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Abstract

The nanophotonics of van der Walls (vdW) materials relies critically on the electromagnetic properties of polaritons
defined on sub-diffraction length scales. Here, we use a full electromagnetic Hertzian dipole antenna (HDA) model to
describe the hyperbolic phonon polaritons (HP?) in vdW crystals of hexagonal boron nitride (hBN) on a gold surface. The
HP? waves are investigated by broadband synchrotron infrared nanospectroscopy (SINS) which covers the type I and type
II hyperbolic bands simultaneously. Basically, polariton waves, observed by SINS, are assigned to the resultant electric
field from the summation over the irradiated electric field of dipoles distributed along the crystal edge and at the tip location
and a non-propagating field. The values of polariton momenta and damping extracted from the HDA model present excellent
agreement with theoretical predictions. Our analysis shows that the confinement factor of type I HP,’s exceeds that of type
IT ones by up to a factor of 3. We extract anti-parallel group velocities (vg) for type I (vg,typer = —0.005¢, c is the light
velocity in vacuum) in relation to type II (Vg ¢yperr = 0.05¢) polaritonic pulses, with lifetimes of ~0.6 ps and ~0.3 ps,
respectively. Further, by incorporating consolidated optical-near field theory into the HDA model, we simulate real-space
images of polaritonic standing waves for hBN crystals of different shapes. This approach reproduces the experiments with
minimal computational cost. Thus, it is demonstrated that the HDA modelling self-consistently explains the measured
complex-valued polariton near-field, while being a general approach applicable to other polariton types, like plasmon- and

exciton-polaritons, active in the wide range of vdW materials.
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Introduction. Phonon-polaritons'= are hybrid electromagnetic modes of polarizable media in the form of collective
phononic excitations resonantly coupled with the infrared (IR) excitation field. In hexagonal boron nitride (hBN) van der
Waals (vdW) crystals as example, subwavelength hyperbolic phonon-polaritons (HP?) lead to intriguingly strong and exotic
light-matter interactions'. In general, these subdiffractional electromagnetic modes are supported by anisotropic crystals
with hyperbolic dispersion relations conventionally visualized by plots of excitation frequency w versus polariton
momentum q,. The hyperbolic behavior of hBN emerges in the spectral region where the real parts of the in-plane € , and
out-of-planee ; components of the permittivity tensor € [€ = (€ ,,6,,e;) withthe L and || symbols defined with respect

to the ¢ axis of hBN, see supporting information] have opposite signs, i.e. , Re(e ; ).Re(e) < 0. Hyperbolic crystals are
therefore also coined indefinite media® since the hyperbolic nature of w — g, permits the HP? wavelength 4, (4, = 2”/ qp)

to be much shorter than the corresponding free-space excitation wavelength A;z. hBN possesses type [ and type II hyperbolic
bands featuring characteristic polaritons spectrally separated in the mid-IR spectrum. The type I band spans the range of
13.33 - 12.2 um (750 - 820 cm™'), wherein Re(e ;) < 0 and Re(e ;) > 0. Correspondingly, type I HP?s are formed by the
mid-IR field hybridized with out-of-plane polarized phonons. On the other hand, type I HP?s are excited by 7.33 - 6.21 um
(1365 - 1610 cm!) light coupled to in-plane polarized phonons.

HP?s in hBN-based systems®® have been intensely studied by scattering-scanning near field optical microscopy (s-
SNOM)*-'!, Synchrotron Infrared Nanospectroscopy (SINS)!'%!3 and by photo-induced near-field force microscopy (AFM-
IR/PiFM)'4. Those techniques have provided real-space images of HP? standing waves'>~!7, uncovering diverse aspects like

Alr

the A, dependence on crystal thickness* and on substrate permittivity!'®!320, strong light confinement® with 21.~501,
p

ultra-low group velocity ¢!, ability of imaging, focusing and guiding at subwavelength regimes?>?4, propagation with
atypical convex wavefronts?® and hybridization!> with graphene plasmon-polaritons'®!22¢ in graphene-hBN
heterostructures. Most of those studies focused on type Il HP? waves that are spectrally accessible by commercially available
mid-IR quantum cascade lasers (QCL), which are largely used for imaging. In contrast, fewer studies have accessed type |
HP2s13:22.23.27-29 " whose longer-wavelength range, although also recently accessed by QCL’s®, generally requires more

specialized IR sources as available via optical parametric generation and synchrotrons.

In general, the main launchers of polariton waves are ascribed to the metallic probe tip®®2°, crystal wrinkles?*-33,
rounded? and linear-like?!?>3! nano-antennas and edges of the hBN crystal®203!34, The primarily determined polariton
property is g, which is typically extracted from experimental profiles by Fourier transform processing? or from fit models
concerning damped sine® or adapted models of 2D systems?%3!:35, On the other hand, it has been observed HP? modes
propagating as plane waves launched by the edges of the crystal®3* and Au pads?!. Such different approaches indicate that
the modelling of the phonon-polariton waves, while being still a subject under discussion, has an intrinsic dependence on

the polariton launchers. We address to this problem by proposing a full electromagnetic modelling based on simple dipole
2
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distribution. The model is used to explain the two types of HP? waves measured in hBN lying on Au and on SiO, substrates
(supplement) using SINS. In this framework, the polariton launchers, which are located in regions close to the crystal
submitted to strong optical polarization, are represented by Hertzian dipole antennas (HDA) treated as the emitting sources
of the polariton waves. By considering the vector potential of each dipole, the expressions of their irradiated electric fields
are derived from Maxwell equations (supplement). Thereby, the observed polariton wave is assigned to the analytic resultant

electric field given by the summation over the irradiated electric fields of all dipoles.

In further details, the tip and edge, which are typical polariton launchers®®, are replaced by a single HDA and a
discrete distribution of HDAs, respectively (Figure 1a). The total polariton electric field at any given site is produced by the
interference of the irradiated electric fields of the dipoles. The analytic expression of the resultant polariton electric field is
then used to fit the HP? standing waves observed from SINS spectral linescans. The model-determined w — g, and values
of group velocity (v4) and life-time (7) match theoretical predictions* for in- and out-of-plane polarized polaritons and agree
with previous reports!>-17-22-24 Tt is demonstrated that the approach is self-consistent since the phase of the polariton wave
is generated from the parameters of corresponding amplitude. Therefore, the model fulfills the Kramers-Kronig relation. In
combination with the finite dipole model theory, the HDA model simulates real space HP? standing waves in hBN, with
arbitrary geometries, in agreement with the experiment and at low computational cost. In the following, we first present
SINS spectral linescans over the type I and type Il bands. The HDA model is described and used to fit the polariton waves
extracted from SINS. Then, fit-determined w — gy, V4 and 7 are discussed. Finally, we compare simulated and experimental

images for type I and type II polaritons.
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Figure 1 — SINS spectral linescan in the type I and II hyperbolic bands of hBN lying on Au surface. (a) y — x (top view)
and (b) z —x (side view) planes of the reference frame adopted for the HDA model featuring the SINS experiment in the hBN/Au. The
tip (9 and edge (€) dipoles are positioned at x and x = 0, respectively. (¢) AFM topography of the 180 nm-thick hBN crystal as seen
from the height x distance (X, in micrometers) profile (scale bar: 10 um). The red dashed line marks the acquisition location of the
spectral linescan in (d-g). (d) Normalized amplitude 02 and (e) phase @2 spectral linescans over the type I band. (f) 02 and (g) @2 spectral
linescan over the type IT band. Arrows in (d-g) highlight contrasting spatio-spectral branches corresponding to HP? waves. The rectangles

in (d), (f) and (g) mark the appearance of modes, within 200 nm from the hBN edge, which are distinct from the volume confined HP%s.

The spectral linescans were collected with 3.57 cm! spectral resolution.
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Spectral linescans and the HDA model. Figure 1b illustrates the SINS spectral linescan across the edge of a hBN
crystal lying on Au surface (Figure 1c) and the reference frame for the HDA model. Figure 1c displays the AFM topography
of the 180 nm thick hBN crystal analyzed by SINS in Figure 1 d-g. The amplitude (0;) and phase (¢;) spectral linescans,
over the type I and, are shown in Figure 1d and le, respectively. The corresponding spectral linescan, over type II band, are
presented in Figure 1f and 1g. These measurements reveal modes (rectangles in Figure 1d, 1f and 1g), within 200 nm from
the crystal edges. Yet appearing much more close to the crystal edges in this case of Au as substrate, such modes can be
analogues to the surface or edge polaritons reported for hBN/SiO, systems!>-3%, They are clearly distinguishable from the

volume confined HP?s, with onset for x = 250 nm, which are the only analyzed in this work.

HP?s rise because the IR illumination induces intense optical near-field concentrations causing strong optical
polarizations near the tip and the crystal edge. Those polarized locations gather resonant radiation and enough momenta to
excite polaritons in hBN, thus, being turned into sources of the HP? waves. Thereby, the resulting polaritonic field is created
from the interference among tip- and edge-launched waves and a non-propagating response. As already reported®?, tip-
launched waves travel towards the crystal edge, where, they get reflected and propagate back to the tip. Edge-launched
waves propagate directly towards the tip. As a consequence of the different hyperbolicities of each band, the distance
between maxima of the spectral linescan increase with w in the type I band (Figure 1d and le), but the contrary trend
happens in the type II band (Figure 1f and 1g). As discussed below, this signifies that g,s of type I HP?s shorten as w

increases, whilst the opposite behavior is found in the type II band.

For a given excitation w (w = constant), the horizontal profiles extracted from the spectral linescans correspond to a
HP? wave as function of the distance x from the crystal edge. The lineshapes of o, and ¢, for w =795 cm™!, taken from the
Figure 1d and le, respectively, are plotted in Figure 2a and 2b. Analogue profiles for w = 1465 cm’!, extracted from Figure
If and 1g, are presented in Figure 2¢ and 2d. To interpret those polariton waves within the HDA model, we consider the
tip dipole (¢) at r and N dipoles (e;) distributed along the edge (Figure 1a). The position of the tip dipole varies with the tip
scanning, while each e; is fixed and positioned at rj. The separation between the individual e;’s is 30 nm. All dipoles are
oriented in the z-axis since the tip geometry privileges launching/detecting of z-polarized fields as confirmed by the
numerical simulations shown in Figure 2e (see methods). Those calculations reveal that the z-polarized field of a HP? wave
irradiated from a tip-like antenna (Figure 2f) is the dominant component to the total field. With these considerations, the
resulting polariton field E, is given by Equation 1 whose first and second terms are the tip and edge fields, respectively. The
third term is the non-propagating tip-sample response, which is characterized by the asymptotic values of the polariton
waves in the limit wherein they are completely damped. The electric fields of the tip and edge dipoles are expressed in
terms of the amplitudes A and B}, the propagated distances from their sources, the angles 8, and 65, defined between the

dipole orientation (z-axis) and the unit vectors 7 and f‘f, and the relative phase difference ¢ between the wave emitted by

tip and edge dipoles. The complex momentum k = q, + ik, is defined by the in-plane momentum g, (real part) and the
damping k, (imaginary part), respectively. The non-propagating response has the amplitude C and phase a. See the

supporting information for more details on the model. The correspondence between equation 1, written as E, = |E,|e®,

2



Nanoscale Page 6 of 17

and the measured near field &, = 0, ~"?* is accomplished by the identities |E,| = 0, and ¢ = @,. Thereby, we first apply the
model to fit the polariton profiles (Figure 2a and 2c) extracted from the spectral linescan (Figure 1d and 1f). The fitting
equation 1 considers one edge dipole (j = ) because the spectral linescan is performed on single path over the sample,
hence, being a one-dimensional measurement (Figure 1a). In sequence, we use the Equation 1, taking into the account the

sum of all edge dipoles, to simulate amplitude maps (Figure 4) obtained from hyperspectral images.

e ~ik(I7d + ¢) N o —iklF =7 |
E,(r) = —ikA—————sin’ 0, — ZikBjTSinz 916 + Ce—i@ (1)
4m|?,| & ml7 — 7|
k A €q €Es l
(w) =— d arctan e A + arctan e A +7 @)

N
A=—i |— 3)
€1

The fits of |E,| (red solid lines) to the experimental a’s (circles), for w = 795 cm™! and w = 1465 cm’!, are presented

- : d
in Figure 2a and 2c, respectively. Such fits are done for z = / 2, the upper crystal surface. In sequence, the fit-extracted

parameters (k ,Ag, A;, ¢, C and @) are used as inputs to generate the HDA phases 1’s, which are plotted with the
corresponding experimental ¢3’s in Figure 2b an 2d. Such theoretical and experimental phase curves were overlapped only
by the adjust of the baseline. It is observed that 1’s describe very well ¢, profiles with good match of lineshapes.
Furthermore, Figure 2f exhibits the correspondence between the phasor of the complex-valued fit-generated E, and the
measured phasor of §,. We note that the HDA model, self-consistently, provides an accurate determination of the properties

of the HP? waves and the reconstruction of the full complex-valued &5.
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Figure 2 — HDA model fits to HP? waves. (a) 0, profile for ® = 795 cm™! (°), extracted from the type I band spectral
linescans in Figure 1d, and the corresponding fit curve (red solid line). (b) ¢, profile ( ©) and the corresponding fit-generated phase
(green solid line) for w = 795 cm!. The amplitude fit (¢) and the experimental and generated phase (d) are presented for w = 1465
cm! in type II band. (e) Numerical simulations of the E and E, fields of tip-launched HP?s in hBN (180 nm thick) on Au considering
the illustration (f) where the tip, placed far from any crystal edges, is represented by a conic of rounded apex with r = 25 nm, h =40 nm
and H = 625 nm (see methods for details). (g) Phasor of the experimental & (symbols °© connected by the dashed guideline) and the

phasor of the fit-generated E, (black curve) for w = 795 cm’!.

The fits of o, profiles over the type I and II bands allow obtaining their w — q,’s in good agreement with the
predicted curves from equations 2 and 3 for the fundamental polariton branch* n =0 (Figures 3a and 3b). In those equations,
the indexes a, s, L and | denote, respectively, air superstrate, Au substrate, in- and out-of-plane components of € of the
hBN crystal. These results can be confirmed from several reports on the type Il band, for different hBN-based systems, and,
recently, on type I band® addressing hBN/Au. Nevertheless, SINS enables investigating a more extended range of the out-

of-plane polaritons waves revealing that, albeit both types of HP?s present similar momentum on Au substrate, the

A A
confinement factor ( Ir/ lp) in the type I band surpasses by nearly 3 times that in the type II one: Ir/ A ~18, for w =776

A
cm’!, in the type I band, whereas, Ir/ A~ 6, for w = 1479 cm! in the type Il band. The model yields also comparably good

results for a 45 nm- and a 90 nm-thick hBN crystals on Au and SiO,, respectively (see supporting information). For the 45

A
nm thick hBN/Au, we observe Ir/ A~ 30, for w = 790 cm™!, approaching the highest values reported'.



Nanoscale Page 8 of 17

a) 4
Type | band w-q, . ) A

8107 O Experiment e i

T — Theory il M

E 7901 = Oy A

3 o
770+ a Typel blanfj A Experiment

group velocity — Theory
750t = : : = : 0.0 : : : ‘
0.2 0.4 0.6 0.8 1.0 0.1 0.2 0.3 04 0.5 0.6
g, (10°em™) g, (10° cm™)
b) d)
Type Il band w-q,, 5.0¢ A

e 2204 Ao, ®a

= 2 1.0¢ A

S 1440+ . \:m .

3 O Experiment = Type Il band A Experiment
= Theory group velocity Theory
1400 1, ‘ ‘ 0.1 , ; ‘
0.3 0.35 04 045 0.5 0.2 03 04 0.5 0.6

qp (10°cm™) qp (10°cm™)

Figure 3 — @ — qp’s and group velocities Vs of the two types of HP%s. (a) Fit-extracted (squares) and (b) theoretical
(curves) w — qp's for type I and type II HP?s, respectively. (¢) Fit-determined and (d) theoretical v4’s of the type I and type Il HP%s ,

respectively. The theoretical curves in (a, b) correspond to the fundamental mode (n = 0) of the equation 2 for both bands.

d
Using the definition*® vy = ZHCT;; (¢ is the velocity of light in vacuum), the v4’s of the type I (Figure 3c) and type

IT (Figure 3d) polariton pulses are determined from the corresponding fit-extracted and theoretical w — g;,’s in Figure 3a
and 3b, respectively. In analogy to previous report”, we find negative vy for type I HP?s (Figure 3b) and positive v, for

type II polaritons (Figure 3d), both agreeing with theory. Type I pulse at w = 800 cm! is nearly 100 times slower than the

o . o L 1/, . . .
light in vacuum presenting a lifetime T ~ 0.6 ps (7 = / lv, | where L = / . is the propagation length for amplitude decay
9

K

at 1/6)21. In contrast, type II pulse at w = 1447 cm™! presents shorter 74 ~ 0.3 ps. Note that w = 800 cm™! and 1447 cm™! w

occupy central positions in their respective bands, thus, being good representatives of the polaritonic pulses. Such values of
T are similar to those found from time-domain interferometry combined with s-SNOM experiments?!' indicating that our
model also determines reasonable values of k. For the 45 nm-thick hBN on Au, 7 ~1.7 ps at w = 800 cm™! (see supporting

information) approaches values (2-3 ps) predicted for a suspended hBN crystal, hence, free of substrate induced losses?*°.

Hyperspectral images: experiment and simulations. Figure 4a and 4b display o, images of type I and type II HP?s
obtained from SINS hyperspectral images (see Methods for details) on different hBN flakes on Au. In both measurements,
the geometrical pattern of the polariton standing waves is dictated by the form of the crystal edges (indicated by white
dashed lines). It is important to stress again that, whilst type II HP? waves have been imaged in several hBN systems by s-
SNOM using narrow-band lasers, o, images for type I HP?s, shown here by SINS, were depicted using space-time s-SNOM
mapping on hBN/SiO,?! and, recently, by means of PiFM in hBN/AuS. In analogy with those reports, we can state that the
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SINS hyperspectral images, while recording concomitantly the type I and type II polaritonic fields (see supporting

information), possess sensitivity comparable to those obtained with lasers.

To simulate the measured o, images in Figure 4a and 4b, we use the Equation 1 with one HDA at the tip location and
regular distributions of HDAs along the crystal edges with one dipole at each 30 nm, as illustrated in Figure 4c and 4d. For
edges relatively oriented with the angle § < 90° (Figure 4b), the tip contributes with more the one term, similarly to the
method in ref. 4. The non-propagating field in Equation 1 is given by the point-spectrum, without influence of the polariton
oscillations, calculated from the generalized spectral method?’. In the simulations, we use the momentum k given by the
analytic Equation 2 and 3. But the model can also suit to general expressions*® for w — g, with numerical solutions. The
resulting simulations are shown in Figure 4e and 4f in good accordance with the respective experiments in Figure 4a and
4b. The accurate agreement is also verified by the comparison of profiles extracted from experiments (black curves) and
simulations (red curves) shown in Figure 4g and 4h. We note that our simulation results are comparable with the recently
published multiplebeam interference (MBI) model®®. Regardless the fact that the MBI model use different spatial functions
and more components to describe the polariton waves, both modellings have a convergent interpretation by considering

oscillating terms originated at the edge, at the tip and a non-propagating term.
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Figure 4 — Hyperspectral images-generated amplitude maps and respective HDA simulations of HP*>waves. Experimental
o3 images of (a) w =795 cm™ (type I band) and (b) w = 1478 cm!(type Il band). (¢ and d) Configuration of the tip and edge dipoles
to the simulated images in (e) and (f), respectively. (g and h) profiles extracted from experimental (a and b) and simulated (e and f)
images. Measurements (a and b) have been post-processed from hyperspectral images. Image (a) was acquired from 100 nm thick hBN
on a 3.5 um x 2 pum area, segmented in 60 px x 60 px, with spectral resolution of 10 cm™!. Image (b) was acquired from a 90 nm-thick

hBN on 2 pm x 2 pm area, segmented in 100 px x 57 px, with spectral resolution of 6.25 cm™!. Scale bar: 500 nm.

Conclusion. In summary, we demonstrate that the HDA model presents good performance for fitting HP?s waves of
hBN crystals with different thicknesses on Au and on SiO,. The fits to polariton amplitude not only lead to accurate
convergence between experimental and theorical w — q,’s, but also permit reconstructing the corresponding phase in close
agreement with the measurement. Concerning the adopted reference frame (Figure 2¢), we find on Au substrate negative
group velocity vy = -1.5x10° m/s, for polaritons in the type I band, and positive v4= 6.0x10° m/s for those in the type II
band. Those values are similar to the reported for surface HP? modes*’ and experimental observations?! for hBN/SiO,. It is
noteworthy commenting that the v signal dictates the direction of the in-plane time-averaged Poynting vector®*¢ S, = v (u)
, where u is the scalar time-averaged positive energy density. Hence, we observe Sy > 0, for type II HP?s, yet, S, < 0 for

type I HP?s. Accordingly, the energy flux, associated to Sy, for the type I polaritonic pulse is also anti-parallel to that of the

7
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type II pulse. On Au, the low value of group velocity and small damping produce 7 ~ 0.6 ps, for type I HP2s, and ~ 0.3 ps,
for type IT HP?s, which are longer than those found on Si0,2!-3° and comparable to the timescale of plasmons polaritons*,
hybrid plasmons phonons polaritons*' and excitons polaritons active in polaritonic lasers*?. Furthermore, the correspondence
between simulated and measured amplitude images, for the two polariton types in crystals of distinct geometries, confirms
that the total electric field emitted from dipole sources can reliably be used to represent the polariton waves. Our model is
not restricted to HP?s, hence, being applicable to other types of polaritons, like plasmon-polaritons in graphene® and

exciton-polaritons in vdW transition metal dichalcogeneides*>#.



Nanoscale Page 12 of 17

Methods

Synchrotron infrared nanospectroscopy (SINS). SINS is performed at the infrared nano-spectroscopy beamline
of the Brazilian Synchrotron Light Laboratory (LNLS)?’. In SINS, broadband synchrotron mid-IR radiation is the excitation
source for a commercial s-SNOM microscope (neaSNOM by NeaSpec GmbH). This nanoscope, summarily, consists of an
atomic force microscope (AFM) equipped with the suited optics to probe the optical near-field. For SINS, the AFM is set
in semi-contact mode, wherein, a metal-coated AFM tip (ARROW-NCPt-W, NANO WORLD) is, electronically, driven to
vibrate in its natural mechanical frequency Q that modulates the tip-sample height h(t) o A.cos (Q0t), where A is the
oscillating amplitude. Here, we set A ~ 80 nm for the tip with W ~ 300 kHz. In this semi-contact mode, the IR beam is
focused on the tip-sample system causing charge separation of the metal-coating of the tip, inducing the antenna
phenomenon to the tip. This nanoantenna, thus, acts converting incident (far-field) radiation in highly intense optical near-
field that, in its turn, induces a local effective polarization to the medium. The nanoantenna (tip) scatters back to the detector
the complex optical near-field & (Figure 1a) originated from the effective polarization location, i.e., from the spatial volume
between the tip apex and h(t). The sub-diffractional optical resolution of SINS (and s-SNOM) stems from fact that £ comes
from a region defined by the radius 7 of the tip apex (r~ 25nm, in our case) that which much smaller than the limit of
diffraction of the mid-IR excitation wavelengths ranging from 3 to 15 um in our setup. In the detection scheme, the light
coming from the tip-sample system reaches a Mercury Cadmium Telluride detector (MCT, IR-Associates). This scattered
light carries € and a strong component of far-field radiation. Legitimate ¢, free from far-field contribution, is given by the
light modulated at the high harmonics n of W, for n > 2. The demodulation of the high harmonic components of ¢ is made
by a lock-in based-electronics. Here, we present data with respect to n = 2, the optical second harmonic &;. Like s-SNOM,
SINS is sensitive to the amplitude and phase of ;. The spectroscopy is accomplished by interferometry between &, and a
far-field reference arm using an asymmetric Michelson interferometer. The Fourier Transform of the corresponding

interferogram yields the amplitude 0, (w) and -phase ¢, (w) spectra®’, where &, = o', (w)e —192(®) Normalized spectra with

a'2(w)

~W'2a0) are referred here as to o2(w) = o2y for the amplitude, and ¢

respect to Au near-field response (62,4, = 0”2 au€

() = ¢'2(w) — @2,4u(w), for the phase. In this work, we have performed spectral linescans, where a set of sequential point-
spectra are acquired on a pre-defined path (1D) rendering spatio-spectral maps (Figures 1d-f) and hyperspectral images, a
set of point-spectra are recorded at each pixel over a WXL area segmented in NxM pixels. Post-processing the hyperspectral

images data produces 2D single- w maps (Figure 4a and 4b).

Sample Preparation. The construction of the sample substrate consisted of the deposition of a 5 nm thick layer of
Cr on the surface of a highly doped Si wafer (10x10x1 mm?). In sequence, a 100 nm thick film of Au was grown on the Cr
surface (5 nm Cr layer was used to strengthen the Au adhesion). Both Au and Cr films depositions were done by sputtering.
The hBN crystals, purchased from HQ Graphene, were deposited atop Au surface by mechanical exfoliation (Scotch tape
method).

Numerical Simulations. Finite-Difference Time-Domain (FDTD) simulations (Lumerical Inc. v8.21) was used to
calculate the tip-launched HP?s profiles presented in Figure 2e. The AFM tip was modeled as a rounded tip cone made of

9
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Platinum with tip radius, height, cone angle of 25nm, 670nm and 25 °, respectively. The distance of the tip to the surface
was 40 nm. Optical properties of Au and Pt were obtained from Palik (Handbook of Optical Constants of Solids I - III by
E. Palik). Additionally, the complex dielectric function of the 180nm-thick hBN crystal was calculated from Lorentz-Drude
model. The simulation time was 10 ps and the simulation region was bounded with perfectly matched layer (PML) absorbing
boundaries. At region of the apex of the tip, the mesh size was reduced to 8 nm in the X and Y directions and 5 nm in the Z
direction. Notwithstanding, a gaussian source with thin lens approximation and incident angle of 30 ° illuminated the tip
from above. A line frequency monitor located at 80 nm above the hBN crystal measured the electromagnetic field
components. Furthermore, this simulation was also performed on a semi-infinite solid made of gold separated by 40 nm
from the Pt tip apex. The electric field components collected from the simulation on hBN was normalized by the magnitude

of the electric field from simulation on gold, thereby giving the results in amplitude units as in experiment.
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