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Section S1.1 — Near-field Spectroscopy

Near-field scattering amplitude, Snorm, spectra obtained on monolayer WSe; are shown with the
black curves in panels (a) and (b) of Fig. S1. The scattering amplitude observed on WSe; is slightly
higher than the SiO; substrate at THz to mid-infrared frequencies (Fig. S1a). In the visible range
the near-field amplitude displays a prominent edge near the frequency where a maximum is
observed in the visible near-field phase spectra in Fig. 3a and 4b of the main text. We remark that
both of these features are consistent with the spectral features reported in Ref [1], which arise

from the A-exciton.

Near-field spectra were also collected on the WSe,/RuCl; heterostructure at THz to Visible
frequencies shown in panels (c) and (d) of Fig. S1. Spectra of Shorm show enhanced scattering at
THz frequencies and suppressed scattering at Mid-infrared frequencies as discussed in the main
text. In the visible range, deviations from a featureless spectral response are indistinguishable
from noise consistent with the suppressed A-exciton resonance observed in the phase and PL

data, discussed in the main text.
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Figure S1. (a,b,e,f) Near-field amplitude, Shorm, spectra from THz to Visible frequencies normalized
to the SiO; substrate. (a) THz and Mid-infrared amplitude spectra on a monolayer WSe:. (c) THz
and Mid-infrared amplitude spectra on WSez/RuCls. (c) Mid-IR phase spectra on monolayer WSe.
(d) Mid-IR phase spectra on WSe;/RuCls. The solid lines are calculated with the lightning rod
model (see text for parameters). (e) Visible spectra on monolayer WSe;. (f) Visible spectra on

Wsez/RUC|3.

To fit the experimental spectra, we constructed the dielectric tensor of each layer with a Drude-

Lorentz model:
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The parameters are given in Table S1. The superscript, i, is used to denote the crystal direction

(c=[001], b=[010], or a=[100]) while the subscript, I, is used to denote the layer (WSe3, RuCls or

SiO; in table S1). The near-field amplitude and phase were calculated with the lightning rod
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model” for a series of trial parameters, W,y ¢.> and ¥p .- In the main text we quote the

mean-value and use the 95% confidence intervals to calculate the error-bars.

As we remark in the main text the assumption that RuClz and WSe; are doped with the same

. . . abc  _ |Mwsez  abc
carrier density yields w,)'zy,c13 = /m W, wsez- Reported values of the hole mass of WSe

are distributed in the range of about myy 5., = 0.3 — 0.5 m,, [3-5]. We use the mean value
Myyser = 0.4 m, to estimate the carrier density with Eq. (52) below. We remark that the error
bars for the density also includes the spread of values for the effective mass found in the

literature. In our model we assume only the top layer of RuClsz is doped. The Drude scattering

rate of RuCls is set to ¥ mizys = 500 cm ™. We checked a few values of 5 pi,; and found that

our results are insensitive to the exact value of Vg,}le)ifcm if it remains within a reasonable range
of ~100-1000 cm. We, further, took the plasma-frequency to be zero along the c-axis of WSe;
owing to the high-effective mass anisotropy®. Given the slight thickness of the WSe, monolayer
our results are also insensitive to the exact choice of the c-axis plasma frequency. We remark
that the possible slight doping of the next few layers of RuCls also has a negligible on the
spectrum in our model, as the associated spectral weight is suppressed by the large effective
mass of RuCls approximately equal to the vacuum free electron mass’. We also tested the

extreme assumption that RuCl3 is not doped at all: wg:gﬁm = 0. The same procedure

described in the above paragraph then yields these values for WSe:: w, = w, =

5,300 (+/—400) cm~* and y = 330 (+/— 60) cm™1. Note that these values are within the



error-bars of the values quoted within the main text, further supporting the notion that details

of the spectral weight of RuClz can be neglected.

To estimate the carrier density, we used the formula:

n = d(0.724 x 10%* cm™3) (

Where d = 0.65 nm is the thickness of WSes.
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Table S1: Parameters used in our fitting. The value of Nest = 1 is used to model all low energy
(mid-IR and THz) data. See text and Fig. S2 for the parameters used to model the A-exciton

resonance in WSe;.

SiOz RUC|3 WSez

gloot] 1.96 6.2 3.8

) 89 [cm™] 2222 [cm?] -
Wl 808 [cm™] 753.9 [cm] -
ylooul 32 [cm] 941.7 [cm™] -
glotol 1.96 6.2 12.3
wlot 89 [cm?] 2222 [cm™] -

fo10l 808 [cm] 753.9 [cm?] -
ylorol 32 [cm] 941.7 [cm™] -
glrool 1.96 [ref] 6.2 12.3
w0 89 [cm?] 2222 [cm™] -
Wl 808 [cm™] 753.9 [cm] -
yl100l 32 [cm] 941.7 [cm™] -

d 285 [nm] 7 [nm] 0.65 [nm]

The A-exciton resonance was modeled with the Lorentz model (Eq. (S1)) for WSe; and

WSe/RuCls. In this model the oscillator strength is given in arbitrary units. The value of the

oscillator strength is scaled with the coefficient Nessin Eq. (S1). The other parameters extracted

from the data set shown in Fig. 4 of the main text are shown below in Fig. S2. A systematic

suppression of the oscillator strength correlates with the topographic height, while only minor




changes of the other parameters appearing in Eq. (51) were detected. It is possible that the
slight shift in the center frequency of the A-exciton resonance, mro, could be impacted by strain
and other effects, in addition to changes of the carrier density. Note that below a height of
around 15 nm a reliable fit of the data was not possible due to the suppressed oscillator
strength reported in Fig. 4 of the main text. Thus, values for wto and y are not reported in Fig.

S2 below this height.
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Figure S2. Parameters of the Lorentz model for spectra on a nanobubble in the WSez/RuCls
heterostructure.



Section 1.2 - DFT calculations

The ab initio 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)° functionals and plane-wave basis set with energy cutoff at 400 eV. For
the heterostructures with WSe, and monolayer a-RuCl;, we used a hexagonal supercell
containing 275 atoms (composed of a 7x7 WSe; supercell and 4x4 a-RuCls supercell). The
resulting strain is ~3.5% for the WSe> monolayer. The surface Brillouin zone was sampled by a 3
x 3 x 1 Monkhorst—Pack k-mesh. A vacuum region of 15 A was applied to avoid artificial
interaction between the periodic images along the z direction. Due to the absence of strong
chemical bonding between layers, van der Waals density functional in the opt88 form?® was
employed for structural optimization. All structures were fully relaxed until the force on each

atom was less than 0.01 eV AL, Spin-orbital couplings are included in the electronic calculations.

The Hubbard U terms are computed by employing the generalized Kohn—Sham equations within
density functional theory including mean-field interactions, as provided by the Octopus
package,' 12 using the ACBNO* *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 4d orbitals and

5.31 eV for Cl 3p orbitals) with spin-orbital couplings.



We inquire into the physical mechanism of charge transfer through DFT calculations on model
WSe,/a-RuCls heterostructures. A bandgap of 0.86 eV is observed in the calculated band
structure of monolayer a-RuCls in Fig. S2a is in good agreement with the experimental
observations®. The bandgap of pristine monolayer WSe; is calculated to be around 1.2 eV from

DFT calculations.

We used first-principles calculations to explore the electronic structure of the heterostructure
(Figure S3). The charge transfer at the interface is important to understand the interface-
modified electronic structures. We obtain that the charge transfer from WSe; to RuCl; is 0.20
electrons in the simulated supercell, corresponding to electron doping with the density

concentration of n = 3.95x10'2 cm™2 in the RuCls layer.

RuCl,

Momentum

Figure S3. Supplementary calculations. (a) DFT band structure of RuCls. (b) DFT band structure of

WSes.
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