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ABSTRACT: Nanoscale charge control is a key enabling technology
in plasmonics, electronic band structure engineering, and the topology
of two-dimensional materials. By exploiting the large electron affinity
of a-RuCl;, we are able to visualize and quantify massive charge
transfer at graphene/a-RuCl; interfaces through generation of charge-
transfer plasmon polaritons (CPPs). We performed nanoimaging
experiments on graphene/a-RuCl; at both ambient and cryogenic
temperatures and discovered robust plasmonic features in otherwise
ungated and undoped structures. The CPP wavelength evaluated
through several distinct imaging modalities offers a high-fidelity
measure of the Fermi energy of the graphene layer: E; = 0.6 eV (n =
2.7 X 10" ecm™). Our first-principles calculations link the plasmonic
response to the work function difference between graphene and a-
RuCl; giving rise to CPPs. Our results provide a novel general strategy
for generating nanometer-scale plasmonic interfaces without resorting to external contacts or chemical doping.

3 Types of Charge-TranferPIasmon Polaritons

KEYWORDS: plasmon polaritons, a-RuCls, graphene, scanning near-field optical microscopy (SNOM), two-dimensional (2D) materials,
Mott insulators

Bl INTRODUCTION Dirac electrons can travel over macroscopic distances in
structures with high mobility.”"~*

Here, we harness CPPs to visualize and quantify charge
transfer at the graphene/a-RuCl; interface. The CPP wave-
length is dictated by the electron density in the host medium,
allowing us to read the strength of the charge transfer and the
associated Fermi energy (Ep) in graphene/a-RuCl; hetero-
structures directly from CPP images. The totality of CPP
imaging data allows us to map the nanoscale spatial
dependence of the interlayer charge transfer throughout the
graphene/a-RuCl; interface. Moreover, the electric field of the
polaritonic wave extends over tens of nanometers outside of
the graphene plane and provides access to the charge dynamics
in effectively doped a-RuCl,.

A polaritonic probe of graphene/a-RuCl; heterostructures is
enabled by scattering-type scanning near-field optical micros-
copy (s-SNOM), which permits us to map the near-field

Research in two-dimensional (2D) materials has generated a
library of tailor-made atomically thin layers whose optoelec-
tronic properties are dictated by their lattice symmetry and
elemental composition. The behavior of 2D materials can be
further controlled via chemical or electrostatic doping."”
Moreover, van der Waals (vdW) heterostructures show
emergent behavior based on interfacial effects, including
orbital hybridization,” > magnetic interactions,’ and proximal
superconductivity.” Work function-mediated interlayer charge
transfer offers another route to realizing novel interfacial
phenomena.*~"" Specifically, the large work function of a-
RuCly (@p,cp3 = 6.1 eV)* compared to graphene ((I)g = 4.6
eV)"” is predicted to prompt interlayer charge transfer that
creates in excess of n = 10" cm™ holes and electrons in
graphene and a-RuCl;, respectively. Such large charge carrier
densities will likely impact the correlated insulating ground
state of a-RuCly."”™'® Simultaneously, this interlayer charge
transfer should metalize graphene, giving rise to plasmon
polaritons without the need of electrical contacts or chemical
alteration (as required previously), herein called charge-
transfer plasmon polaritons (CPPs) (distinct from similarly
named effects in coupled metallic nanoparticles).'”” These
hybrid light-matter modes formed by infrared photons and
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Figure 1. Characterization of interlayer charge transfer in graphene/a-RuCl; heterostructures using s-SNOM and DFT calculations. (a) Diagram of
s-SNOM performed on hBN/graphene/a-RuCl;/SiO,. The large interlayer charge transfer creates the necessary conditions for generating three
types of plasmon features: (1) edge CPPs, (2) CPPs, and (3) circular CPPs. (b) Map of the near-field amplitude near the edge of graphene in
hBN/graphene/a-RuCly/SiO, (w = 898 cm™', T = 60 K) showing oscillations that are characteristic of the three features shown in (a). (c) First-
principles band structure with Hubbard U terms and including spin—orbital coupling for graphene/1L a-RuCl; (supercell shown in the inset).
Bands derived from carbon z-orbitals and Ru t,, orbital are indicated. Inset: The calculated Bader charge in each layer of the model supercell is
indicated in terms of the resulting charge carrier concentration, # in units of cm > (d) Same as (c) but for graphene/2L a-RuCly. Here, the
interfacial layer of a-RuCl; possesses >70% of the electrons transferred from graphene.

optical response of this interface at subdiffractional length
scales.”® Thus, s-SNOM is well suited to image CPP waves
over a wide range of IR frequencies (here, @ = 900—2300
cm™"). Nanoimaging has allowed us to reconstruct the energy
momentum dispersion ®@(q;) of CPPs prompted by an
exceptionally high charge-carrier density in graphene (n =
2.7 X 10" cm ™%, Eg. = 0.6 eV). Further analyses of both edge
and circular CPPs (defined in Figure 1ab) provide additional
insight into the nanoscale spatial dependence of interlayer
charge transfer and reveal sharp boundaries in the local optical
conductivity. Finally, we evaluated the response function of
doped a-RuCl; by modeling the complex CPP wavevector q =
q, + iq, and its variation with frequency and temperature.
Here, q, encodes information about the plasmon wavelength
(4, = 27/q,), while g, characterizes the plasmon damping. We
observe CPP scattering that is consistent with an emergent

electronic response in the topmost layer of doped a-RuCl; at
infrared frequencies deep below its band gap. DFT analysis
confirms that it is primarily the interfacial layer of a-RuCl; that
is impacted by charge transfer.

B SEEING CHARGE-TRANSFER PLASMON
POLARITONS

In order to explore the charge dynamics of the graphene/a-
RuCl; interface, we first constructed a graphene/a-RuCl,
heterostructure on a SiO,/Si substrate encapsulated with
hexagonal boron nitride (hBN) as shown in Figure la (see
Supporting Information and Figure S1 for assembly details).
Nano-IR images for graphene/a-RuCl; heterostructures reveal
three distinct but related forms of polaritonic waves (Figure
1b). Here, oscillations in the near-field amplitude are observed
propagating inward from the graphene boundary that are

https://dx.doi.org/10.1021/acs.nanolett.0c03466
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characteristic of CPPs. We also observe CPP fringes emanating
radially from pointlike (r < SO nm, & ~ 1 nm) topographic
defects that appear to be acting as local plasmon reflectors,
herein referred to as circular CPPs. Finally, we observed edge
CPP fringes oscillating along the graphene edge. For pristine
graphene, the plasmon wavelength, 4, ~ EF_I/ 2 and can be
used as a rough but straightforward measure of the interlayer
charge transfer.”* Here, all three imaging modalities produce a
consistent estimate of Ex = 0.5-0.6 eV induced by charge
transfer. Self-consistent DFT+U calculations on isolated a-
RuCl, (Figure S2) and two heterostructures containing one
(1L) and two (2L) layers of a-RuCly (Figure lc,d) yield
similarly large values of E, relative to that of pristine graphene
(0.54 and 0.61 eV, respectively). Together, these observations
reveal that the work function difference between graphene and
a-RuCl; is sufficient to provide the conditions for generating
prominent CPPs and potentially dope interfacial @-RuCl; into
new physical regimes.

B QUANTIFYING INTERFACIAL CHARGE DYNAMICS
WITH CPPS

We proceed with our quantitative analysis of the CPP fringes
visualized over a wide range of frequencies in the mid-IR using
s-SNOM (Figure 2a,b). No such fringes were observed for
graphene residing directly on SiO, (Figure S3), suggesting that
this behavior originates from the graphene/a-RuCl; interface.
The CPP wavelength reveals a systematic variation with the
incident laser frequency, @, uncovering the dispersion w(q;) of
these modes (Figure 2b). By fitting the average line profile of
the CPP fringes (Figure $4),”"*° we are able to extract the
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Figure 2. Characterization of the CPP dispersion in graphene/a-
RuCl; heterostructures using s-SNOM. (a) Map of the near-field
amplitude (w = 960 cm™) near a graphene edge in graphene/a-
RuCl;, showing CPP fringes. (b) Line profiles of the average near-field
amplitude as a function of distance from the graphene edge for w =
900—2300 cm™, showing substantial shifts in the CPP wavelength.
Here, sequential curves are offset vertically by 0.1 for clarity and
grouped based on the three different ranges of frequencies labeled in
the inset. (c) Dots: Plots of the experimental CPP dispersion derived
from fits to the line profiles shown in (b) (Figure S4). The
experimental data is superimposed on our best-fit theoretical model of
Im r,, with Eg = 0.6 eV.

dispersion for CPPs at the graphene/a-RuCl; interface (Figure
2c). The experimental dispersion shows two branches: a lower
branch in the frequency range 900—1010 cm™' and an upper
branch spanning 1380—2300 cm™}; the two branches are
separated by a re§ion of SiO, and hBN phonons, in accord
with prior results.”®

An evident novelty of the data shown in Figure 2 is that the
CPP dispersion is achieved without resorting to either gating
or chemical doping. The appearance of CPP fringes in
graphene/a-RuCl; therefore attests to substantial charge
transfer between graphene and a-RuCl;. We are able to refine
our extraction of Ep (i.e., the interlayer charge transfer) from
the CPP behavior by modeling the precise dielectric
environment of the graphene. Specifically, we calculate the
theoretical plasmon dispersion from the p-polarized Fresnel
reflection coefficient (r,) and compared it to the experimental
@(q,) plasmon dispersion. Our model properly accounts for
the response functions and thicknesses of all constituent layers
in the encapsulated graphene/a-RuCl; heterostructure as
described in the Supporting Information. Multilayer calcu-
lations of Im r,, validate that the dominant contribution to the
nano-optical response originates from plasmons in the
graphene layer. A least-squares regression between the
experimental dispersion and maxima in Im r, yields the
graphene Ep as a fitting parameter (Figures 2¢, S5). The model
captures all of the trends in the data with the best-fit value of
Ep = 0.6 eV corresponding to n = 2.7 X 10" cm™ carriers in
the graphene layer due to interlayer charge transfer (Figure
2c). This value is consistent with previous measurements of
the Hall resistance (n = 2.8 X 10" cm™2)® and is in 7good
agreement with theoretical expectation (Figure 1c,d).”” We
note that the agreement between the experimental and model
dispersions was improved by assuming that the topmost layer
of a-RuCl; possesses additional optical conductivity (Figure
S5) compared to that of undoped a-RuCl,.*® Hence, our data
establish the notion of large interfacial doping and enhanced
optical conductivity in @-RuCl; as suggested by DFT
calculations (Figure 1c,d).

While graphene/a-RuCl; CPP fringes were primarily
observed launching and reflecting from the graphene
boundary, the interior of graphene reveals a different type of
plasmonic oscillations exactly centered around topographic
point defects (Figure S6a,b). We posit that these latter circular
CPPs reflect off of these defects, forming radially symmetric
A,/2 fringe patterns in the near-field amplitude. The lack of
additional 4, modulations to the circular CPP fringe pattern
suggests that defects only act as reflectors of polaritonic waves
but not as launchers. Detailed modeling corroborates this
intuition (see Supporting Information for more details). Here,
the defect is described as a small (r ~ 40 nm) region with a
variable conductivity relative to the uniform areas in the
interior of the sample (Figure S6c,d), while the near-field
amplitude is approximated by a position-dependent reflectivity
for illuminating fields from a raster-scanned point dipole. We
observe that the sign and magnitude of the primary circular
CPP fringe depend on the defect conductivity relative to that
of the surrounding graphene. Conductivity-excess defects show
a bright primary fringe, while conductivity-depletion defects
show a dark primary fringe. A good fit to the experimental
fringe cross-section can only be achieved with a maximally
depleted (i.e, nonconducting) region at the defect site. Indeed,
all defects in our data produce a dark primary fringe, consistent
with the notion of depleted conductivity at the defect site. The

https://dx.doi.org/10.1021/acs.nanolett.0c03466
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circular CPPs follow a dispersion that is similar to that of
Figure 2c in the overlapping frequency region, implying that a
similarly high level of hole density rapidly builds up away from
the defect site (Figure S6e). Therefore, the near-field behavior
of topographic defects reveals that they are sharp (nanometer-
scale) undoped features surrounded by heavily doped
graphene, consistent with a nanobubble in the graphene/a-
RuCl; interface.

The magnitude and spatial-dependence of the interlayer
charge transfer between graphene and a-RuCl; revealed by s-
SNOM experiments is further corroborated by Raman
spectroscopy (Figure S7). Here, analysis of the graphene G
and 2D peak shifts shows the coexistence of a highly doped (n
=2.5 X 10" cm™?), uniformly strained (& = —0.2%) phase, and
an undoped, randomly strained phase. The latter undoped
phase only appears to be substantially represented in regions
observed to have a high density of point defects (Figure S7).

Although bulk CPP dispersions act as sensitive probes of the
interlayer charge transfer in the graphene interior, the edge
CPP dispersion can provide information about the charge
transfer profile near the boundary of graphene.” In order to
exploit this, we extract the profiles of the near-field oscillations
along the graphene edge as a function of @ (Figure 3a). The
latter profiles correspond to 4,/2 fringes generated by tip-
launched edge CPPs reflecting off of notches in the graphene
edge (Figures 3a, $4). As with the CPP fringes, the wavelength
of the edge CPPs has a clear dependence on @ as shown in

Figure 3b. As expected,’® > edge CPPs possess a systemati-
a s-sNOM (w =970 cm™)
El
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Figure 3. Analysis of the edge CPP dispersion in graphene/a-RuCl;
heterostructures. (a) Characteristic s-SNOM image (w =970 cm™)
of edge CPP fringes along the graphene edge (highlighted by the
dashed blue box). The fringe pattern shows /1P/2 standing-waves
formed by tip-launched edge plasmons reflecting off of notches in the
graphene edge (such as that denoted by the solid black circle). (b)
Red dots: The low-frequency CPP dispersion reproduced from Figure
2c. Blue dots: The edge CPP dispersion extracted from line profiles of
the near-field amplitude along the graphene edge (see Figure S4). The
dashed (solid) line shows the expected CPP (edge CPP) dispersion
based on the assumption of a discontinuous jump in the graphene
conductivity along that graphene edge (see Supporting Information).

cally higher value of q, compared to CPPs in the interior
(Figure 3b). Following the procedure in ref 29, we model the
edge CPP dispersion based on the assumption of an abrupt
boundary in the graphene conductivity coinciding with the
graphene edge. This shows good agreement with experiment
(Figure 3b). We remark that edge plasmons in graphene are a
relatively rare sighting as they are likely to be smeared by
electric field fringing in structures with relatively thick gate
insulators and they have previously suffered dephasing when
scattered by edge roughness.

B EMERGENT ELECTRONIC RESPONSE OF
INTERFACIAL a-RUCL;

In order to accurately account for the depth of interlayer
charge transfer in our modeling of the graphene/a-RuCl,
optical response, we revisit the first-principles calculations
shown in Figure 1c,d. Analysis of the Bader charge® of both
1L and 2L structures shows that the graphene is heavily doped
regardless of the number of a@-RuCl; layers in our
heterostructures. In principle, the graphene-a-RuCl; charge
transfer can be tuned with the incorporation of hBN spacer
layers (Figure S2). At the same time, the interfacial layer of a-
RuCl, is nearly as heavily doped in the 2L structure as it is in
the 1L structure (0.069 versus 0.056 lel/Ru atom, respectively),
while the second layer of a-RuCly receives <30% of the
electrons of the first (Figure lc,d). Therefore, only the
topmost interfacial layer of a-RuCl; is sufficiently doped to
experience significant changes of the optoelectronic response,
while subsequent layers more closely resemble the undoped
bulk electronic structure. For every theoretical graphene/a-
RuCl; heterostructure characterized in our study, Ru t,, bands
that are unoccupied in intrinsic @-RuCly (Figure S2) become
populated, raising the possibility of emergent metallicity in a-
RuCl; doped via interlayer charge transfer. With this in mind,
all models of the optical response of our stack presented in this
text consider the possibility of emergent optical conductivity in
the topmost layer of a@-RuCl; (Figure S8).

We evaluate the optical response of the graphene/a-RuCl,
interface by comparing the experimentally derived plasmon
quality factor to all known loss channels. The inverse of the
CPP quality factor, Q”', can be expressed in terms of the
effective dielectric environment™ and the optical conductivity
of the graphene/a-RuCl; interface

h o0
2 2

ql 0,

K K
ce_re) Kk
K 0] K (1)

Q=

where ¢ = 0, + io, is the complex optical conductivity of the
graphene/a-RuCly interface and k = k; + ik, is the effective
dielectric of the environment of our stack excluding the
interfacial graphene/a-RuCl; layers. The frequency-dependent
scattering rate (y(w)) has additive components, which can be
broadly attributed to either the graphene (y,(®)) or a-RuCl,
(Yaracy, (@)) side of the interface

1(@) = ¥, (@) + 7, (@) )

The plasmonic dissipation in graphene, 7 (@), is well
understood, and at room temperature is dominated by
phonons.”” Pristine a-RuCly is a moderate gap insulator with
a vanishingly small electronic response at infrared frequencies
and does not significantly impact plasmonic losses. Conceiv-
ably, additional scattering may emerge as a result of a nontrivial
electronic response at the interfacial layer of a-RuCls, which in
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turn should lead to a suppression of the experimental Q. With
this in mind, we first extract the plasmon quality factor as a
function of @ from the experimental fits to the CPP line
profiles shown in Figure 2b, revealing a systematic decrease in
Q with @ (Figure 4a). Using (1) along with known substrate
optical parameters, the experimental Q can be used to obtain
the combined scattering rate y(w) (Figure 4b). The
contribution of graphene phonons to the scattering rate is
shown in Figure 4b. Intrinsic scattering mechanisms in
graphene fall short of the experimental values, revealing the

a d S, Amp. (arb. units), w = 898 cm™!
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Figure 4. Temperature- and frequency-dependence of CPP losses in
graphene/a-RuCl; heterostructures. (a) Blue dots: Extracted quality
factor, Q, for CPPs versus frequency. Black line: model Q versus @ for
graphene phonon scattering and the dielectric environment only. Blue
line: Same as the black line, plus model losses to the interfacial a-
RuCl, layer. (b) Blue dots: The extracted y versus @ derived from the
experimental data in (a). Black line: The model y versus @ based on
graphene phonon scattering only. Red line: The model interfacial a-
RuCl; scattering rate. Blue line: The total frequency-dependent
scattering of the graphene and a-RuCly layers. (c) The extracted
optical conductivity of interfacial @-RuCl; based on the excess
scattering observed in (b). (d) Map of the near-field amplitude (@ =
898 cm™') near a graphene edge in graphene/a-RuCly hetero-
structures taken at 300 K (top panel) and 60 K (bottom panel) under
ultrahigh vacaum (UHV) conditions. (e) Line profiles of the average
near-field amplitude as a function of distance from the graphene edge
taken at the indicated sample temperatures ranging from 60—300 K.
(f) Blue dots: The extracted CPP Q versus temperature taken from
fits to the line profiles in (e) (see Figure S4). Black line: the model
temperature-dependent Q based on graphene phonons and dielectric
losses only. Blue line: Same as the black line, plus losses to the
interfacial a-RuCl,. For (a,f), the additional dielectric refers to losses
attributable to all noninterfacial layers of the experimental stack
shown in Figure S8 (i.e., the encapsulating hBN, bulk (undoped) a-
RuCl; layers, and the underlying SiO,.

presence of additional sources of scattering at the graphene/a-
RuCl; interface. While disorder is a potential source of
scattering, such channels tend to produce frequency- and
temperature-independent losses. The clear frequency depend-
ence of the excess experimental scattering (i.e., beyond what is
attributable to graphene) suggests that disorder alone does not
offer an adequate description. Thus, we attribute the excess
temperature- and frequency-dependent losses to emergent
optical conductivity in the interfacial a-RuCl; altered by charge
transfer. Our scattering analysis yields Re o,g,c, for the

topmost layer of @-RuCl; in the range 0.02—0.1 ¢*/% (Figure
4b,c). The small values of the extracted AC conductivity within
the experimental frequency window suggest that interrogation
of graphene/a-RuCl; interfaces at lower frequencies is
necessary to completely characterize the nature of the
electronic response in doped a-RuCl; (ie., fully localized
versus itinerant charges). Nevertheless, the addition of an a-
RuCl; loss channel greatly improves agreement between the
theoretical and experimental scattering rates and quality factors
(Figure 4ab). The totality of these observations provides
evidence that doped a-RuCl; possesses a nontrivial electronic
response at infrared frequencies that acts as a damping
mechanism for CPPs at the graphene side of the interface.

To further test the possibility of an emergent electronic
response in doped a-RuCl;, we obtained the temperature
dependence (T = 60—300 K) of the CPP damping rate for @ =
898 cm™' (Figures 4d,e). We observe that the Q-factor nearly
triples as the sample temperature is brought from 300 K down
to 60 K (Figure 4f). Once again, the calculated experimental
scattering rate y (898 cm™!,T) is severely underestimated by
phonon scattering and dielectric losses alone and is only
reconciled with the model once the topmost layer of a-RuCly
is assumed to be endowed with an electronic response (Figures
4f, S9). The enhanced scattering rate at all observed
temperatures therefore suggests the presence of electronic
spectral weight at infrared frequencies in doped a-RuCls.
While it was not possible to probe the DC transport of these
carriers, a very small value of their AC conductivity suggests
that these carriers may be either strongly correlated or
localized.

H OUTLOOK

The observations and analyses of CPPs presented in this work
have broad implications in the study of a-RuCl;, graphene
plasmonics, and 2D materials generally. The recognition that
massive charge transfer is taking place over macroscopic areas
of graphene provides unambiguous validation of the notion
that work function-mediated charge transfer can be used to
“metallize” 2D materials into new physical regimes not
attainable with common alternative methods. In the past,
such high charge carrier densities in graphene could only be
achieved with ion liquid gel devices, or an additional top-gate
layer,”* which add complexity to devices and forbid detailed
surface studies with a scanning probe. Therefore, our
experimental system provides a pathway for generating record
high charge carrier densities at unobscured interfaces of 2D
materials, which can, in principle, be further tuned with an
additional backgate.*'” Our findings indicate that it is now
feasible to significantly dope 2D Mott insulators via work
function mediated charge transfer. This is of particular interest
for a-RuCl;, which is predicted to host quantum spin liquids.
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Furthermore, the observation that the graphene optical
conductivity forms abrupt boundaries wherever the graphene/
a-RuCl; interface is interrupted suggests that a-RuCl; can be
used to imprint nanoscale conductivity features in graphene
and possibly other 2D materials without resorting to local back
gates.”> Similarly, patterned @-RuCl; arrays should offer a
superior route to creating the sharp periodic potentials needed
to realize graphene photonic crystals in gate-tunable graphene/
semiconductor architectures.”'>*® Concurrently, we have
refined a procedure for probing the nanoscale optical response
of 2D heterostructures across interfaces via the exploration of
plasmon damping. This latter analysis hints at an enhanced
electronic response in our doped interfacial @-RuCl; that needs
to be verified with future direct measurements in the terahertz
regime.

B METHODS

Crystal Growth and Preparation. The hBN single
crystals were grown using the temperature-gradient method
using a Ba—BN solvent system. a-RuCl; crystals were grown
by the sublimation of RuCl; 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 anti-
ferromagnetically around 7 K. Graphene was derived from
exfoliated highly oriented pyrolytic graphite.

Fabrication of Graphene/a-RuCl; Heterostructures.
The assembly of hBN/graphene/a-RuCl; heterostructures was
performed using standard dry-stacking methods.””*® Because
our near-field experiments require the encapsulating hBN
crystal to be relatively thin (~3 nm), we opted for using a
polycarbonate (PC) film on a polydimethylsiloxane (PDMS)
support for the assembly. In our experience, the success rate
with PC films is significantly higher than poly(propylene
carbonate) (PPC) films when working with sub-S nm 2D
crystals.

To pick up the crystals, we manually bring the PC in contact
with the SiO, substrate at ~90 °C using a micromanipulator.
When the PC film is close (a few tens of micrometers) to the
targeted crystal, we slowly increase the temperature to ~120
°C. As the temperature gradually increases, the thermal
expansion allows the PC film to gradually and nondestructively
cover the 2D crystals. By slowly lowering the temperature
again, we can pick up the 2D crystals as the PC film retracts.
This is performed sequentially on hBN and then graphene
(Figure S1). The hBN/graphene stack is then positioned on
top of the @-RuCl;/SiO, to form the final heterostructure. The
PC is then heated to 180 °C, which releases the film from the
PDMS transfer slide and deposits it on the SiO,. Finally, the
PC film is removed in chloroform overnight.

Scanning Near-field Optical Microscopy. All s-SNOM
measurements were performed on hBN-encapsulated gra-
phene/a-RuCl; on 285 nm SiO, on Si. We include a few layers
of encapsulating hBN to protect the graphene surface from
unwanted doping via atmospheric contaminants, complying
with constraints of s-SNOM. The charge-transfer plasmon
polariton (CPP) dispersion data was collected under ambient
conditions on two commercial Neaspec systems using
continuous wave quantum cascade lasers produced by Daylight
Solutions. The temperature dependence of the plasmon

damping was measured in a home-built cryogenic s-SNOM
using an 11 ym CO, laser (Access Laser). s-SNOM
experiments were conducted with an AFM operating in
noncontact mode using metallic tips. Tapping frequencies of
f = 75 and 285 kHz were used for ambient and UHV
experiments, respectively. We demodulate the detected signal
at the third (S;) and fifth (Ss) harmonic of the tapping
frequency in order to minimize background contributions to
the backscattered near-field signal. A pseudoheterodyne
interferometer is used to collect concurrent scattering
amplitude and phase information from the near-field signal.

Modeling Charge-Transfer Plasmon Polaritons. A
detailed description of the modeling employed for CPPs,
edge CPPs, and circular CPPs is presented in the Supporting
Information.

Ab Initio Calculations of Graphene/a-RuCl; Hetero-
structures. The calculations were performed within the
Vienna Ab initio Simulation Package (VASP)*’ using a
projector-augmented wave (PAW) pseudopotential in con-
junction with the Perdew—Burke—Ernzerhof (PBE)* func-
tionals and plane-wave basis set with energy cutoft at 400 eV. A
detailed description of all ab initio calculations is presented in
the Supporting Information.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03466.

Detailed description of CPP modeling, heterostructure
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Supplementary Discussion

S1. Fitting Calculated Plasmon Dispersions to the Experimental Data

1. Modeling the surface and edge CPP dispersions

In this section we discuss our analytical formalism for modeling the CPP excitations in our
experimental device. The system geometry adopted in the model is shown schematically in
Figure S8. We treated graphene as a 2D Drude metal of negligible thickness and sheet conductivity

i D,
0q(w) = Tw+ iy,(w)’ 1

where ¥, is the frequency-dependent damping rate discussed in the main text and section S2 and
D, = (e?/h*)|u| is the Drude weight proportional to the graphene chemical potential u. The
carrier density in graphene satisfies the equation |n| = (Ju|/hve)? /7, where vp = 108cm s™1 is
the graphene Fermi velocity. We refer to the #ZBN layer above the graphene plus the vacuum
beyond it as the graphene superstrate. We refer to the stack of layers below graphene as the
graphene substrate. In our model, the substrate consists of a doped a-RuCls layer, an undoped a-
RuCl3, and an SiO: layer.

We indexed all the layers in the super- and substrate consecutively from top to bottom by

integer j = 0, ..., 4 and denoted their thicknesses by d;. Thicknesses d and d, are set to be infinite.
The numerical values of BN thickness d; = 2.9 nm and the total a-RuCls thickness d, + d; =
2.5 nm were inferred from atomic force microscopy (AFM). The discontinuous change in doping
of a-RuCl; is a simplifying assumption; in fact, the doping level should vary gradually. To model
the doping of only the interfacial layers as suggested by the DFT, we set d; = 1.9 nm. In the first
approximation, the doped a-RuCls layer and graphene act as a single 2D system with a certain
total sheet conductivity o = g4 + a;.

To take advantage of the approach developed in a previous work! and also for greater
generality, we modeled each layer as a uniaxial dielectric with an in-plane permittivity ejl (w) and

an out-of-plane permittivity 61“ (w). The geometric average of these quantities is denoted by €; =

(614)1/2 (e]'.')l/z. In the actual calculation, only the #BN layer was treated as uniaxial. The

permittivity of all the other layers was taken to be isotropic, ejl = 6}' = €. This simplifying

assumption may be a source of some inaccuracy because a-RuCl; is monoclinic at room
temperature. Finally, we described the effect of doping on a-RuCl3 by another phenomenological
correction of Drude type:

(v®)?

€3 (w) — ef(w) = —m,

where v and y, are adjustable parameters. As mentioned above, if d, is small, it is permissible to
lump layer 2 with graphene by converting the in-plane correction €3 (w) — €3 (w) into the
correction to graphene sheet conductivity:

i Dy
Tw+ iys(w)’
(Conversely, if o and d, are considered primary parameters, one can use these equations to obtain
€3 — €3). Assuming the 2D carrier density in the doped o-RuCls layer is equal in magnitude and
opposite in sign to that in graphene, we can estimate the corresponding 2D Drude weight by Dy =

a=1orz (S3)

0.(@) = D, = z ()2, (4



m|n|e?/m* where the lower bound of the effective mass of carriers m* is provided by the DFT.
The scattering rate y,(w) is discussed in more detail in Section S2 below.

The influence of the substrate and the superstrate on electrodynamics of charge carriers in
graphene can be described by frequency and momentum dependent permittivities, Kgyp =
Ksub(, @) and Kgyp = Keyp(w, q). In the quasi-static limit g > w/c, which is relevant for our
near-field experiment, we can compute these quantities from the formula

Ks = (1 +1p5)/(1 —1ps), s =suborsup. (S5)

This equation derives from the quasi-static approximation for the P-polarization Fresnel
reflection coefficient of j, j + 1interface: 7j ;.1 = (€j+1 — ej)/( i1 T € ) Specifically, Eq. (S5)
can be derived once the replacements 7j .1 = 7ps , €41 = Ks, and €; > €9 = 1 are made. Here
Tps 18 the reflection coefficient of the stack s. To compute such rp5 we used the recursion method
of !. For the case of substrate, it is applied as follows. The base of the recursion is a partial reflection
coefficient ry_; = 7y_1y Where M = 4 is the index of the bottom substrate layer, i.e., the layer
farthest from graphene. At each recursion step, another partial reflection coefficient r; is computed,
for j lowered by one, (that is, for one position closer to graphene). The net reflection coefficient
Tp sub 1S given by 1p gup = 1y Where N = 1 is the index of the substrate layer next to graphene. In
the cited reference !, a more general model was considered where interfaces between adjacent
layers j, j 4+ 1 were assumed to have some sheet conductivities 0j j.1, in which case the full set
of equations employed in the calculation is

(1 11+1)(1 1+11)

J Jj+1 ’
Ti+1j V1 — eXp( 2i 1+1dj+1)
Qj+1 Q] +1
a) 9j.j
Tij+1 = ) (56)

Q]+1 + Q] 0) ]]+1

- v EE

In the generic case d, > 0, only 01, = 04 is nonzero and actually it does not enter the
calculation of 7p ¢, because the recursion terminates at j = 1. However, by continuing through to
j =0, we can obtain the reflection coefficient rp of the entire heterostructure (the top
encapsulating layer plus graphene plus the substrate stack). To compute the refection coefficient
7p sup Of the superstrate, we followed the same scheme as for 75 5, €xcept with the layer order
inverted, i.e., we always run the recursion from the layer farthest from graphene to the one closest
to it. It is easy to derive a closed-form expression for kgyp:

€o + € tanh(—ikld,) | Ve
=i—

e+ etanh(=ikfd) [ 1 (S7)
1

Ksup = €1

The net effective permittivity of the graphene environment is equal to the average of the
substrate and superstrate permittivities:

k(w, Q) = (Ksup + Ksup)/z = K1 +iK; . (S8)

The momentum dependence of function k(w,q) can be understood from the following
qualitative argument. The electric field created by charges in graphene spreads over the vertical



distance that scales as 1/q. Therefore, at large g, the field is strongly confined in the layers j = 1
and j = 2 adjacent to graphene, so that k should approach the average of their permittivities:

K(w, o) = (e, +€,)/2. (S9)

Conversely, at small g, the electric field penetrates far beyond the adjacent layers and resides
mainly in the semi-infinite j = 0 and j = 4 strata (vacuum and SiO»), so thatk = (€, + €4)/2. At
intermediate momenta, the function x should smoothly interpolate between these limiting values.

Once k is known, we can compute the effective 2D dielectric function of graphene. It has a
well-known form

1 q iw w(w +iy)
—————= )= = ,
k(w, q) qp(w) 210, (w) 2D,
where q,,(w) has the physical meaning of the CPP momentum of graphene suspended in vacuum,
k=1.

To handle d, — 0 limit, it is natural to introduce two obvious changes into this general

scheme. The first one is to replace g, in Eq. (S10) by a4 + g5. The second one is to redefine the

substrate as layers j = 3 plus 4 only. The corresponding kg, is given by [cf. Eq. (S7)]

e(w,q)=1 (S10)

B + €5 tanh(—iklds) | iw/eef .
ST e, + €, tanh(—ikldy) " T (S11)
3

In this reformulation, kg,, = €3 as g — 0.

To compute the dispersions of the CPPs and edge CPPs we analyzed the behavior of the
dielectric function €(w, q). For the CPP, our procedure was as follows. The complex CPP
momentum g = ¢, + iq; is the root of €(w, q) for a given real w, which, per Eq. (S9), is the
solution of the equation

qs = qp(w)k(w, q) . (S10)

To find the real part g; = Re g, of this solution we employed an approximation that q; (w)
coincides with the maximum of the loss function of graphene

f(w,q) = —Im w0

This approximation is justified for the experimentally relevant case of weakly damped CPP,
q2 < q1. Once g, is determined, we can get q, using Eq. (1) of the main text:

Q—lzﬁzKZ(w'ql)_}_Im qp:KZ(w,ql)_}_Z. (S12)
q, xi(wq,) Req, K(wq)

This perturbative result follows from Eq. (S10) and is valid assuming both terms on the right-
hand side are small.

We also implemented another method for determining the CPP dispersion, which is to look
for the maxima of the imaginary part of the total reflection coefficient 1 (w, q). For the simple
case where the encapsulating layer j = 1 is absent, so that kg, = €,, the equivalence of the two
methods can be seen from the formularp, = 1 — 2k, (Kgyp, + €0) 1€~ [which follows from
Eq. (S6)], implying that a sharp maximum of f (w, q) is also a maximum of Im 7. Note that the
imaginary parts of k, €, and 1 are all positive if w and ¢ > w/c are real. We verified numerically
that in the frequency range of interest, these two methods, both very common, give virtually the

(S11)




same results. Our calculations were done using fminbnd function of Matlab?. The results are shown
in two figures of the main text: Figure 2¢ (where the false color background represents Im 7p) and
Figure 4b (where the dashed lines are the ridges of the loss function f). Additionally, the results
obtained for the d, — 0 limit are shown in Figures S6 and S7. These results are discussed in more
detail in Section S1 II below.

The perturbative analysis can also be applied if the doped a-RuCls layer has a sufficiently
small thickness and the corresponding sheet conductivity gy is a relatively small correction to the
graphene conductivity o,. Using Eq. (S9) and (S10), we can obtain the first-order shift §q of the
CPP momentum due to o or vice versa, g as a function of dq:

os O 0k

—Sz—q<1—q—”—>. (S13)
o q K 0qp

Let us now turn to the edge CPP. In calculating their dispersion, we relied on the analytical

theory presented in Ref. 3. This theory predicts that the edge excitations show up as the poles of a

certain function g(w, q) defined by

1 dé 5
g(w,q) = tanhl, I‘EInglne( 1+¢ q,w). (S14)
0

This function seems to be a one-dimensional analog of the response functions f and rp we
used to analyze the CPP. However, according to our numerical simulations, neither real nor
imaginary part of g has a definite sign, unlike Ref or Im 7p. Therefore, we adopted the prescription
that the real part of the edge CPP momentum ¢, coincides with the maximum of the absolute value
of g(w, q). To find such a maximum, we used the same Matlab function as before. The results are
shown in Figure 4b of the main text (solid lines).

For a qualitative understanding of the computed edge CPP spectra, two analytical results are
useful. First, as explained above, the effective permittivity k approaches constant values in the
limit of both small and large q. In this limit, the edge and CPP momenta are connected by a simple
rule: the former is A = 1.217 times larger than the latter®. This “universal” relation can be derived
by noticing that the poles of g correspond to I = im/2, which entails an alternative form of the
edge CPP dispersion equation (obtained after the substitution £ = q cott):

/2 /2
de k
_ _ Rk 0. S15
fdtln[ e(sint,w)] fdtlnlqp(w)’c(w'k) 1] i 0 (S15)
0 0 ~sint

If k is momentum-independent, this equation is easy to solve numerically to obtain the quoted
result g, = Aqs. However, in our case k is not constant, primarily because of the presence of the
hBN overlayer. As a result, the edge-to-surface CPP momentum ratio for the computed dispersions
is typically larger than 1.217, sometimes as high as 1.6 (see Figure 4b). The fact that a few-nm
thick layer of BN has such a strong effect on edge CPPs indicates that the edge CPP has a
substantial contribution of high-momenta Fourier harmonics whose electric field is confined inside
hBN. The second analytical result concerns the 2D sheet model of the doped a-RuCls layer. From
a perturbative analysis of Eq. (S15) we obtained the following counterpart of Eq. (S13):
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In words, the coefficient for the fractional shift of the edge CPP momentum is given by the
average of the logarithmic derivative of k, weighted with the function w(q, k). This weighting
function can be thought of as the relative contribution of different Fourier harmonics to the total
real-space waveform of the edge CPP excitation.

In the next Section we discuss numerical simulations and fits based on the equations presented
in this Section.

, (S16)

w(q, k) =

II. Least-squares optimization of the chemical potential

Since the magnitude of charge transfer between the graphene and a-RuCls layers was
unknown, the chemical potential of graphene was made a free parameter in a least-squares fit to
the measured CPP dispersions. The objective function y? to minimize is the residual squared
difference between experimental and model plasmon momenta weighted by the observation
uncertainties:

obs

z (qs: — q2b) S17)

obst

where q2PS and 6?2, are, respectively, the mean and variance of the observed plasmon momenta,

and N, is the number of experiments at different laser frequencies. The fitting was done assuming
d, = 0 limit (d3 = 1.9 nm), with k computed from Egs. (S7), (S8), and (S11). When the
conductivity of the doped a-RuCls layer, Eq. (S4), was included in the calculations with the
effective mass equal to the vacuum free electron mass, a value of |¢ = 0.5613:03 eV minimized
the residual, see Figure S5. We also considered a scenario where this effective mass was infinitely
heavy so that the doping-induced modification of the permittivity of a-RuCls was absent, €, —
€3 = 0 and d; = 2.5 nm. We found that in this case the best fit was |1 = 0.621303 eV, but
agreement between the calculated upper polariton branch and the data appeared worse for our
choice of parameters, cf. Figures S5a and S5b. The error bars are likelihood-based confidence
intervals* describing the parameter space within thresholds on the residual. Thresholds are
computed by the quantile function of a chi-squared distribution with a 95% confidence level and
40 degrees of freedom, i.e. the various inputs of the near-field model.’

For numerical values of the #ABN and SiO; permittivities needed in the calculations, we used
the following analytical parametrizations. The in- and out-of-plane responses of #BN were
modeled with a single-oscillator Drude-Lorentz forms

(wfo)2 - (w%o)2

The permittivity of SiO», which is isotropic, was modeled as the sum of multiple Lorentzians:

€% (w) = € + €4 (S18)
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l
The permittivity of undoped o-RuCls was taken from Ref. 6. As mentioned in Section S1 1,
we treated it as isotropic as well. We fitted this permittivity to the sum of three Lorentzians with
parameters given in Table S1. The parameters for BN and SiO, were taken from Refs. 7. The
parameters are summarized in Tables S2 and S3. We then fitted the CPP dispersions using the

chemical potential u of graphene as the adjustable parameter, as described above.

i w; (cm™) Q; (cm™") Yi(em™")
1 753.9 2222 941.7
2 276.7 2555 470.7
3 378.4 190.7 101.0

Table S1: Oscillator parameters for a-RuCl; for use in the frequency range 750 <

w(cm™1) < 2500. The high-frequency permittivity is €,, = 6.191°.

| ow(m™) | wp(m™) | y(m™) €
€t 1360 4.9
€l 760 2.95
Table S2: Oscillator parameters for ABN’ .
i w; (cm™) Q; (cm™h) ¥i (cm™")
1 1172 282.8 13
2 1090 538.5 12
3 1060 529.2 5
4 803 200.0 35
5 460 382.1 13
6 544 289.8 164

Table S3: Oscillator parameters for SiOz. The high-frequency permittivity is €,, = 1.96 *.

In summary, fitting the CPP dispersions, i.e., q;, to the data alone is indicative but probably
not sufficient for verifying the existence of a modified optical response from charge transfer into
interfacial a-RuCls layers. However, further stronger evidence for the doping of a.-RuCls is found
from analyzing g, and deduced from the plasmon quality factor @, as discussed in Section S2
below.



S2. Characterizing the graphene/a-RuCls interfacial optical response from the CPP losses

1. Graphene phonon contribution to the plasmon scattering rate

As shown in Ref. ?, in clean graphene such as exfoliated samples encapsulated in ZBN,
electron-phonon scattering is the major contributions to the CPP damping. The relevant phonons
are the two acoustic phonons [transverse (TA) and longitudinal (LA)], the A} optical phonon
around K point and the two optical phonons around I point (TO and LO, degenerate at I').
Below we summarize the main steps of the calculation presented in Ref. °. The starting point is
the formula P = 20, (w)|E|? for the power dissipation in the presence of an oscillating electric
field E et + c.c. It implies that the scattering rate can be computed as

oo mww? P 5
V@) =0t =351 (520)
assuming y < w. The power dissipation can be found from the Fermi’s golden rule’:

E\? ( Nd%k d?k
e (2n)2 (2m)? Z Z Z {0, f (esi)[1 — fegrr)]
"v=Lt

X [nB({hqu) + 1]5(55 e — sk + {hwyg — {th) (S21)

v x x
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P =2ntw|—

X
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where W is the electron-phonon couple matrix element between the states (S, k’) and (S, k),

s k ;Sk
f(e) is the Fermi occupation number at energy £ and ng is the phonon occupation number. The

transition matrix element due to LA/TA phonons is

ha* o i
v S22
wY = ig, #Squ(i o) (822)
in the pseudospin basis. It induces the scattering rate
1 w? 1w\ 1B2ul/1 1
=(14+-—=—)y(0) = — = —+—=|T S23
i@ = (4 )0 = (1 i i (42 52

In deriving this formula, we assumed w/u is a small parameter and kept terms up to the order
0 (w?/u?). The electron-phonon coupling constant 8, = 5.0 eV can be found in Refs. ? or '°. The
lattice mass density is u; = 7.6 X 1078 g/cm? and the phonon velocities are v; = 2.2 X 10° cm/
s, v, = 1.4 X 10% cm/s. Equation (S22) indicates that the frequency dependence of y, is weak as
long as o < .

The transition matrix elements for the A7 phonon is

2h 0 i
K — i S24
we =i == (C ), (524)
where Bx = 14 eV/A and wg = 1200 cm™1. The dominant process is the intra-band emission of
the optical phonons. The corresponding scattering rate is

3 )% w
@) =3 oy Z Goy [ (x =024, %) o)
x[1- f(ux fwg + Gyw)][1 + nzQwi)]




where ¢, {, take values of +1. At zero temperature, considering photon (not phonon!) absorption
only, this expression simpliﬁes to

3 w—w
vk () == ﬁ O(w— wK)f dxx x + K)
ZHS(UK(UVF I
(S26)
3 Bru w— wK 1/w— wg)\3
S TR e R VTRt
ZHS(UKUF W U 6 I

Next, the combined scattering of TO and LO phonons results in an isotropic matrix element
proportional to fr. The intraband emissions of the TO/LO optical phonons contribute to the

scattering rate and are the same as Eq. (S25) but with % — 1 and By , wk replaced by fr =

11.4 eV/A,wp = 1600 cm™t. At zero temperature, it simplifies to Eq. (S26), with the same
replacement. Altogether, the phonon contribution to the scattering rate of graphene is

Yg(@) =ya(w) + yg(w) +yr(w). (S27)
The values of the coupling constants can be found in Refs. ° or 1°.

II. Extracted optical conductivity of doped o-RuCl3

To simplify the analysis, we again treat the doped part of a-RuCl; as two-dimensional,
d, — 0. In this case the scattering rate ¢ is used in place of y in Eq. (S12), and should be defined
in terms of the total sheet conductivity 0 = g, + d;. Its relation to the CPP Q factor Q = q;/q; is
as follows:

(S28)

Re o(w) 1 Kky(w qq)
Yerf(w) = 0w ———= = l

=w|l=———=1,
Im o(w) Q ri(w q1)
where Kk = Kk + ik, is to be computed from Egs. (S7), (S8), and (S11). After subtracting the
contribution from the substrate, the measured effective frequency dependent scattering rate, Yetr,
is shown in Figures 4b and S9. If both graphene and a-RuCls are described by Drude models with
frequency dependent scattering rates, Egs. (S1) and (S4) then become

o(@) =——8 LD (529)
nw+tyg(w) nw+iys(w)'
and the effective scattering rate becomes
Dy @?yy (@) Dy w?ys(w)
Verr(@) = Dy + Dy 0?2 + 12(@) | Dy + Dy w2 + 12(w) (S30)

From Eq. (S10), given the measured plasmon dispersion and damping, the optical conductivity of
a-RuCl; can be extracted as

0,(@) = ix(w, ) Zqu — 0,(w) (S31)

Note that ¢ = g4 + iq, is the complex plasmon momentum while w is a real number. It appears
that the major effect of the doped a-RuCls layer is to bring extra damping to the CPP rather than
to shift their dispersion. Thus, the estimation of y, from Eq. (S27) shows that more than half of

the total measured CPP losses can be due to the proximity to a-RuCls. As can be seen from
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Figure 4c, a typical magnitude of the real part of optical conductivity is Re g5 ~ 0.5e2/h ~
0.08 e2/h. We estimate the relative uncertainty of the extracted Re oy to be about 20%. However,
it may contain a systematic error if our estimate of k or the theoretical scattering rate in graphene
is inaccurate, see Sec. S1 II. Nevertheless, the extraction of Re g is more reliable than the
extraction of Im g or the Drude weight D;.

Provided the measurement frequencies are not in the Drude tail w < y,, which seems
likely, having such a low Re o, implies that the mean free path of carriers in a-RuCls is much
smaller than the interparticle distance. Given the interlayer distance'! ¢ = 0.57 nm, the upper bound
on the equivalent bulk conductivity is Re o3 = Re 05/c¢ ~ 340 (2 cm)~1. In comparison, a
weakly-doped cuprate Laj 97S10.03CuOs (LSCO) has a conductivity'? of 200 (Q cm)~? in the in-
plane direction. It corresponds to the 2D conductivity of oy gco = 0.1 e2/h per atomic layer
considering the interlayer distance'® of 1.32 nm.

Despite the shortness of the mean-free path, we can formally compare our findings for
¥s(w) to the predictions of the Fermi liquid theory. The equation

¥s(w) = [(kT)* + 0.18(hw)?] /REF (832)

where Ep = 63 meV plugged into Eq. (S30) gives the blue curves in Figures S9 and 4a,b,f in the
main text. From the comparison in Figure 4b of the main text, the experimental scattering rate
¥s(w, T) of a-RuCl; increases with frequency faster than frequency squared. This is different from
the behavior typically found in cuprates, where the scattering rate is linear in frequency and
temperature.

S3. Modeling near-field signal from plasmon reflection at a point defect

We assumed that a defect in the graphene-a-RuCls heterostructure caused a local
perturbation of the total sheet conductivity o = g, + o, with respect to the asymptotic value g ().
We denote (r) = o(r)/o() the corresponding relative change. To model the position-
dependent near-field signal associated with reflections of CPP from the defect, we considered the
integro-differential equation for the scalar potential ¢, generated in response to the potential
®probe Of a probe':

[1 + #qsv *V-a(r) V] () = ¢probe(r)r ® = ®probe + Ps. (S33)

Here g is the momentum of the CPP away from the defect [Eq. (S14)], V(r) = 1/r is the
Coulomb kernel, and the asterisk (*) denotes the spatial convolution over the in-plane coordinate
r = (x,y). Asanexample, we chose G(r) =1+ 6§A(r/w), where § is the characteristic
magnitude of the conductivity fluctuation at the defect, w is its width, and A(z) = 1/(1 + z2) is
a Lorentzian function of unit width and height. We solved Eq. (S33) through expansion in an
orthonormal basis of plane waves ¢; = A jeiqf T periodic in a 2D square cell x,y €

[—L/2,L/2], with A ; a normalization constant. If we assemble the Fourier momenta q; and the
Fourier coefficients ¢; = (¢;|p) = [ ¢; (r)¢(r)d?r into column vectors § and b, respectively,
these vectors must obey the equation

& = [gs — (60 + diag 1G]] gsBorope » (S34)

where 6 is the scattering matrix with the elements
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Q= (@i~ q;) <¢i |/1 (;)| ¢j>- (S35)
We defined another matrix-valued function G by qf))s =G $probe. From Eq. (S33), we obtain
P - -1 pd . -
Gy = (4] lao — (60 + diag 11)] " (5 + diag 1d1)|y). (36)

For translationally invariant system, § = 0, where the momentum is conserved, only the
diagonal matrix elements are nonzero. They can be understood as “in-plane” reflection
coefficients. The connection to the conventional Fresnel coefficients rp (w, q) and the graphene
loss function f(w, q) discussed in Section S1 is as follows: —G;; = 1 — €(w, q;) ~' where

€(w, q) is the effective dielectric function of graphene [Eq. (S9)]. Therefore, Im (—Gj;) =

f(w, q;) has maxima at the same momenta |q;| = Re g, as f and Im 7. Previous theoretical
work has shown that the Fresnel reflection coefficient 7p (w, gprobe) 1S representative of the near-
field signal for homogeneous graphene. Here gprope 18 0f the order of the inverse curvature

radius of the sharp tip of the probe. Motivated by this, we defined the generalized reflection
coefficient associated with our spatially localized probe excitation,

R = _$grobe55probe . (S37)

We expect that R should be representative of the local near-field signal produced by a general
inhomogeneous system.

We developed a Python-language computer code implementing the above equations taking
advantage of public-domain libraries and we used it to carry out a series of numerical simulations.
For simplicity, we approximated ¢rope () by a potential of a point dipole placed a small distance
away from graphene'. Given an in-plane probe position Iprope, the relative strength & of the
perturbation due to the defect, and the defect width w, the code computes the absolute value of R.
We varied parameters § and w to achieve maps of |R(Iprope)| resembling our experimental data.
The results are presented in Figure 3 of the main text. Our simulations are consistent with the
defect width of w ~ 40 nm, which is comparable to what was found in the AFM topography
studies. The leading negative fringe of the radial near-field profiles indicates the depletion of the
local conductivity, § < 0. To match the amplitude of this fringe (~10%), the depletion has to be
significant, || ~ 1.

Our computational method may be suitable for qualitative and quantitative modeling of the
near-field response of other spatially inhomogeneous 2D heterostructures. Such applications and
details of their implementation will be reported elsewhere.

S4. Ab Initio Calculations of Graphene/a-RuCl; Heterostructures

The calculations were performed within the Vienna Ab initio Simulation Package
(VASP)'¢ 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 with graphene and monolayer a-RuCls, we used a hexagonal
supercell containing 82 atoms (composed of a 5x5 graphene supercell and V3xv/3 a-RuCl;
supercell). The resulting strain is ~2.5% for the a-RuCl; monolayer. For graphene on bilayer a-
RuCl;, the model consists of 114 atoms. The surface Brillouin zone was sampled by a4 x 4 x 1
Monkhorst—Pack k-mesh. A vacuum region of ~15 A was applied. Because of the absence of
strong chemical bonding between layers, van der Waals density functional in the opt88 form!®
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was employed for structural optimization. All structures were fully relaxed until the force on
each atom was less than 0.01 eV AL,

With small Bader charges of 7.01 e (out of 8 e) per orbital, the Ru-4d states cannot be considered
fully localized, and therefore, the use of large values of Uaq is understood as an ad hoc fitting
parameter without physical basis. Instead, each Chlorine 3p orbital charge is 7.34 e (out of 7 e),
indicating the importance to employ correction on both Ru and Cl elements. The evaluation of
the Hubbard U terms are computed by employing the generalized Kohn—Sham equations within
density functional theory including mean-field interactions (DFT+U), as provided by the
Octopus package,!®?° using the ACBN0?!-?2 functional together with the local density
approximation (LDA) functional describing the semilocal 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 (1.96 eV
for Ru and 5.31 for Cl) with spin-orbital couplings.

13



a 1. Pick up hBN 2. Pick up graphene 3. Drop on a-RuCl, b hBN/graphene/a-RuCl,/SiO,/Si
G T

PDMS
PC

hBN graphene

iISio,

hBN

graphene a-RuCl,

Figure S1. Schematic of assembly for #BN/graphene/a-RuCls/SiO2/Si. (a) Schematic of the
heterostructure assembly. A polycarbonate (PC) film is used to sequentially pick up #ABN and
graphene, which is finally deposited on exfoliated a.-RuCls/Si0,/Si. (b) Optical image of resulting
hBN/graphene/o-RuCl3/S10,/Si heterostructure.
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a a-RuCl, Band Structure b graphene/1L a-RuCl,
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Figure S2. Theoretical electronic structure of freestanding o.-RuCls and graphene/a-RuClz with
hBN spacers. (a) DFT+U+SOC band structure for 2x2 o-RuCls supercell shown in the inset. Our
calculations account for different values of the Hubbard U for the Ru 4d and Cl 3p orbitals (Usq
=1.96 eV and Usp = 5.31 eV, respectively), which allows for an accurate description of its band
structure. The bandgap of the a.-RuCls monolayer is 1.07 eV, in excellent agreement with
experimental observations (1.2 eV)?. (b) Calculated band structure of graphene/a-RuCls
reproduced from Figure 1c. Band structures with (c) one and (d) two #ZBN spacer layers show an
incremental shift in the interlayer charge transfer as indicated by the shift in the Dirac point
relative to Er.
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Figure S3. Comparison of Near-field Amplitude of #BN/graphene/a-RuCls/Si0O; vs.
hBN/graphene/SiO,. s-SNOM image (@ = 923 cm™) of the near-field Ss amplitude of a piece of
graphene that is partially on and off of a-RuCls. The blue dashed line traces the border of the
graphene flake, while the white dashed line traces the edge of a-RuCl; on an SiO; substrate. As

is evident from the image, the CPP fringes are only observed for graphene that is in direct
contact with a-RuCls, while the graphene directly on SiO; possesses no such fringes.
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Figure S4. Examples fits to the three types of CPP cross-sections. (a) Map of the near-field Ss
amplitude near a graphene edge (@ =970 cm™') showing CPPs (red arrow), circular CPPs (cyan
arrow), and edge CPPs (blue arrow). The solid black circle denotes a notch in the graphene edge
that is treated as an edge-plasmon reflector. (b) Red line: the average line profile of the near-field
amplitude perpendicular to the graphene edge, as shown in (a). Black dashed line: The best-fit
curve to the red line using the ansatz presented in **: S, + A % + BHél)(Z (g1 +igy)x),
where S is the bulk near-field amplitude, R is the approximate tip radius (25 nm), H(gl) is the
first Hankel function of order zero, and q; and q, are the real and imaginary components of the
plasmon wave vector, respectively. (c¢) Cyan line: the average line profile of the near-field
amplitude as a function of radial distance from the center of a point defect. Black dashed line:
The best-fit curve to the cyan line assuming only cylindrical components (i.e. only constant and
Hankel terms of the equation in (b). (d) Blue line: The average line profile of the near-field
amplitude parallel to the graphene edge. Black dashed line: The best fit curve to the blue line
using plane-waves. Edge CPP fringes are expected to correspond to 4,/2 standing-waves
originating from reflection of tip-launched plasmons from notches in the graphene edge, such as
that denoted in (a) with a solid black circle.
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Figure S5. Model CPP dispersions of #BN/graphene/a-RuCls/SiO; with and without doped
interfacial a-RuCls. The experimental dispersion from Figure 2¢ of the main text plotted
alongside the best-fit Im 7, calculations based on the experimental stack shown in Figure S8
assuming (a) doped interfacial a-RuCls (Er = 0.56 eV) and (b) undoped interfacial o.-RuCls (Er
=0.62 eV). While both (a) and (b) capture the essence of the experimental data, (a) has the best
goodness-of-fit.
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Figure S6. Analysis of circular CPP fringes near point defects in graphene/a-RuCls
heterostructures. (a) AFM-topography near a topographic point defect. (b) Map of the near-field
amplitude (@ = 1542 cm™) corresponding to the region in (a). (¢) Solid cyan curve: Experimental
near-field amplitude as a function of radial distance from the topographic point defect for @ =920
cm !, Dashed cyan curve: the model fit to the experimental near-field profile based on the
assumption of a Lorentzian charge-deficit with » = 40 nm at x = 0. Solid black curve: radial line
profile of AFM topography as a function of distance from the center of the defect. (d) Model radial
fringe profile as a function of defect conductivity oues.c: relative to the graphene bulk. Effective
reflectance R of illuminating fields from a dipole-like probe approximate the experimental near-
field signal. The sign and magnitude of the first fringe are determined by the magnitude of the
defect conductivity relative to that of the bulk. (e) Im 7, and the experimental CPP dispersion (red
dots) reproduced from Figure 2c along with the experimental circular CPP dispersion (cyan).
While the two experimental dispersions agree well for @ < 1550 cm™!, CPPs at higher frequencies
are pushed to lowered ¢, perhaps due to a nearby resonances in draped debris.
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Figure S7. Raman analysis of #BN/graphene/a-RuCls/Si0». (a) Raman spectra conducted on
graphene with low (black line) and high (cyan line) point defect density. All spectra show a
stiffened G and 2D peak (Lorentzian A), and areas with high defect density show additional
unshifted G and 2D peaks (Lorentzian B). (b) Spatial dependence of the G-peak heterogeneity
showing the ratio of the amplitudes of Lorentzian A to Lorentzian B as defined in (a). (¢c) Map of
the near-field S5 amplitude over the same region of graphene shown in (b). Areas that show a
relative high amplitude for Lorentzian A have a low defect density, while the opposite is true for
areas with a high defect density. (d) Plot of the experimental 2D versus G peak Raman shifts
shows the co-existence of a uniformly strained, doped phase (blue dots, Lorentzian A), and
randomly strained, undoped phase (red dots, Lorentzian B).
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Figure S8. Schematic of the ABN/graphene/a-RuCls/SiO,/Si heterostructure.
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Figure S9. Temperature-dependent scattering in graphene/a-RuCls. Blue dots: The extracted
scattering rate versus temperature derived from the quality factor in Figure 4f of the main text
with dielectric losses subtracted. Black line: The model temperature-dependent scattering rate
based on graphene phonons only. Red Line: The temperature-dependent contribution of the
model interfacial a-RuCls layer to the effective scattering rate. Blue line: The total temperature-
dependent scattering rate of the graphene and interfacial a-RuCl; layer.
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