton phase velocity is calculated as v, = @/Re(gq). The dispersion
relation is finally fed into the purely polaritonic electric and magnetic
fields in each material region (ie., calculated in the absence of
illumination source), from where the energy density distribution is
subsequently calculated (see Supporting Information S1 for details).

We apply this method to two different HIP-supporting
heterostructures: (1) Au/hBN/air and (2) Au/dielectric layer/
hBN/air. In the latter case, the dielectric layer corresponds to the
interfacial layer identified in the TEM images, with a thickness of 2
nm and refractive index of 1.2 (Figure 3 and associated discussion). In
both cases, the hBN layer thickness is varied, and its permittivity along
the in-plane (s = ||) and out-of-plane (s = L) directions (with respect
to its monolayers) is described through a Lorentzian model

] (1)

with the parameters shown in Table S2 in the Supporting Information
(see also the associated discussion for details). The Au layer is taken
as semi-infinite (owing to its thickness, several hundreds of
nanometers, being much larger than its skin depth) and we model
its local permittivity through the Drude model:
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with the parameters &, = 9.5, hw, = 9.06 eV, and fy,, = 71 meV.*?
Within the hydrodynamical model framework, nonlocality in Au is
characterized by the parameter f# = /3/5Vg, aw 7 where vp
1.40 X 10°m/s is the Fermi velocity of electrons in Aut

Finally, we compare the HIPs in hBN/Au heterostructures with the
AGPs supported in graphene/gap/Au ones. These are computed
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using the same formalism and describing graphene as an interfacial
nonlocal surface conductivity modeled as described in Supporting
Information Section S1. Throughout all figures, we used Fermi level
Er = 0.5 eV and damping 7y = 10 meV to describe the graphene layer.
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