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ABSTRACT: The use of work-function-mediated charge transfer
has recently emerged as a reliable route toward nanoscale
electrostatic control of individual atomic layers. Using α-RuCl3 as
a 2D electron acceptor, we are able to induce emergent nano-optical
behavior in hexagonal boron nitride (hBN) that arises due to
interlayer charge polarization. Using scattering-type scanning near-
field optical microscopy (s-SNOM), we find that a thin layer of α-
RuCl3 adjacent to an hBN slab reduces the propagation length of
hBN phonon polaritons (PhPs) in significant excess of what can be
attributed to intrinsic optical losses. Concomitant nano-optical
spectroscopy experiments reveal a novel resonance that aligns
energetically with the region of excess PhP losses. These
experimental observations are elucidated by first-principles density-
functional theory and near-field model calculations, which show that the formation of a large interfacial dipole suppresses out-of-
plane PhP propagation. Our results demonstrate the potential utility of charge-transfer heterostructures for tailoring optoelectronic
properties of 2D insulators.
KEYWORDS: phonon polaritons, charge transfer, α-RuCl3, scanning near-field optical microscopy (SNOM),
two-dimensional (2D) materials, heterostructures

Two-dimensional (2D) van der Waals (vdW) compounds
are highly tunable, atomically thin crystals that are ideal

platforms for studying fundamental phenomena in quantum
materials. Recent advances in synthesis and fabrication
techniques have spawned a panoply of 2D layers that display
a wide range of physical behaviors, including magnetism,1−9

topology,10−16 electron correlations,17−22 and superconductiv-
ity.12,22−28 Among 2D materials, hexagonal boron nitride
(hBN) has emerged as a ubiquitous 2D insulator, possessing a
band gap of roughly 6 eV29,30 and often acting as a de facto
protective encapsulating layer in 2D devices.31,32 On the other
hand, hBN is not exclusively relegated to the role of passive
adlayer. For instance, charge defects in hBN can be engineered
to generate quantum dots in graphene,33−37 and twisted hBN
bilayers have been shown to display emergent ferroelectric
behavior.38,39 Furthermore, hBN is a robust platform for
supporting propagating mid-infrared (MIR) phonon polaritons
(PhPs) and has been heavily studied as a medium for hosting
nanostructured light.40−51 Previous studies have shown that
the behavior of PhPs in hBN can be engineered by tuning layer
thickness,40,42,43 varying isotopic ratios,41,44 patterning with
nanolithographic etching,48,51 and proximitizing to gra-
phene.45−47 Here, we harness PhPs hosted by hBN to act as
reporters of the emergent optoelectronic properties at hBN/α-

RuCl3 interfaces, a task that is difficult to accomplish with
alternative experimental approaches.

Beyond the engineering of single 2D layers, novel properties
can be accessed through the creation of 2D heterostructures,
where two or more atomic layers are combined to realize
emergent physical behavior not attainable in the isolated form
of the constituent materials. These include correlated behavior
in twisted moire ́ multilayer systems,18,19,21,22 interlayer
excitons,52−55 proximate magnetism,56,57 and 2D charge-
transfer doping.57−67 In the case of charge-transfer doping,
recent work57−64 has focused on the use of α-RuCl3�a high-
work-function 2D insulator capable of generating heavily
doped 2D materials through interfacial charge transfer. In
heterostructures with graphene, work-function-mediated inter-
layer charge transfer with α-RuCl3 results in a hole density in
excess of 1013 cm−2. This carrier density can be further tuned
through increased layer separation59 or the introduction of
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interstitial layers.60,61 The atomically sharp interfacial dipole in
graphene/α-RuCl3 heterostructures also permits nanometer-
scale lateral heterojunctions,59,61 which show novel transport
behavior61 and prompt abrupt changes in the local
conductivity revealed by plasmonic scattering.58,59 In principle,
α-RuCl3 can be interfaced with a wide range of 2D materials68

to generate strong interfacial dipoles. For instance, a recent
theoretical prediction64 states that a similarly high interfacial
charge transfer should occur in hBN/α-RuCl3 heterostructures.
However, it is not clear from these predictions how such a
large work function difference should impact the properties of
hBN/α-RuCl3, with each component being bulk insulators
lacking free carriers in their native state.

In this study, we use scattering-type scanning near-field
optical microscopy (s-SNOM) in conjunction with density
functional theory (DFT) to unravel the charge transfer
hypothesis applied to hBN/α-RuCl3 heterostructures. We
find that the presence of few-layer α-RuCl3 at the 2D interface
with hBN significantly reduces the propagation length of PhPs
compared to hBN supported directly by a SiO2 substrate. This
experimental observation is contrary to modeling results based
on the intrinsic optical properties of α-RuCl3 and SiO2, since
the prior is expected to be a less lossy substrate in the MIR
frequency range. In addition, colocated nano-optical spectros-
copy displays a novel resonance at similar MIR energies that is
not expected to exist. DFT calculations reveal a likely source of
these anomalous results, as the difference between the hBN/α-
RuCl3 work functions (ΔW = ∼2 eV)69,70 gives rise to a large
out-of-plane dipole that is not otherwise accounted for in
standard nano-optical modeling. We find that the propagation
of PhPs is maximally suppressed when aligned to the adjacent
dipole layer, giving rise to excess losses and emergent nano-
optical contrast. Our study validates the notion of charge
polarization at the hBN/α-RuCl3 interface and demonstrates
that interfacial doping with α-RuCl3 can be used with wide
band gap insulators to generate novel behavior in 2D confined
light.

■ RESULTS AND DISCUSSION
In order to fabricate hBN/α-RuCl3 heterostructures, individual
layers of hBN and α-RuCl3 were first isolated on SiO2/Si chips
following established exfoliation procedures. Crystals of hBN
with a nominal thickness of 20 nm were lifted with a
polycarbonate (PC) coated transfer slide and partially
deposited on a few-layer α-RuCl3 crystal. The resulting stack
consists of regions of hBN in direct contact with the underlying
SiO2 substrate and regions with interstitial few-layer α-RuCl3
(see Methods and Figure S1 for detailed procedure). A
schematic representation of the resulting 2D heterostructure is
shown in Figure 1A along with a topographic image collected
with atomic force microscopy (AFM; Figure 1B). Electrostatic
reasoning based on the difference between the work function
of α-RuCl3 (W = 6.1 eV)69 and hBN (W = ∼4.1 eV)70 suggests
that the fabrication of this interface should promote the
formation of an interfacial dipole with a nontrivial component
aligned with the PhP propagation direction (Figure 1A). First-
principles DFT calculations validate this intuition, showing a
Bader charge transfer of 0.9 × 1013 cm−2 at the interface of a
model monolayer-on-monolayer system (Figures 1C). Given a
3.3 Å interatomic distance between layers, this corresponds to
a 2D polarization density of ∼3.0 × 105 e cm−1.

Next, we harnessed the phonon polaritons of hBN to explore
the dynamics associated with interfacial dipoles in hBN/α-

RuCl3 structures. Since the wavelength of PhPs is in excess of
200 nm, the field of PhP waves can be employed to interrogate
properties of proximal layers along with emergent responses at
interfaces. Specifically, we performed a series of experiments
using s-SNOM to visualize PhPs in both the hBN/α-RuCl3/
SiO2 and hBN/SiO2 regions of our devices (Figure 2). Here,
the near-field amplitude (Sn) and phase (Φn) are demodulated
at the nth harmonic (n ≥ 4) of the tip-tapping frequency to
minimize far-field contributions to the detected signal (see
Methods). Figure 2A shows a characteristic map of the near-
field amplitude for the device in Figure 1B collected with an
incident laser frequency of ω = 1494.5 cm−1. The appearance
of periodic modulations in the near-field amplitude (herein
referred to as “fringes”) is a hallmark of PhPs. Polaritonic
fringes are observed in regions of hBN both with and without

Figure 1. Overview of charge redistribution and s-SNOM measure-
ments on hBN/α-RuCl3 heterostructures. (A) Schematic overview of
hBN/α-RuCl3 heterostructures overlaid with experimental s-SNOM
measurements of PhPs (S5 amplitude, ω = 1494.5 cm−1). A dipole
develops at the hBN/α-RuCl3 interface due to the difference in work
function between the two materials. PhPs propagating in hBN/α-
RuCl3/SiO2 are significantly damped compared to PhPs in the region
directly on SiO2 as seen by the difference in their Q factors (i.e., QS >
QR). (B) AFM topographic overview of the device showing
schematically in panel A. A 22-nm-thick microcrystal of hBN is
partially draped on 2.4 nm of α-RuCl3 on a SiO2 substrate. (C) Bader
charge analysis of model hBN/α-RuCl3 system showing interfacial
charge transfer of 0.9 × 1013 cm−2 at the 2D interface. Iso-surfaces of
constant charge difference are plotted in cyan (negative) and yellow
(positive) relative to the charge density of isolated hBN and α-RuCl3
layers. The distortion of orbitals near the interface creates a net
positive charge in the hBN layer and a net negative charge in the α-
RuCl3 layer.
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the underlying α-RuCl3. When the line profiles of the near-field
amplitude in these two regions of the sample are compared
(Figure 2B), it is clear that the spacing between fringes (i.e.,
the PhP wavelength) is only subtly affected by the presence of
a very thin layer of α-RuCl3. On the other hand, the underlying
α-RuCl3 appears to have a significant impact on the number of
observable fringes (i.e., the propagation length). Specifically,
the hBN/α-RuCl3/SiO2 region only shows roughly half as
many fringes as the hBN/SiO2 region for the selected
frequency in Figure 2B (ω = 1494.5 cm−1).

In order to gain quantitative insight into the influence of α-
RuCl3 on PhPs, we imaged our device over a broad range of
frequencies and extracted the area-average line profiles in a
manner similar to that shown in Figure 2B (Figure S2). From
these images, we obtained quantitative information about the
complex-valued wavevector of PhPs at the hBN/α-RuCl3
interface:

q iqq 1 2= + (1)

where q1 and q2 are the real and imaginary components of q,
respectively. Here, q1 quantifies the PhP confinement (q1 ∝ 1/
λp, where λp is the PhP wavelength), and q2 is inversely
proportional to the PhP decay length. The ratio of these
quantities (Q = q1/q2) is often used as a measure of the PhP
losses and is sensitive to the intrinsic properties of hBN and
the local dielectric environment. We are able to quantitatively
extract q for PhPs visualized at all frequencies in Figure S2 by
fitting a functional ansatz to the average experimental near-field
profile following a similar procedure established in previous s-
SNOM studies of confined light.58,71

The frequency dependence of q1 (i.e., the PhP dispersions)
for regions with and without α-RuCl3 is shown in Figure S2C.
It is apparent from this plot that α-RuCl3 has a minimal
influence on the PhP dispersion across a wide range of
frequencies but does appear to increase the value of q1 at high
frequencies. Since the real part of the permittivity (ϵ1) of α-
RuCl3 is larger than that of SiO2 at these frequencies (ϵ1

α‑RuCl3

= 6.372 versus ϵ1
SiO2 = 1.173), it may be expected that PhPs

Figure 2. Phonon polariton losses for hBN/α-RuCl3/SiO2 versus hBN/SiO2. (A) Characteristic s-SNOM image of the device shown in Figure 1B
showing the S5 amplitude collected with an incident laser frequency of ω = 1494.5 cm−1. Oscillations in the S5 amplitude emanating from the hBN
edge (i.e., fringes) arise due to interference between left-moving tip-launched and right-moving edge-reflected PhPs. The region with the thin α-
RuCl3 layer (red arrow) has visibly fewer fringes than the region without the α-RuCl3 layer (blue arrow). (B) Spatially averaged line profile of the
PhP fringes in the region with (red line) and without (blue line) an underlying α-RuCl3 layer (added offset of 0.4 between each curve for clarity).
The dotted black lines are the best-fit model line profile used to extract the complex wavevector q using the method employed in refs 58 and 71
(see Figure S2). (C) The experimental frequency dependence of QS and QR is plotted with solid blue and red circles, respectively, along with their
calculated values (solid blue and red lines, respectively; see Methods and Supplementary Discussion). The dashed red line shows the expected value
of QR when α-RuCl3 is modeled with emergent interfacial losses (model 2 in Figure 3), showing much better agreement with the experimental data.
The shaded red region shows the change in QR induced by emergent interfacial losses. (D) The theoretical frequency dependence of the PhP angle
of propagation θ relative to the surface normal. The component of the PhP propagation that is parallel to the hBN/α-RuCl3 interfacial dipole (pint)
is largest over the range of frequencies at which excess PhP losses are observed in panel C.
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propagating on an α-RuCl3 substrate become more confined
than those on an SiO2 substrate. However, this additional
confinement should not be significant since our device only
possesses 2.4 nm of α-RuCl3. This intuition bears out when
calculating the theoretical PhP dispersion from maxima in the
imaginary component of the p-polarized reflection coefficient,
Im[rp] (using previously reported optical parameters72−74 for
the constituents of our multilayer vdW device). We find that
the experimental PhP dispersion for hBN/SiO2 matches well
with this model (blue solid line in Figure S2C), while the
corresponding prediction for PhPs in hBN/α-RuCl3/SiO2
somewhat underestimates the degree of experimental confine-
ment at higher frequencies. Hypothetically, a thicker layer of α-
RuCl3 could provide much more substantial dielectric
confinement (Figure S3A). The agreement between the
experimental and theoretical dispersions indicates that the
native optical parameters for hBN and α-RuCl3 deviate only
slightly from the gross features of our experiment. Therefore,
the presence of charge polarization at hBN/α-RuCl3 appears to
only subtly influence the PhP dispersion.

We continue our analysis by extracting the value of Q for
both regions of the sample (QS for hBN/SiO2 and QR for
hBN/α-RuCl3/SiO2). Heuristically, Q is roughly twice the
number of fringes that can be observed in near-field images.
One would therefore infer that QS > QR based on a cursory
inspection of the images of these two regions in Figure 2A.
Quantitative extraction of QS and QR confirms this inference
for essentially all frequencies measured in our experiment, with
QS growing to more than 6 times the magnitude of QR at ω =
1530 cm−1 (Figure 2C). Hence, polaritons in hBN experience
significant additional frequency-dependent losses as a result of
the underlying 2.4 nm layer of α-RuCl3. Since both SiO2 and
α-RuCl3 possess potential loss channels in the MIR that can
contribute to PhP damping,72,73 it is not immediately obvious
whether or not the excess PhP losses observed on α-RuCl3 are
consistent with expectation. In addition, the PhP Q-factor does
not have a trivial dependence on the complex valued
permittivity of the underlying substrate, demanding explicit
calculation of the Q factors using numerical approaches in
conjunction with reported optical parameters (see SI).72−74

Contrary to our experimental results, we find that the
calculated value of Q actually increases by more than a factor
of 1.5 when the underlying SiO2 substrate is replaced with a
thick slab of α-RuCl3 (Figure S3), indicating that α-RuCl3 is a
less lossy substrate than SiO2 in this frequency range. In the
case of a thin layer of α-RuCl3 on SiO2, calculation of QS and
QR shows a subtle reduction in QR compared with QS (red and
blue curves in Figure 2D, respectively). This is likely due to
thin film effects (Figure S3B) that nevertheless fail to capture
the significant frequency-dependent reduction in QR compared
to QS observed in the experiment.

Informed by DFT calculations (Figure 1C), we consider
how an interfacial dipole layer affects the behavior of PhPs
beyond what is captured in our minimal model. In particular,
PhP propagation is expected to be suppressed along the axis
parallel to the interfacial dipole moment. Thus, the energy
dependence of the PhP propagation angle θ relative to the
surface normal provides a metric for the dipole-induced PhP
damping. Given that hBN is an anisotropic medium, θ is given
by

tan 1 1

1

=
(2)

where ϵ1
∥ and ϵ1

⊥ are the in-plane and out-of-plane components
of the real part of the hBN permittivity, respectively.49,75

Figure 2D shows a plot of cos θ for frequencies probed
experimentally in Figure 2C. At the lowest frequencies, PhPs
travel nearly horizontally with θ = 78.0°. However, at higher
frequencies, PhPs develop a significant out-of-plane compo-
nent (θ = 42.6°), with an increase in the normalized projection
along the dipole direction from 0.21 to 0.74. Thus, the
frequency regime at which excess PhP losses are observed is
coincident with those at which propagation becomes most
aligned to the interfacial dipole.

To empirically quantify the influence of the dipole layer on
PhP losses, we performed nano-optical spectroscopy by
collecting a series of images on an hBN/α-RuCl3 hetero-
structure spanning frequencies below and above those at which
PhPs could be spatially resolved (Figure 3). It is apparent that,
at certain frequencies (e.g., 1528 cm−1), significant contrast
exists in both the near-field amplitude (S4) and phase (Φ4)
between the hBN/α-RuCl3/SiO2 and hBN/SiO2 regions

Figure 3. Nano-optical spectroscopy of hBN/α-RuCl3 heterostruc-
tures. (A) The near-field S4 amplitude (left panel) and Φ4 phase
(right panel) measured with an incident laser frequency of ω = 1528
cm−1 showing contrast between hBN/α-RuCl3/SiO2 and hBN/SiO2
in both channels. (B) Nano-optical spectroscopy showing contrast in
the near-field amplitude (solid green circles) and phase (solid orange
circles; labeled S4

(R) and Φ4
(R) for hBN/α-RuCl3/SiO2, and S4

(S) and
Φ4

(S) for hBN/SiO2). The lightning rod model76 for this spectrum is
shown based on reported optical parameters (model 1, solid line) and
with the addition of a fitted Lorentzian oscillator (model 2, dashed
line). The latter model better captures the experimental data. The
region over which PhPs are observed to have excess losses is
highlighted in gray.
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(Figure 3A). Thus, we extracted the average S4 and Φ4 in both
regions and plotted their relative contrast as a function of
frequency to reveal a clear systematic Lorentzian-like
resonance centered around 1550 cm−1 (solid circles in Figure
3B). Conversely, the use of intrinsic optical parameters to
calculate the expected ellipsoidal tip-enhanced near-field
spectrum for our experimental stack (i.e., the lightning-rod
model,76 see SI) displays no such resonance (solid black lines
in Figure 3B). Therefore, as with the PhP losses, intrinsic
optical parameters fail to capture the observed nano-optical
behavior of hBN/α-RuCl3 heterostructures.

We proceed with a phenomenological description of the
novel resonance at 1550 cm−1 in order to reconcile our
experimental observations with models of the PhP losses and
near-field spectroscopy. To achieve this, we model the hBN/α-
RuCl3 interface by adding a single Lorentzian oscillator to the
α-RuCl3 side of the interface (i.e., assuming only a very thin
layer of modified optical properties at the interface, consistent
with calculations of similar 2D charge-transfer interfaces).58 By
fitting the oscillator parameters to the experimental spectra in
Figure 3B, we find that the agreement between the lightning
rod model and our experimental spectra is significantly
improved (dashed black lines in Figure 3B). Moreover,
incorporation of these modified optical parameters into our
calculation of the PhP Q factors gives significantly improved
agreement between theory and experiment (Figure 2C), while
the model dispersion now slightly overestimates the exper-
imental values (Figure S2C). This is consistent with the
observation that the frequencies at which QS and QR deviate
most significantly align with the onset of this novel
spectroscopic resonance (Figures 3B, S4). Therefore, the
totality of our nano-optical measurements reveals that the
hBN/α-RuCl3 interfacial dipole layer damps PhPs that possess
significant out-of-plane components, giving rise to an emergent

optical response that empirically takes the form of a Lorentzian
oscillator.

In order to better understand the microscopic origin of
excess optical losses at hBN/α-RuCl3 interfaces, we performed
a series of ab initio calculations for monolayer hBN, monolayer
α-RuCl3, and monolayer-on-monolayer hBN/α-RuCl3 (Figures
4A, S5; see Methods section and ref 58 for details). We
observe that in their free-standing states, the hBN valence band
(VB) and the α-RuCl3 conduction band (CB) are energetically
aligned relative to the vacuum energy (Figure S5D,E), as
observed previously.77 When the hBN/α-RuCl3 heterostruc-
ture is formed, the work-function-induced interfacial dipole
causes these two bands to split in energy, leading to a band gap
of Eg = 0.3 eV (Figures 4A, S5F). Referenced to the vacuum
level, the relative decrease of the hBN VB energy compared to
the α-RuCl3 CB energy is consistent with electron-donor
behavior in hBN and electron-acceptor behavior in α-RuCl3
(Figures 1C, S5D−F). We verify this interpretation by
calculating the projected bands in each layer (Figure 4B,C),
which show that the combined low-energy band structure of
hBN/α-RuCl3 is essentially a superposition of the α-RuCl3 CB
and the hBN VB, with each residing substantially closer to EF
than in their intrinsic state (Figure S5A−C). Thus, the
formation of an interfacial dipole is concurrent with the
renormalization of the component band structures relative to
the vacuum level, albeit without any associated free charge
carriers. One can therefore interpret the charge transfer and
associated dipole moment calculated in Figure 1C as emerging
from the out-of-plane distortion of electronic orbitals in each
layer and not the emptying or filling of interfacial electronic
states.

It is instructive to consider that additional interfacial effects
may be influencing our experimental results that are not
captured in the single-particle picture presented in Figure 4.

Figure 4. Theoretical electronic structure of hBN/α-RuCl3 heterostructures. (A) The calculated band structure for the supercell shown in the inset
(the same supercell is used for the Bader charge shown in Figure 1C). (B) The same band structure in panel A overlaid with the projected bands
for hBN (solid blue circles) and (C) overlaid with the project bands for α-RuCl3 (solid red circles). The area of the circles is proportional to the
projected density of states at a given value of k. For all panels, the Fermi energy EF is denoted by the horizontal dashed green lines, and the K and
M points are denoted by vertical dotted gray lines.
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For instance, it is known that hBN can possess defect
states33−37 that may act as local reservoirs for interfacial charge
transfer. Moreover, in its intrinsic state, α-RuCl3 is a Mott
insulator that undergoes significant correlation-induced band
structure renormalization upon doping that would not be
captured by single-particle DFT calculations. For instance,
evidence of intragap states and the redistribution of state
density between the lower and upper Hubbard bands (LHB
and UHB, respectively) has been seen in recent studies of α-
RuCl3 with electron-doping intercalates.78,79 Electron-doping
of α-RuCl3 in these intercalated structures greatly enhances the
optical conductivity over a broad range of infrared frequencies
that are inactive in the intrinsic α-RuCl3 structure. Similar
behavior has also been observed in α-RuCl3 that has been
electron-doped via charge transfer with graphene.58 Therefore,
we speculate that the strong enhancement of optical losses in
hBN/α-RuCl3 interfaces may also be associated with ionized
defect states, intragap states, or shifts in the LHB or UHB of α-
RuCl3 upon doping with electrons.

■ OUTLOOK
The experimental and theoretical results presented in this work
are significant for the future study of confined light, vdW
heterostructures, and charge-transfer doping in 2D materials.
The observation of emergent optoelectronic properties at the
interface of two 2D insulators is reminiscent of 2D electron
gases (2DEGS) formed at the interface of GaAs and AlGaAs
MOSFET devices.80 The ability to realize analogous structures
in 2D heterostructures presents opportunities for using large
work function materials such as α-RuCl3 to gain access to
deep-lying occupied states that do not normally participate in
electronic transport. Such structures can, in principle, be
further modified with an electrostatic gate, offering additional
means of tuning normally inaccessible states. On the other
hand, α-RuCl3 itself is a correlated insulator that is notoriously
difficult to dope with a standard electrostatic gate. Our results
demonstrate that normally passive adlayers such as hBN can
have a significant influence on the α-RuCl3 band alignment and
can play an active role in electrostatic doping of single layers.

These results are also important in that they provide
additional design criteria for 2D materials that are not often
considered during device fabrication. Ostensibly, a substantial
enough work function mismatch is sufficient to significantly
modify the interfacial optoelectronic properties of both hBN
and α-RuCl3, despite their intrinsic insulating and low-loss
behavior. While this may be a property that can be exploited, it
may also give rise to deleterious behavior (such as losses) in
electronic or optical devices (e.g., cavities and waveguides) for
which this behavior must be taken into account.

■ METHODS
Experimental and theoretical methods can be found in the
Supporting Information.
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Figure S1. hBN/a-RuCl3 device fabrication. (A) Diagram of two steps for hBN/a-RuCl3 
device assembly. In the first step, a PC-coated glass slide is used to pick up an exfoliated crystal 
of 22-nm-thick thick hBN on an SiO2/Si substrate. In the second step, the hBN is deposited onto 
an exfoliated flake of few-layer a-RuCl3. The final structure was constructed such that part of the 
hBN is directly on SiO2 and part is on top of the a-RuCl3. (B) Optical image of hBN/a-RuCl3 
device with the hBN outlined in orange and the a-RuCl3 outlined in green. The red and blue 
arrows indicate the position of nano-optical imaging of PhPs on and off the a-RuCl3, 
respectively. 
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Figure S2. Frequency-dependent line profiles of PhP fringes. (A) Area-averaged line profiles 
of the near-field amplitude for hBN/SiO2 showing PhP fringes collected at the indicated 
frequencies. A 0.4 offset is added between consecutive curves for clarity. The PhP wavelength 
clearly disperses with frequency. (B) The same as (A) but for PhPs propagating in hBN/a-
RuCl3/SiO2. Each curve in (A) and (B) was truncated at the first minimum next to the hBN edge, 
and fit to the ansatz from refs. 1,2 to extract the complex wavevector q. The ansatz is 𝑆! +
𝐴 "!"𝒒$

#%$%%
+ 𝐵𝐻!

(')(2𝒒𝑥), where 𝑆! is the bulk near-field amplitude, R is the approximate tip 

radius (25 nm), 𝐻!
(') is the first Hankel function of order zero, A and B are sample angle- and tip-

dependent scaling factors, respectively, and a is a geometric factor »0.1. (C) The experimentally 
extracted PhP dispersion for hBN on bare SiO2 (solid blue circles) and on a layer of a-RuCl3 
(solid red circles). The expected PhP dispersions (i.e., maxima in 𝐼𝑚-𝑟)/) for both regions are 
plotted with solid blue and solid red lines, respectively. The dashed red line shows the expected 
PhP dispersion when a-RuCl3 is modelled with emergent interfacial losses (Model 2 in Fig. 3 of 
the main text), with the shaded red region highlighting the change in the dispersion. 
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Figure S3. Model hBN PhP dispersion and Q for different thickness of a-RuCl3. (A) The 
model dispersion for PhPs propagating in a 22-nm-thick hBN crystal on a thick slab of SiO2 
(blue curve), on a 2.4-nm-thick flake of a-RuCl3 on a thick slab of SiO2 (red curve), and on a 
thick slab of a-RuCl3 (green curve). The dispersion is derived from maxima in the imaginary 
component of the p-polarized reflection coefficient, 𝐼𝑚-𝑟)/. The hBN PhPs become more 
confined with thicker layers of underlying a-RuCl3. (B) The frequency-dependent Q factor for 
PhPs propagating in a 22-nm-thick hBN crystal on a thick slab of SiO2 (blue curve), on a 2.4-
nm-thick flake of a-RuCl3 on a thick slab of SiO2 (red curve), and on a thick slab of a-RuCl3 
(green curve). The frequency-dependent Q is plotted for several intermediate thicknesses of a-
RuCl3 as indicated by the colored labels. While stacks with thinner a-RuCl3 show a marginally 
lower value of Q compared to those directly on SiO2, those with thicker a-RuCl3 eventually 
show larger values of Q. The Q factor is calculated as outlined in the methods and supplementary 
discussion. 
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Figure S4. Near-field spectroscopy of hBN/a-RuCl3 heterostructures. (A) Near-field S3 
amplitude at w = 1530 cm–1 of a heterostructure with hBN/a-RuCl3/SiO2, hBN/SiO2, a-
RuCl3/SiO2, and SiO2 regions labelled. (B) The corresponding F3 phase simultaneously collected 
in the same region as (A). (C) Plot of the frequency-dependence of the near-field contrast (solid 
green and orange circles are S3(S) / S3(R) – 1and F3(S) – F3(R), respectively) and the ratio QS / QR 
(solid black squares). Here, S3(S) and S3(R) are the S3 amplitudes averaged on hBN/SiO2 and 
hBN/a-RuCl3/SiO2, respectively, and F3(S) and F3(R) are the F3 phases averaged on hBN/SiO2 
and hBN/a-RuCl3/SiO2, respectively. The ratio between PhP Q-factors off and on a-RuCl3 (QS / 
QR) increases with frequency in a manner that scales similarly to the near-field contrast.  
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Figure S5. Comparison of band structures for free-standing and heterostructured hBN and 
a-RuCl3. (A) Fermi energy-aligned free-standing band structures for monolayer hBN, (B) 
monolayer a-RuCl3, and (C) monolayer-on-monolayer hBN/a-RuCl3. (D-E) The same band 
structures plotted in (A-C) aligned relative to the vacuum energy. In their free-standing states, 
the hBN valence band (VB) is aligned energetically with the a-RuCl3 conduction band (CB). 
The work function difference leads to the formation of an interfacial dipole in hBN/a-RuCl3 that 
induces a small energy gap between the hBN VB and the a-RuCl3 CB when heterostructured.  
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Supplementary Methods 
 
Material Growth 
α-RuCl3 crystals were grown by the sublimation of RuCl3 powder sealed in a quartz tube under 
vacuum. About 1 g of powder was loaded in a quartz tube of 19 mm in outer diameter, 1.5 mm 
thick, and 10 cm long. The growth was performed in a box furnace. After dwelling at 1060 °C 
for 6 h, the furnace was cooled to 800 °C at a rate of 4 °C/h. Magnetic and specific heat 
measurements confirmed that the as-grown pristine crystal orders antiferromagnetically around 7 
K. For more information, see ref. 3. 
 
Device Fabrication 
The hBN/α-RuCl3 heterostructures were assembled using standard dry-stacking with the hot 
pick-up method.4,5 Specifically, we use a polycarbonate (PC) film on a polydimethylsiloxane 
(PDMS) stamp to pick up hBN exfoliated on a SiO2/Si substrate at a temperature of 90 ºC. The 
hBN is then brought in contact with the target α-RuCl3 crystal, also on SiO2/Si, at a temperature 
of ~150 ºC. By using a higher temperature and a slow contact approach (~1 µm/min), we are able 
to push out most interfacial contamination, leaving us with a clean hBN/α-RuCl3 interface. 
Finally, the PC film is dissolved in chloroform.  
 
Scanning Near-field Optical Microscopy:  
The s-SNOM measurements in this study were conducted using a commercial Neaspec system 
under ambient conditions using commercial ArrowTM AFM probes with a nominal resonant 
frequency of f = 75 kHz. Tunable continuous wave quantum cascade lasers produced by Daylight 
Solutions were used spanning wavelengths from 6 to 8 µm. The detected signal was demodulated 
at the fourth or fifth harmonic of the tip tapping frequency in order to reduce background far-
field contributions to the scattered light. The nth harmonic of the near-field scattering amplitude 
(Sn) and phase (Fn) were collected simultaneously using a pseudoheterodyne interferometry 
technique.  
 
Ab-initio Calculations of hBN/a-RuCl3 Heterostructures: 
The ab initio calculations were performed within the Vienna Ab initio Simulation Package 
(VASP)6 using a projector-augmented wave (PAW) pseudopotential in conjunction with the 
Perdew–Burke–Ernzerhof (PBE)7 functionals and plane-wave basis set with energy cutoff at 400 
eV. For the heterostructures formed by hBN on top of a monolayer of α-RuCl3, we used a fixed 
hexagonal supercell containing 170 atoms (composed of 3 x 3 a-RuCl3 and 7 x 7 hBN). The 
resulting strain imposed on the heterostructure is ~2.1%. This strain doesn’t modify the 
formation of the large interfacial dipole discussed in the present work.  The surface Brillouin 
zone was sampled by a 3 ´ 3 ´ 1 Monkhorst–Pack k-mesh. A vacuum region of 15 Å was 
applied to avoid artificial interaction between the periodic images along the z direction. Due to 
the absence of strong chemical bonding between layers, we incorporate van der Waals 
interactions for structural optimization via the opt88 density functional introduced in ref. 8. All 
heterostructures for the above supercell size were fully relaxed until the force on each atom was 
less than 0.01 eV Å−1. Spin-orbital couplings are included in the electronic calculations. 
As shown in previous work (ref. 1) standard DFT functionals do not cope with the electronic 
structure of α-RuCl3 as it requires accounting for on-site correlations via a Hubbard U for Ru and 
Cl atoms. The Hubbard U terms are computed by employing the generalized Kohn–Sham 
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equations within density functional theory including mean-field interactions, as provided by the 
Octopus package,9,10 using the ACBN011,12 functional together with the local density 
approximation (LDA) functional describing the DFT part. We compute ab initio the Hubbard U 
and Hund’s J for the 4d orbitals of Ruthenium and 3p orbital of Chlorine. We employ norm-
conserving HGH pseudopotentials to get converged effective Hubbard U values of 1.96 eV for 
Ru 4d orbitals and 5.31 eV for Cl 3p orbitals, with spin-orbital couplings. 
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Supplementary Discussion 
 
Calculating polariton dispersions and quality factors 
Polariton dispersions 𝑞'(𝜔) and quality factors 𝑄(𝜔)	in the main text are computed from the 
poles of the p-polarized reflection coefficient 𝑟). A condition for poles of 𝑟) in a single finite 
hBN slab geometry corresponding to the fundamental polariton mode dispersion can be written 
in the following form: 

2𝑘*𝑑 + 𝛿+,- + 𝛿+,) = 0 

where  𝑒./& ≈
'0.

'(
)!'∥'+

'$.
'(

)!'∥'+

 and 𝑘* ≈ ;−
1∥
1,
𝑞2 in the near-field limit.13 𝜀∥ and 𝜀4 are the in- and out-

of-plane dielectric functions of hBN, respectively,14 and 𝑞(𝜔) = 𝑞'(𝜔) + 𝑖𝑞2(𝜔) is the in-plane 
momentum of light. 𝜀567 = 1 and 𝜀568 is the dielectric function of the substrate. 
 
For two slabs (e.g., hBN/a-RuCl3/SiO2 model), we solve an equivalent problem numerically. We 
first compute the 2x2 transfer matrix 𝑀 for the system and note that 𝑟) = 𝑀2'/𝑀''. The 
formalism in Reference 15 was used to compute the transfer matrix. Nota bene: in the case of 
uniaxial media like hBN, one should use 𝜀∥ (not 𝜀*) in Equation 10 of Reference 15. One should 
also ensure that the proper branches of 𝑘* in all slabs are used such that Im	𝑘* ≥ 0.16 The 
complex in-plane propagation constant 𝑞(𝜔) is obtained from minimizing |𝑀''| using 
scipy.optimize methods. We verified that the real part 𝑞'(𝜔) corresponds to the maxima of 
Im	𝑟)(𝑞, 𝜔) and the residual |𝑀''|2~1009 for all 𝜔. Finally, we compute 𝑄(𝜔) ≡ :-(;)

:.(;)
. 

Dielectric functions of SiO2 and α-RuCl3 (assuming isotropic) are obtained from References 17 
and 18, respectively. 
 
Nano-infrared point spectra of hBN/SiO2 normalized to hBN/α-RuCl3/SiO2 were fit by 
optimizing the parameters of a Lorentzian oscillator dielectric function for α-RuCl3 within the 
lightning rod model19 framework: 

𝜀 = 𝜀< +
𝑓2

𝜔!2 − 𝜔2 − 𝑖𝛾𝜔
 

The best-fit oscillator strength, resonance frequency, scattering rate, and background permittivity 
were  𝑓 = 1992	cm0', 𝜔! = 1543	cm0', 𝛾 = 30.5	cm0', and 𝜀< = 2.01, respectively. These 
parameters were used to compute another set of complex 𝑞(𝜔) that we compared with the 
dispersions and quality factors obtained when using the bare α-RuCl3 dielectric function 
extracted from far-field spectroscopy in Reference 18. We note that these oscillator parameters 
differ significantly from those associated with nearby phonons in hBN or electronic transitions in 
α-RuCl3, suggesting that this phenomenological Lorentzian oscillator cannot be trivially 
reproduced through rigid shifts and/or broadening of the intrinsic optical spectrum of either 
heterostructure constituent. 
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