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S1. Detailed theoretical description
A. General formalism

We consider a general heterostructure comprising N layers stacked along the z-direction, described
by their permittivity €; (j = 1,---, N) and thickness d; (j = 2,--- , N — 1). Between each layer j
and j + 1, we allow for the presence of a general surface conductivity o; (j =1,--- ,N —1). We
note that, to describe anisotropic materials (such as hBN in this work), €; may be treated as a tensor
with different components in the in-plane (¢;)) and out-of-plane (¢;, ) directions with respect to the
interfaces of the heterostructure.

In each layer j, the solution of Maxwell’s equations for frequency w and in-plane momentum g
in the case of p-polarisation results in magnetic H;(x,z) = H;V. (x,2)¥y and transverse electric fields

EJT.(x, 7) = E]Tﬁx(x, DX+ E}’Z(x, 2)2 defined by:

H)(x,2) = (aj‘-e‘ikf“-z + a}re”‘fﬂ) ele*, (S1a)
ki . ) )
T,x _ JZ N =ik +aikj 7\ algx
E! (x,z)—(—ejk)( aye i 4 afel) e, (S1b)
Tz DN~ amikjaz o+ aik;2) aigx
Ej (X’Z)_(_ejk)(aje +aje )e R (Slc)
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where k = w/c and k;, = \/e;k* — ¢* (with the square root taken to yield a positive imaginary
part). For a layer j composed of an anisotropic material, €; in Eqs. (S1b) and (S1c) needs to
be replaced respectively by € and €; ., and the corresponding out-of-plane wavevector becomes
kiz = \ejpk® = (jy/€;)q> [1].

In dielectric layers that are accurately described locally, we take the full electric field to be trans-
verse, that is, E;(x,z) = EJT.(x, z), with the components given by Egs. (S1). Conversely, in metal-
lic layers where nonlocal effects may be sizeable, we follow the hydrodynamical model (see de-
tails in Refs. [1, 2]) and supplement the total electric field with curl-free longitudinal components
El(x,2) = E5"(x, 9% + E;*(x,2)2 given by:

E,2) = (3) (-beions 4 bretus) e, (S2a)
k; . .
Efi(x,2) = (’TL) (b7e s 4 brets) efrr, (S2b)

where, for a metal with a permittivity €; described by the Drude model (see Eq. (2) in the main

text), we define the longitudinal wavevector k;, = B! \/a)(w + 1Ym) — a)g/ & — B2q* (with the square

root taken to yield a positive imaginary part) that depends on the nonlocal parameter 8 = V3/5v
proportional to the Fermi velocity vg of the electrons in the metal. The full electric field in such
regions is thus described by E;(x,z) = E]T(x, )+ Elj‘(x, 2).

The problem of finding the modes supported by such heterostructure becomes finally the problem
of determining the coefficients a* and b* in each layer, which depend on the external illumination
conditions of the problem.

1. With external illumination. The usual Fresnel coefficients can be obtained by assuming top-side
light plane wave incidence on the structure, for which we take a; = 1 and a;, = 0. From here we
can also identify ai = r,, and aj, = 1, (the latter is the transmittance coefficient of the combined
structure when the (N — 1)th layer is not metallic). Additionally, if the (N — 1)th layer is metallic,
we set b;, = 0 and define by, = 7, where the latter can be understood as a nonlocal transmittance
coefficient (however, note that the actual transmittance into the metal now depends on both
t, and 7,). We remark that we are defining the reflectance and transmittance coefficients of
the system with respect to the amplitude of the associated magnetic fields (and not electric
fields). We remain with 2(N — 1) + Ny, unknown coefficients in the problem, where Ny, is the
number of nonlocal metal/dielectric interfaces in the heterostructure (for simplicity, we do not
consider here the case of two consecutive nonlocal metallic layers). These coefficients can
be determined by the boundary conditions at each interface, primarily the continuity of the
tangential component of the electric field, and the discontinuity of the tangential component of
the magnetic field when in the presence of a current density in the interface. These amount to
2(N — 1) conditions that can be written for the interface between layers j and j + 1 (located at
z1=0forj=1landz; =z —d;for j>1)as

Ej(x,z)) = Ej_(x,2)) =0, (S3a)
Hi(x,z)) = H}_,(x,2)) = 4n(0j/OEj(x, 2)). (S3b)
The remaining N, boundary conditions correspond to the vanishing of the normal component

of the free-charge polarisation vector P = (i/k)V X H — E at each of the metal/dielectric
interfaces, which can be rewritten as

Pi(x,z)) = —(q/k)H;'(x, 7)) — &E(x,2)) = 0. (S3c)

Equations (S3) together with Egs. (S1) and (S2) form a system of 2(N — 1) + Ny, equations and
2(N — 1) + Ny, unknowns that can straightforwardly be solved to yield all unknown coefficients
of the system.



The frequency- and wavevector-dependent reflectance coeflicient r,(w, g) of the combined
structure, from where the supported modes follow from solving the equation 1/r, = 0.

2. Without external illumination. Alternatively, the pure polaritonic fields (i.e. in the absence of
external illumination) can be obtained by setting a; = 0 and normalizing all other coeflicients
of the system to a}, which becomes a normalisation parameter of the problem. Employing the
same boundary conditions as above, we obtain 2(N — 1) + Ny, equations and 2(N — 1) + Ny, — 1
coeflicients —the extra equation can be used to determine the dispersion relation of the modes
(which should coincide with the solution of 1/r, = 0).

The spatial- and frequency-dependent energy density associated with the polaritonic fields
follows as

1
U(x.2) = o [H(x. 2 + €Ex. 9P (S4)

where we introduce € = Re{d(we)/dw}. In anisotropic materials (e.g. hBN), the second term in
the square brackets must be rewritten as &|E(x, 2)* + &,|E.(x, z)|?, with & = Re{d(we,)/dw}
(s =|l, L). The total energy associated with the polaritonic field (per unit length along the
transverse direction) can then be written as Ut = 2 fooo dx f_ D:o dz U(x, z). In the energy density
plots of Fig. 2 in the main text, we choose the normalisation constant a; such that Ur is
independent of the spacing thickness d and proportional to 7w (that is, the field corresponds to
that of a single polariton per unit of transverse length).

B. Closed-form expressions for single and double interfaces

The formalism above can be applied to find analytically all coefficients that fully determine the
electric and magnetic fields in a general heterostructure of arbitrary number N of layers. However, the
general closed-form expression of such coeflicients can be very cumbersome, except in the special
cases of heterostructures with just a few layers. In Table S1, we summarise the analytical solutions
for such coefficients in the cases of heterostructures with 1 or 2 interfaces, where the last layer is
a nonlocal metal, both for the cases where there is or is not external illumination as a source (see
schemes present in the first column of Table S1). In the case of the double interface, the results admit
the incorporation of a surface conductivity o between the two dielectric regions. Furthermore, we
define for convenience reasons the nonlocal parameter

Q= (@ /kL)e = &)el /&, (85)
and introduce the usual Fresnel coefficients between local media of permittivity €; and €; as
i €k, — €k, j + 4n(oj/ Ok, ik j/k
PO gk + €k j + Ao/ )k ik ik
26k

= : S6b
p0 é'jsz + Ejkzyj + 47T(O','j/C)kZ’ikZ,j/k ( )

(S6a)

where o is the surface conductivity in the interface between the two regions. We note that the case
of anisotropic materials (such as hBN) can be readily recovered with the modifications stated above.
In all cases, the dispersion relation of the modes supported by each structure can be obtained by
solving the equation A = 0. For the case without source, the factor A is arbitrary and can be chosen as
a normalisation factor of the problem.

C. Graphene nonlocal conductivity

In the graphene/gap/Au heterostructures, we model graphene as a nonlocal interfacial surface con-
ductivity modelled at zero temperature as og(w, q) = —iwy(w, g), where we introduce the bare



Table S1. Generalised Fresnel coefficients for heterostructures composed by single and double in-
terfaces and nonlocal metals. The first column shows the two types of heterostructures considered

and defines all relevant coefficients in the corresponding schemes. Additional functions Q, rgo, and
tr’)’ are defined in Egs. (S5) and (S6). The dispersion relation of the modes supported by the structure

can be obtained by solving A = 0. The coefficient A is a normalisation factor of the problem.
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282w kg N [G(AL) = G(-AL) +im]®O(RefA_} + 1) + G(—A_) — G(Ay)

hy 2 ’
F.G |4 8 wz/v}%’G _qz

Xxolw, q) = (S7)

where vpg = ¢/300 is the Fermi velocity of electrons in graphene, kg = Er/fivpg, Ay = (w/vEg

2kp)/q, G(z) = zVz2 — 1 — log(z + Vz2 — 1) (with the square root taken to yield positive imagi-
nary parts and the imaginary part of the log function taken in the [—m, ) sheet); and we add a
phenomenological damping rate y using the Mermin prescription [3]:

(1 +iy/w)yo(w + iy, q)
1+ (iy/w)xo(w + iy, ¢) /x0(0, @)

xX(w,q) = (S8)



S2. Nonlocal metal response of polaritons

As the main text explores, the nonlocal response of Au differs drastically between hyperbolic
image phonon-polaritons (HIPs) and acoustic graphene plasmons (AGPs). Since both systems are
fundamentally governed by mode screening from the metallic substrate, their comparison — as shown
in figure 1 and 2 of the main paper — is instructive for understanding nonlocal effects. Here, we
compare various aspects of both modes to develop a more complete picture of why the HIP eigenmode
remains predominantly local.

A. Field distributions and the role of nonlocal effects

We start by studying the nonlocal influence on the spatial field distributions for a 10 nm hBN slab
on Au at a frequency of 1500 cm™! (Fig. Sla-c). Evidently, the inclusion of nonlocal effects in Au’s
response does not alter the field intensities in hBN much even though the phase velocity of the mode
is approaching vy a,. However, the more interesting point of focus is in Au: in the local case, as
expected of good metals, both the E.(z) and E,(z) field are several orders of magnitude weaker than
in hBN. Introducing nonlocality, however, tells another story — revealing a small field penetration into
the Au, particularly for the E,(z) field (inset of Fig. S1b), extending ~ 1 nm before decaying to similar
values as in the local case. Since the magnetic field is entirely transverse in nature and nonlocality
enters through longitudinal components, the nonlocal H(z) field only deviates slightly from its local
counterpart, a difference caused by a slight change in g.

Decreasing the hBN thickness to 1 nm results in more significant changes in the spatial field distribu-
tions (Fig. S1d-f). The field penetration into Au has increased, especially E(z) (inset of Fig. S1d) is
orders of magnitude higher than for for the 10 nm case. Another notable observation is the general
decrease of the field amplitude in hBN and air; however, we again contribute this to the change in q.
Turning to our point of reference, the AGP eigenmode, we observe that the field is likewise highly
confined in the gap; however, even at a gap thickness of 10 nm the fields are heavily influenced by the
inclusion of nonlocal effects (Fig. S1g-i) — to a similar extent as the HIP mode with a 1 nm thick hBN
slab — and a large E,(z) field penetration into Au is apparent (Fig. S1h). This field penetration only
becomes larger as the mode is vertically compressed further (Fig. S1j-1); while the fields remains at a
larger amplitude in the gap than the Au, the energy density is almost entirely located in the metal due
to the large discrepancy in permittivity between the two media (Fig. 2 of the main paper).
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Figure S1. Spatial field distribution of HIP and AGP eigenmodes. Results are calculated using

both local (dashed) and nonlocal (solid) metal formalisms at a frequency of 1500 cm

—1

. The HIP-

supporting heterostructure consists of an air/hBN/Au stack (schematic on the left). a, |Ex| profile of
the HIP eigenmode for an hBN thickness of 10nm. b,c, same as (a) but for |E;| and |H|, respec-
tively. d-f, same as (a-c) but for 1 nm hBN. g-l, same as (a-f) but for the AGP eigenmode. The
AGP-supporting heterostructure consists of an air/graphene/air gap/Au stack (schematic on the left).
Graphene conductivity is always described through its nonlocal response. Insets in the |E,| and |E;|

fields highlight the field penetration into Au. All fields are normalised as described in Section S1.



B. Perturbation strength comparison

As discussed in the main text, HIPs provide approximately an order of magnitude greater lateral
confinement compared to AGPs for the same degree of vertical confinement (Fig. S2a). Both systems
exhibit a similar ratio of Re(q)ioc/Re(@)non-10c as a function of hBN or spacer thickness until the
HIP ratio begins to saturate at an hBN thickness of around 1 nm (Fig. S2b). At this thickness,
both modes reveal a frequency-dependent g discrepancy between local and nonlocal predictions of
around ~ 8% at a frequency of 1500cm™'. However, while the AGP mode exhibits Re(g)agp =
11 x 10° ecm™" with neg agp = 115, the HIP mode achieves significantly greater confinement, with
Re(g)mp = 120 X 10° cm™! and negacp = 1250. Importantly, the ¢ discrepancy for the AGP mode
continues to grow due to the fundamental restriction imposed by vp g and the additional contribution
to nonlocality from vg ,, which ultimately prevents the mode from bypassing these critical velocities
(Fig. S2¢).
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Figure S2. Nonlocal perturbation comparison of HIP and AGP mode. a, Theoretical predictions
of Re(q) as a function of hBN or spacer thickness for a variety of cases at a frequency of 1500cm™":
HIP-L (local metal), HIP -NL (nonlocal metal), AGP-X,Y (X = {L, NL} for local/nonlocal metal, Y
= {L, NL} for local/nonlocal graphene). The inset highlights the much lower lateral confinement of
the AGP mode. b, Ratio of Re(q) for the local to nonlocal cases for the HIP mode, the AGP mode
with both metal and graphene considered nonlocal, and the AGP mode with nonlocal metal and local
graphene. ¢, Phase velocity predictions corresponding to the cases shown in (a).



Interestingly, the HIP mode exhibit a negative dispersive behaviour in relation to its nonlocal effects
(Fig. S3a), while the nonlocal perturbation of AGP modes is more or less dispersionless (Fig. S3b,c).
This effectively means that the nonlocal effects experienced by the HIP mode is not related only to g
alone, but also the dispersive behaviour of €, .
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Figure S3. Frequency-dependant nonlocal perturbation comparison of HIP and AGP mode.
a-c, Ratio of Re(q) for the local to nonlocal cases for the HIP mode, the AGP mode with nonlocal
metal and local graphene, and the AGP mode with both metal and graphene considered nonlocal,
respectively.

C. Energy density

Since we observe that the nonlocal perturbation — however small it may be — is theoretically expected
to be negatively dispersive (Fig. S3a) we turn to the same analysis of integrated energy density as in
the main paper. Figure S4a-f displays the results of this integration for both local (Fig. S4a-c) and
nonlocal (Fig. S4d-f) metal formalisms in air (Fig. S4a,d), hBN (Fig. S4b,e) and Au (Fig. S4c.f). As
the main paper highlights, Au is an excellent metal and therefore screens the phonon polaritons well,
resulting in the energy density being highly concentrated in hBN. However, at d < 10 nm — when
approaching v a, — this screening starts to slowly deteriorate; however, as mentioned in the main
paper it does not become significant until much lower thicknesses. Regarding the dispersive behaviour
we observe the same for energy density, albeit small: for 1 nm thick hBN, the energy density in the
gold varies from 35.7% to 33.6% over the frequency range. Similar to the perturbation results, the
integrated density of the AGP mode displays no dispersive behaviour (Fig. S4g-1).
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Figure S4. Integrated energy density as a function of distance and frequency. a-c, Integrated
energy density, in the the HIP-supporting heterostructure (schematic on the left), shown as a percent-
age of the total energy density in the structure for the air (a), hBN (b), and Au (c) regions, calculated
using the local metal formalism. d-f, same as (a-c) but calculated using the nonlocal metal formalism.
g-1, same as (a-f) but for the AGP-supporting heterostructure (schematic on the left).
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S3. Metal-dependent nonlocality: Au vs. Ti

It is well established that the nonlocal effects of a system depends heavily on the metal due to the
different vy and permittivity of varying metals [1, 4, 5]. Here we compare Au to Ti, since Ti is widely
used as an adhesion layer in nanophotonics.

A. Field distributions of the Ti supported HIP mode

We start our investigation of nonlocal effects in HIP modes screened by Ti by analysing the spatial
field distributions, following a similar approach to figure S1, at a frequency of 1500 cm™~!. With a
Fermi velocity of ve1; =~ 1.79 x 10° m/s, Ti exhibits a seemingly minor velocity difference compared
to Auvpa, = 1.4 X 10° m/s. However, the impact of this difference is pronounced: when nonlocal
effects are incorporated, significant field penetration into Ti is already evident for a 10 nm thick hBN
layer (Fig. S5a-c). For 1nm thick hBN this field penetration is further exacerbated (Fig. S5d-f),
combined with the field amplitude in hBN being about halved, the E,(z) field does not experience the
common discontinuity (Fig. S5e). These results indicate that HIP modes can experience significant
nonclassical effects when screened by metals with weaker screening properties. Next, we examine
the theoretical nonlocal perturbation caused by the field deviations in the hBN/Ti heterostructure.
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Figure S5. Spatial field distribution of HIP and AGP eigenmodes screened by Ti. Results
are calculated using both local (dashed) and nonlocal (solid) metal formalisms at a frequency of
1500cm~". The HIP-supporting heterostructure consists of an air/hBN/Ti stack (schematic on the
left). a, |Ex| profile of the HIP eigenmode for an hBN thickness of 10 nm. b,c, same as (a) but for |E;|
and |H|, respectively. d-f, same as (a-c) but for 1 nm hBN. Insets in the |E«| and |E,| fields highlight
the field penetration into Ti. All fields are normalised as described in Section S1.
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B. Perturbation strength comparison

Based on the spatial field distribution, it is clear that HIPs screened by Ti should be significantly
more nonlocal than those screened by Au. Here, we quantify and compare the perturbation strength
like in figure S2 (Fig. S6). The pronounced discrepancies between the local and nonlocal fields in
figure S5 correlate to a significant nonlocal perturbation of about 9% for a 10 nm thick hBN layer at a
frequency of 1500 cm™! — exceeding the perturbation felt by the HIP mode on Au with just a 1 nm
hBN thickness. Notably, for 1 nm hBN on Ti, the discrepancy increases to nearly 60%, far surpassing
the effect observed for the same thickness on Au. However, in the local limit, no discernible difference
exists between Au and Ti (Fig. S6a), as both behave essentially as perfect metals in the mid-infrared
frequency range. These theoretical predictions underscore the importance of carefully selecting
materials in electromagnetic designs.
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Figure S6. Nonlocal perturbation comparison of Au and Ti substrate impact on HIP mode. a,
Local and nonlocal theoretical predictions of Re(g) as a function of hBN thickness for the cases of an
Au and Ti substrate. b, Ratio of Re(q) for the local to nonlocal cases for the HIP modes.
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C. Energy density

Similar to the case of Au, using Ti as a screening metal within a local formalism yields an energy
density distribution almost entirely confined to the hBN, with minimal variation as a function of d
(Fig. S7a). Adding nonlocal effects to the consideration, the distribution again follows a trend similar
to the HIP mode screened by Au (Fig. 2b of the main paper); albeit with an earlier onset of metal
penetration, becoming visually significant at d < 5nm (Fig. S7b). Integrating U along the z-axis
(Fig. S7¢) confirms that the HIP mode stays well confined in the hBN; however, the earlier energy
penetration results in a Ti contribution of approximately 10% at d ~ 15 nm, correlating well with the
field profiles (Fig. S5). Atd < 0.7 nm the Ti contribution becomes dominant.

Eneriz densit‘ Uxd

Phase velocity, local (m/s) 0 1.8 Phase velocity, local (m/s)
a 10° 10¢ 107 108 b 10° 10¢ 107 108
3
Nonlocal
2+ Air
1
3 hBN
0
-1
-2
10" 10° 10' 102 10° 10* 10" 10° 10' 10? 10° 10*
hBN thickness d (nm) hBN thickness d (nm)

Phase velocity, local (m/s)

(4 10° 108 107 108
$100 Frommm ey e e fpey !
2 H hBN Air Ti
2 : — Nonlocal
3 ' - = Local
> L}
g 50 :
f=
[ 1
- 1
‘Q_‘) ]
g :
g :
107 10° 10 10? 103 104
hBN thickness d (nm)

Figure S7. Energy density distribution. a,b, Local (a) and nonlocal (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 1500cm~". ¢, Integrated energy density within the hBN
(red), air (green), and Ti (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.
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S4. Near-field probing efficiency

In our s-SNOM experiments on HIPs, the vertical electric field component, E_, extends above the
structure, enabling effective coupling to the AFM tip. As the hBN layer becomes thinner, however,
HIP confinement increases, reducing the E, filed that extends above the heterostructure — ultimately
setting a limit for the minimum hBN thickness at which HIPs can be effectively probed. To investigate
this threshold, we solve Maxwell’s equations in a multilayer configuration to identify the HIP mode
uniquely supported by the structure (Local fields, Fig. S8a). Complementing this analytical solution,
we perform full-wave finite-element-method (FEM) simulations (Comsol Multiphysics 5.4, Fig. S8a).
We define the E, penetration depth above hBN, D,, as the point at which the field amplitude decays
to E._qe".

The in-plane momentum of the HIP, and hence D,, varies with both the hBN thickness d the
excitation frequency w, indicating that the effectiveness of the s-SNOM method depends heavily
on experimental conditions. We calculate D, (w, t) across a range of relevant frequencies and hBN
thicknesses (Fig. S8b).
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Figure S8. HIP mode field penetration depth. a, The |E;| profile of the HIP mode and the numeri-
cally calculated Re(E;) field profile for thicknesses ranging from 40 to 10 nm. The profiles displays the
field penetration depth D, = |E,¢| ™" into free-space above the hBN. For all cases the excitation fre-
quency is 1480cm™" (scale bar, 50 nm). b, Map of D, for different hBN thicknesses versus frequency;
the dashed line indicates the excitation frequency in (a).
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S5. Nonlocal corrections to hBN

Throughout this work, we focus on the nonlocal effects in the metal layer under the assumption that
the nonlocal effects in hBN are negligible. This assumption stems from the low group velocities of
the longitudinal optical (LO) phonons in this material, which have been reported to be on the order of
a few km/s — and therefore a few orders of magnitude lower than the Fermi velocity of electrons in
Au.

To verify that this assumption is correct, in this section we quantify the nonlocal response of the hBN
layer as a function of its thickness, while keeping the metal response as local. To do so, we start by
considering the longitudinal permittivity of hBN to be written as [6]

2 2_ s 212
Wi, — W —iwly — Bk

2 2 3 —_ 322
Wi, — W —iwls — Bik

€L,S(U~)7 k) = 600,5 (89)

(see section S7.) where 8, is taken as the group velocity of the LO phonon in hBN along direction
s =||, L with respect to the hBN layers. For simplicity, we neglect any dependence on 8 on momentum
q and the thickness of the hBN layer, and take reference values 8 = 3 km/s and 8, = 1 kmys.

From here, the adopted theoretical formalism follows closely the one described in section S1: we
consider additional longitudinal solutions in the hBN layer which are characterized by a longitudinal
wavevector k. However, since hBN permittivity is described by a Lorentzian function and is
anisotropic, the shape of ki differs from the one reported above for a metal, and should instead be
taken from the solution of the equation

g e (W, q) + ke, (w k) =0, (S10)

which has an analytical solution. Proceeding otherwise as described in section S1, we are able to
obtain the results shown in Fig. S9.
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Figure S9. Nonlocality in hBN and its effect on HIP phase velocity. Effect of hBN thickness
on HIP phase velocity at a frequency of 1500cm~". Metal nonlocality (green line) causes a small
perturbation to the phase velocity compared to the local case (red line), but hBN nonlocality has a
significant impact (blue line) once the phase velocity is around 10* m/s.

We observe in Fig. S9 that, for all realistic hBN thickness values (d 2 0.3 nm), the curves with
local and nonlocal hBN coincide perfectly. To observe a sizeable difference between the two, one
needs to artificially reduce the thickness of this layer down to d < 0.1 nm, because only for such
unrealistic thicknesses the phase velocity of the HIPs is comparable with the group velocity of the
optical phonons in hBN. Nevertheless, the nonlocal effects in hBN quickly become stronger than
those in Au, which is consistent with our hypothesis that the reduced role of Au nonlocality arises
from the fact that most energy of the HIP is concentrated in the hBN layer (especially as d is reduced),
which results on a stronger role of hBN nonlocality (akin to graphene nonlocality in the GSPs in Fig.
1 of the main text) once d is sufficiently reduced.

These results confirm that nonlocal effects in hBN can be safely neglected in our analysis, and further
highlight that HIPs in hBN/Au heterostructures are excellent systems for achieving highly-confined
modes that are weakly influenced by nonlocal effects.

S6. Near-field data analysis

Here we describe our approach for characterising near-field data, using as an example a sample with
an AFM-measured hBN thickness of 14.4 + 0.2 nm (Fig. S10a). The methodology we employ is
similar to the one presented by Jang ef al. [7], but is generalised for improved handling of multiple
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samples. Since multiple samples, with significantly varying hBN thickness, are used, the scanned
area differs between samples but generally contains 200 x 200 pixels.

€ Re(q)=5.10+£0.04 x 10°cm”’ d Im(q) =8.71 £ 1.08 X 10° cm”’
200 0.02
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— Background| 160 + o Filtered | — Fit
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Figure S10. Procedure for analysing near-field fringes. a, Spatial plot of the s-SNOM measure-
ment of a sample at a frequency of 1480cm~". The red-bordered rectangle designate the line scan
area (scale bar, 200nm). b, Original profile (grey), background (red), and result of removing the
background (black). The edge position is assumed to be the first intensity dip; therefore, we truncate
the signal at the second dip. ¢, Fourier spectrum (grey line), to which a rectangular frequency filter is
applied (black circles) and the fit (red line). d, Inverse Fourier transform of the black circles in ¢ yields
only the tip-launched polariton contribution (black circles) to which a damped harmonic oscillator is
fitted (red line).

1. Extract fringes. We perform line scans perpendicular to the hBN edge to extract data from
the third harmonic demodulated s-SNOM plots (Fig. S10a,b). Each line scan averages over
multiple parallel lines, typically corresponding 50 pixels in thickness. We truncate the signal at
the first fringe, so that only the second fringe and beyond are included in the analysis. This
exclusion helps eliminate parasitic near-field signals caused by strong scattering at the hBN
edge.

2. Background removal. The near-field data contains background signals resulting from the self-
interference of incident light and the excitation of surface-plasmon-polaritons in the hBN/Au
heterostructure [7]. To remove this background, we fit a third-order polynomial to the fringe
data and subtract it, setting the median to zero (Fig. S10b).
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3. Fast Fourier transform and fit. We apply a fast Fourier transform (FFT) to each line scan,
transforming the data into the spatial-frequency domain (Fig. S10c). The tip-launched mode
appears as a clear peak in the spectrum, providing the polariton wavevector Re(q). To ensure an
accurate read, however, we first apply a rectangular frequency filter with a width of 1.5 X FWHM
on the left side and 4 x FWHM on the right side. This filtering effectively removes the edge-
launched component while retaining the tail of the tip-launched mode for fitting.

Next, we fit the filtered spectrum. Since the |E| profile of the launched polaritons follows a
damped harmonic oscillator [ref], we fit the Fourier-transformed data with *:

Y +is
F(s):A(—)+C, S11)

(y +is)* + k2 (
where v is the polariton damping rate, & is the spatial frequency, and C is a constant. Fitting
Eq. (S11) to the Fourier spectrum yields Re(q) = 2nk.

4. Inverse fast Fourier transform and fit. Finally, we extract Im(q) by correcting for the geometric
decay factor associated with the radial waves of the tip-launched polariton. This is achieved
by performing an inverse FFT on the filtered signal, isolating the contribution from the tip-
launched mode. We then fit the near-field pattern with a damped harmonic oscillator model
that accounts for the geometrical decay (Fig. S10d):

—4nyx
Flx) = Ae cos (4yrxk)’ S12)
2(x+1/2)
where A is the polariton wavelength (i.e. 4 = 1/k) and is introduced in the geometric decay
correction term V2 (x + 4/2) to make it dimensionless and remove the divergence that would
otherwise happen when x = 0.

The result of fitting equation (S12) provides Im(g) = 27y, while also acting as a cross-check of
Re(g) obtained using Eq. (S11).

S7. Dielectric function of hBN

The dielectric function of a polar material like hBN is generally well-described by a Lorentzian
oscillator model of the "TO-LO’ form; therefore, the permittivity of both the in- and out-of-plane
optical phonon modes follows:

w? - w? —iwly
LO.,s ) , (813)

€] s\W) = €5 ;
tN+ () ' (w%o,s - w? —iwl

where w is the frequency, €. is the high-frequency permittivity, wto and wro are the transverse
optical (TO) and longitudinal optical (LO) phonon frequencies, and I' is the phonon damping. These

parameters depend on the isotopic composition of hBN [8], necessitating their precise determination.

* The |E| near-field fringes follow a damped harmonic oscillator:

f(x) = Ae™* cos (2mkx)
ei27r/<x n e—i27rk)r

= A —2nyx . #]
e — s (*1)

Fourier transforming:

Al ™ s o ot
F [f ()C)] — E lﬁ e—27ryxe—12ﬂ(3—k)x dx +j(; e—27ryxe—127r(s+k)x de

A 1 1
) 21y + 121 (s — k) 2ny + 27 (s + k)

which reduces to Eq. (S11), where we add a constant C for fitting purposes.

, (*2)
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Employing Raman spectroscopy (LabRAM HR Evolution from HORIBA using a 514 nm laser
source), we measure the E», Raman-active mode, corresponding to the in-plane wro, which we find
to be 1364.3 cm™! (Fig. S11). This TO phonon frequency corresponds to an isotopic composition of
around B!° : B! = 20 : 80, allowing us to determine the out-of-plane components of the dielectric
function from literature data [8].
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Figure S11. Raman spectra of hBN. 514 nm Raman spectra of the Exy mode from three differ-
ent hBN flakes and their corresponding four-parameter Lorentzian fit, all with a phonon peak at
1364.3cm™".

To extract the remaining parameters — namely, the in-plane €., w0, and I' — we conduct s-SNOM
measurements of multiple hBN flakes of varying thickness on silicon (Si) substrates (Fig. S12a). From
these measurements, using our characterisation methodology (Section S6.), we are able to precisely
extract the measured ¢ and fit the dispersion of both the theoretical Re(g) and Im(g) (Fig. S12b,c).
The fit of Re(g) align well with the measurements, with only one outlier (the 32 nm thick hBN sample
at a frequency of 1500 cm™"). Additionally, while the error bars for Im(g) are relatively larger, the fit
remains consistent with our measurements and reveals low loss in the employed naturally abundant
hBN.

The parameters of Eq. (S13) are summarised in Table S2. The optical constants for Si were obtained
from the literature [9], with a 1.5 nm native silicon oxide (Si0,) layer included [5], also adopting its
constants from the literature [10].

Table S2. In-plane and out-of-plane parameters for the Lorentzian dielectric function of hBN,
Eqg. (S13).

€0 [ ¥e) wTto r

(cm™) (cm™) (cm™)
In-plane 5.22 1619.8 13643 3.5
Out-of-plane 2.25 820.2 761 2




19

: S b 10 € s
Min Max — Theory
0 1420 cm”'  —— # Measured
10 +
¢
ST\ o
¥ 51
0 t t t 0 } t t
10 15
¢ 1440 cm’
10 +
0 ¢
5T \x I/
\
1
%
£ . [}
c . 4§
S 0 Attt I S —
b 10 15
10 + ¥
¥
5 —+
5 -4
e e
v v
S ——t 5 0 —tt
x 10 x 15
T T
¢ 1480 cm™’ ;6 N ‘g J/Q
I/ 10 +
| 1[
I Y 51
N ¥
LR Fy—y
0 t t } 0 } } t
10 15
¢ 1500 cm™!
10 +
5 /O o
* 5 €
€
c ) |
hd 0 + + t 0 t t t
+ 10 15
N
N0 1520 cm
o 10 +
¥ ¢
5 -+
54
x “
0 + + } 0 } t t
0 25 50 75 100 0 25 50 75 100

Thickness (nm)

Figure S12. Dielectric function fit of hBN. a, Spatial plots of selected s-SNOM measurements
where the amplitude has been saturated over the SiO./Si region for illustrative purposes (scale bars,
250nm). b,c, Measured (markers) and fit (lines) of Re(qg) (b) and Im(q) (¢) as a function of hBN
thickness in an hBN/SiO,/Si heterostructure for various frequencies (wavenumbers).
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S8. Transmission electron micrograph

Figure S13 shows cross-sectional scanning transmission electron microscope (STEM) images of an
hBN-Au heterostructure, prepared from a sample featuring an hBN flake with a thickness of about
13.1 nm and a 1.9 nm interfacial layer. The analysis combines annular dark-field STEM (ADF-STEM)
and high-resolution TEM (HR-TEM) to compare them. The sample is prepared as described in the
Methods section and imaged with a JEOL-ARM300F operating at an accelerating voltage of 160 keV.
ADF-STEM is particularly effective for imaging Au, as its high atomic number enhances scattering
and provides excellent element contrast (Fig. S13a). However, this technique is less suitable for
detecting defects or contamination within or next to low atomic number dielectrics, such as hBN
(Fig. S13b). Accordingly, we emphasise the importance of combining ADF-STEM and HR-TEM to
achieve a comprehensive understanding of most nanophotonic systems.

a ADF-STEM b HR-TEM

. —

Interfacial layer

Figure S13. Cross-sectional transmission electron micrograph of the hBN-Au heterostructure.
From bottom to top the images show monocrystalline Au, interfacial layer, hBN, and thermally evap-
orated Au. The upper Au layer is used to encapsulate the sample, protecting it from contamination
and ion beam damaging during FIB. a, Annular dark-field (ADF-STEM) imaging of the sample. b,
high-resolution (HR-TEM) imaging of the sample.
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S9. Surface roughness

The surface roughness of the target monocrystalline Au flakes was measured, immediately before
transfer of hBN, using the atomic force microscope (AFM) built into the s-SNOM employed for
this study. Figure S14a shows AFM images of a Au flake directly after being cleaned with oxygen
plasma (same as inset of Fig. 3b from the main paper), displaying an incredibly clean surface while
also revealing terraces on the Au surface (these terraces likely stems from the synthesis process of
the flakes), corresponding to the atomic spacing of Au — the step height of the terrace is ~ 0.22 nm
(Fig. S14b). By neglecting the terraces the root mean square (RMS) roughness was 44 pm. However,
leaving the Au flake in ambient conditions for four days resulted in the gathering of a measurable
surface layer on the Au (Fig. S14c) — even though the measured area is the same as in Fig. S14a,
the terraces completely vanished, the surface got notably ’grainy”, and the RMS surface roughness
increased to 95 pm. While such a surface roughness still appears to be state-of-the-art it is in fact a
significant deterioration and hints at a formation of surface layers on crystalline Au.
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Figure S14. Surface roughness of a monocrystalline Au flake. a. AFM measurement revealing
atomically flat terraces on the Au surface and a RMS surface roughness of 44 pm (terraces excluded).
b. Line profile, indicated with a black line in (a), highlighting the terrace height being comparable to
the atomic spacing of Au. ¢. AFM measurement of the same flake and area as in (a) but four days
later. The RMS surface roughness was 95 pm (all scale bars, 250 nm).
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S$10. Interfacial layer refractive index

Based on literature we assume, in the main paper, that the interfacial layer has a refractive index of
1.2. To evaluate the sensitivity of the dispersion to the layer, we perform a numerical parametric
sweep. Figure S15 shows the HIP dispersion relation for a 10 nm thick hBN layer, including a 2 nm
interfacial layer with its refractive index swept from 1 to that of Au. The numerical calculations
reveals that the dispersion is most sensitive when the index is close to 1.
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Figure S15. Refractive index sweep of 2nm interfacial layer in the HIP configuration for a
10 nm thick hBN flake.
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S11. Nonlocality in lower Reststrahlen band

It is well established that phonon-polaritons in the lower Reststrahlen band tend to be less screened by
metallic substrates compared to their in-plane upper Reststrahlen band counterparts, due to the distinct
electromagnetic boundary conditions and field distributions involved. For the sake of generality,
we here calculate the nonlocal perturbation strength in the lower Reststrahlen band (frequency of
790 cm™! in the middle of the band) and compare it to that of the upper band (Fig. S16), observing
similarly minuscule nonlocal corrections. However, we also observe an interesting phenomenon: for
the lower Reststrahlen band the nonlocal effects result in an increase in wavevector, in stark contrast to
the decrease we observe for the upper band. As mentioned in the main paper, this apparent difference
in behaviour 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.
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Figure S16. Nonlocal perturbation comparison between upper (RB-2) and lower (RB-1) Rest-
strahlen band. a, Theoretical predictions of Re(qg) as a function of hBN thickness for a variety of
cases at the frequencies of 1500cm™" and 790cm™': RB-2-L (local metal), RB-2-NL (nonlocal
metal), RB-1-L, RB-1-NL. b, Ratio of Re(g) for the local to nonlocal cases for the HIP modes. ¢,
Phase velocity predictions corresponding to the cases shown in (a).
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