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S1. SAMPLE FABRICATION DETAILS
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FIG. S1. a Synthesis of gold flakes on BK-7 glass substrate; b Coating sample with ∼ 6 nm conductive carbon (C) layer for subsequent SEM and
FIB milling; c Identification of a suitable gold flake sample on the substrate using optical and scanning electron microscopy, with subsequent
milling of the coupling-element slits; d Removal of carbon layer and atomic-layer deposition (ALD) of aluminum oxide (Al2O3) layer; e
Transfer of a thin gold flake from another substrate onto the milled structure using a polydimethylsiloxane (PDMS) stamp; f Top view and g
cross-section of the final structure.

S2. MICROGRAPHS OF ALL FABRICATED SAMPLES
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FIG. S2. Columns correspond to the samples with indicated nominal ALD layer thicknesses.a SEM close-up of coupling elements (scale bars:
100 nm); b optical micrographs before transfer step (scale bars: 30 µm); c optical micrographs of the fabricated samples, after transfer of the top
flakes (scale bars: 30 µm).
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S3. S-SNOM MEASUREMENTS: NEAR-FIELD MAPS OF ALL SAMPLES
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FIG. S3. a Near-field amplitude and b phase, measured for different samples with indicated alumina thickness. Scale bar: 1 µm. c Amplitude
of the corresponding Fourier spectra and d its profile, averaged along y-axis. Red line indicate rectangular apodization function, applied for
filtering GSP mode.
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FIG. S4. Representation of effective-mode index nGSP: experimentally obtained data points (squares with error bars) and dispersion curves
calculated within the LRA (dashed lines) and GNOR (solid lines): a Parametric plot; b real and c imaginary part of the effective mode index
versus nominal dielectric gap thickness td.
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S4. ANALYSIS OF THE NEAR-FIELD DATA

Here we describe the procedure of processing measured near-field data. For all samples the scanned length and width was 10
and 3 microns, respectively, with the waveguide coupler being in the center. Although the top gold flake covers the waveguide
coupler, hindering its easy identification via topography (Fig. S5a), it was possible to identify its position by two distinct lines in
near-field amplitude (Fig. S5b), corresponding to the position of the major slit in the waveguide coupler (see inset in Fig. S5a).
Next, we selected area outside of the coupler (green dashed line in Fig. 5b) and applied extended discrete Fourier transform
(EDFT) [S1, S2] along the x-axis to identify propagating waves (Fig. S5d,e). The GSP mode appears as a pronounced peak with
an effective mode index kx/k0 > 2 (around 5 for the alumina thickness of 3 nm, Fig. S5e). Then we filtered this mode with a
reasonably wide rectangular apodization function (with a width of 3.5 for 2 nm alumina; 2.5 for 3 and 5 nm alumina; and 2.2 for 10
and 20 nm alumina). The result of Fourier filtering, EFT (Fig. S5f,g) was then line-by-line fitted with a complex exponent function
in order to precisely determine the real and imaginary part of nGSP (Fig. S5h). The fitted field distribution, Efit, and residuals can be

found in Fig. S5i-j and k-l, correspondingly. The goodness of fitting for each line was determined as 1 −
∫
|EFT−Efit |

2dx∫
|EFT |

2dx
, reaching

1 for the perfect fit and 0 for no fit at all. For each alumina thickness there were 5-10 scans, done in different positions of the
sample, resulting in 150-300 points with nGSP. The weighted mean was then used to determine the average nGSP, with weighted
standard deviation used to determine the error bars for each alumina thickness, with the goodness of fitting used as a weight.
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FIG. S5. Recorded a AFM topography and near-field b amplitude and c phase for the sample with 3 nm alumina. Inset in a shows an approximate
x-axis position of the waveguide coupler. Dashed green frame in b indicate the area for Fourier analysis. d Amplitude of the Fourier transform
of the recorded near-field along x-axis and e its y-axis average. Red line in e depict used rectangular apodization function, used to filter GSP
mode. f, g Amplitude and phase of the near-field after Fourier filtering. h GSP effective mode index for each y-axis line, acquired by fitting the
filtered field with a complex exponent. i-l Fitted field and residuals.
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S5. FITTING THE DIFFUSION CONSTANTD

Estimation of the diffusion constantD was performed by fitting the GNOR dispersion relation (eq. 1a) (withD being a free
parameter) to the imaginary part of the experimentally obtained effective mode index nGSP for the corresponding experimental
values of real part of nGSP. Since Re{nGSP} is nearly independent ofD (see Fig. S4), this permits to make a fit to solely imaginary
part, by considering only those thicknesses td which satisfy the experimental value of Re{nGSP}.

Fig. S6 compares the result of our fit against the values reported in previous works, summarized in Table S1.
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FIG. S6. Comparison of the parametric plots obtained with the diffusion constantD reported in literature and in this work [TW]: a Parametric
plot; b real and c imaginary part of the effective mode index versus nominal dielectric gap thickness.

D (10−4 m2 s−1) vF (106m s−1) ~ωp (eV) ~γp (meV) Reference
8.8 1.4 8.99 26 [S3]

8.62 1.39 9.02 71 [S4]
1.9 1.39 9.02 71 [S4]
2.9 1.39 8.29 90 [S5]
35 1.39 8.55 18 [S6]

18.2 1.4 9 71 [S7]
7.85 1.39 8.29 47 [TW]

Table S1. GNOR parameters reported in previous works and this work [TW]: diffusion constantD, Fermi velocity vF, plasma frequency ~ωp

and damping rate ~γp.
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S6. DEPENDENCE OF THE DISPERSION RELATION ON MATERIAL PARAMETERS εm AND εd
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FIG. S7. Dispersion curves calculated within the LRA using various gold’s permittivity data from literature [S8–S11] in comparison with
experimentally-measured data points. a Parametric plot of the dispersion curves; b real and c imaginary part of the effective mode index versus
nominal dielectric gap thickness.
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FIG. S8. Comparison of the dispersion curves calculated with LRA and GNOR using various values of dielectric constants of the material in the
gap. a Parametric plot of the dispersion curves; b real and c imaginary part of the effective mode index versus nominal dielectric gap thickness.
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S7. DISPERSION OF GSP MODES IN COMPARISON WITH SPP AT AIR-GOLD INTERFACE
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FIG. S9. Comparison of the GSP dispersion curves for the indicated dielectric gap thicknesses (2, 3, 5, 10 and 20 nm) calculated within LRA
(dashed) and GNOR (solid) models in contrast to a bare SPP at air-gold interface. a Real and b imaginary parts of the dispersion curves for
various dielectric gap thicknesses (color coded).
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S8. INFLUENCE OF AN ADDITIONAL AIR VOID

One of the possible explanations for persistently smaller real part of the experimentally retrieved nGSP (see Fig. S4b) could be
existence of an additional air layer between dielectric ALD layer and upper gold flake. As mentioned in the main text, presence of
such air void could be caused by imperfections in the sample fabrication, for example contamination during the transfer step
or inhomogeneous adhesion of the upper gold flake to the ALD layer. This results in local variation of the gap thickness and
effective permittivity of the dielectric layer, consequently broadening peak corresponding to nGSP in the real part of kx spectrum
(see Fig. S3d). Here, we demonstrate implications of such a thin air layer for the dispersion relation and show compatibility of
this assumption with the interpretation of our experimental results.

We suppose that the gap between metal flakes is composed of alumina layer (of nominal thickness tALD calculated by multiplying
the number of ALD cycles by the average ALD alumina growth rate) and an additional layer of air (with thickness tair) , see
Fig. S10. This results in a lower effective dielectric constant of the material in the gap, which is calculated using the effective
medium theory, according to the formula:

εd,eff =
εALDεair

fairεALD + fALDεair
(S1)

with fair =
tair

tair+tALD
and fALD = tALD

tair+tALD
being air and alumina volume factors, correspondingly.
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FIG. S10. Schematic illustration of the considered geometry with additional air void: dielectric gap of thickness td consists of an ALD layer of
thickness tALD and an additional air layer of thickness tair.

An additional air void results not only in reduced effective dielectric constant of the gap, but also in increased total gap size,
which both leads to the reduced real and imaginary parts of the GSP effective mode index (as can be seen in Fig. S11, for both
local and nonlocal models).However, when dispersion is plotted in the parametric graph (Fig. S11a), the addition of the air layer
has negligible influence on the curve position, similarly to the negligible influence of dielectric constants of the material in the
gap [Fig. S8a]. This allows to experimentally quantify the influence of non-local corrections without precise knowledge of gap
composition.
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FIG. S11. Comparison of the dispersion curves calculated within LRA (dashed curves) and GNOR (solid curves) assuming different thicknesses
of an additional air layer in the dielectric gap, with effective dielectric permittivity obtained using Eq. S1. a Parametric plot of the dispersion
curves; b real and c imaginary parts of the effective mode index versus dielectric gap thickness.



8

The real part of the effective mode index nGSP depends on both effective permittivity of the gap material εd,eff and gap thickness
td. Since non-local corrections have negligible influence on the real part of nGSP for our range of gaps (Fig. S11), one can find pairs
of εd,eff and td, resulting in the same Re{nGSP} as was experimentally measured (black solid lines in Fig. S12, with gray margins
corresponding to the experimentally measured error bar of Re{nGSP}). Next, assuming the gap composition as ALD alumina layer
of thickness tALD with additional air layer of thickness tair (see previous section), such that td = tair + tALD, one can plot effective
permittivity of the gap, εd,eff vs. air layer thickness, tair (dashed colored lines in Fig. S12). The intersection of these curves with
previously defined black solid lines provides estimation of the additional air layer thickness in measured samples, which was
found to be (see table I).
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FIG. S12. a-e Estimation of thickness of an additional air void in the 5 considered samples with varying nominal dielectric gap thickness and f
summarizing table.
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S9. NUMERICAL SIMULATIONS: OPTIMIZATION OF THE COUPLER DESIGN
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FIG. S13. a Geometry of the tapered waveguide coupler b-f Pseudo-color images of the simulated vertical component of the electric field Ez in
the vicinity of tapered couplers for different thicknesses of the gaps in metal–dielectric–metal (MDM) planar waveguides.

td (nm) wt (nm) w1 (nm) wa (nm) w2 (nm) Re{ngsp} ηc

2 145 30 505 415 6.24±0.13 10.7%
3 140 30 450 455 5.11±0.1 11.4%
5 150 30 545 325 5.20±0.2 11.3%

10 120 30 475 410 2.866±0.057 12.2%
20 150 30 525 310 2.642±0.045 13.3%

Table S2. Optimized geometric parameters of the tapered couplers for the MDM waveguides with various thicknesses of dielectric gap td.
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S10. FEIBELMAN d-PARAMETERS

Modified boundary conditions

Feibelman d-parameters can be incorporated into the conventional boundary conditions, by considering surface (normal)
polarization P(r) = π(r)δ(r − rδΩ) and surface (tangential) current J(r) = K(r)δ(r − rδΩ) which are driven by the discontinuities
of the E and D fields [S12]:

π ≡ ε0d⊥ [n̂ · (Ed − Em)] n̂, (S2a)
K ≡ iωd‖ [n̂× (Dd − Dm) × n̂] . (S2b)

The boundary conditions can be stated via the parallel and perpendicular components of the fields as:

Ed‖ − Em‖ = −d⊥∇‖ (Ed⊥ − Em⊥) , (S3a)
Hd‖ − Hm‖ = iωd‖

(
Dd‖ − Dm‖

)
× n̂. (S3b)

SPP dispersion at a planar MD interface with Feibelman d-parameter correction

The d-parameter-corrected reflection coefficient for p-polarized waves associated with a planar dielectric–metal interface
reads [S12–S14]

rdmp =
εmkz,d − εdkz,m + (εm − εd)[iq2d⊥ − ikz,dkz,md‖]
εmkz,d + εdkz,m − (εm − εd)[iq2d⊥ + ikz,dkz,md‖]

, (S4)

where kz, j =

√
ω2

c2 ε j − q2, with j ∈ {d,m} and subject to Im kz, j ≥ 0.
The surface plasmon polariton (SPP) dispersion relation then follows from the poles of rdmp , yielding [S12, S13]

εmκd + εdκm − (εm − εd)
[
q2d⊥ − κdκmd‖

]
= 0 (S5)

where we have defined κ j ≡ −ikz, j =

√
q2 − ε j

ω2

c2 .

SPP dispersion for a MDM structure with Feibelman d-parameter correction

Let us now consider a vertical heterostructure ε1|ε2|ε3. In this case, the poles of the corresponding scattering amplitudes (i.e.,
the reflection and transmission coefficients) are given by 1 − r21r23 exp

(
2ikz,2t

)
= 0. Here, t denotes the thickness of the inner

slab (ε2) and rkl stand for the reflection coefficients describing the reflection of electromagnetic waves from a planar interface
defining the boundary between “medium k” and “medium l”, with incidence coming from the former [S15]. Hence, the dispersion
relation for SPP modes in MDM structures are given by (ε1, ε3 → εm and ε2 → εd)

1 − rdmp rdmp e2ikz,2t = 0, (S6a)

⇒ rdmp eikz,2t = ±1. (S6b)

Combining Eqs. (S4) and (S6b), we obtain the sought-after implicit condition for the dispersion relation of the two coupled
SPPs modes (with opposite symmetries) supported by a MDM structure:

tanh
(
κd t
2

)
= −

εdκm − (εm − εd)q2d⊥
εmκd + (εm − εd)κdκmd‖

, (S7a)

coth
(
κd t
2

)
= −

εdκm − (εm − εd)q2d⊥
εmκd + (εm − εd)κdκmd‖

. (S7b)

Notice that the classical MDM results are recovered in the d⊥,‖ → 0 limit, and the uncoupled, single-interface SPP dispersion is
reinstated in the limit of an extremely thick inner slab, i.e., in the t → ∞ limit.
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In the nonretarded regime, Eqs. (S7) become:

tanh
(qt

2

)
= −

εd − (εm − εd)qd⊥
εm + (εm − εd)qd‖

, (S8a)

coth
(qt

2

)
= −

εd − (εm − εd)qd⊥
εm + (εm − εd)qd‖

. (S8b)

This result agrees well with the previously reported [S16].

Relation to hydrodynamic treatment

Returning to Eqs. (S7) for d‖ = 0 we get

tanh
(
κd t
2

)
= −

εdκm

εmκd

[
1 −

εm − εd

εd

q2d⊥
κm

]
, (S9a)

coth
(
κd t
2

)
= −

εdκm

εmκd

[
1 −

εm − εd

εd

q2d⊥
κm

]
, (S9b)

so that in the context of Ref. S17 we have δnl = −
εm−εd
εd

q2d⊥
κm
' −

εm−εd
εd

qd⊥.
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[S16] T. Christensen, W. Yan, A.-P. Jauho, M. Soljačić, and N. A. Mortensen, Phys. Rev. Lett. 118, 157402 (2017).
[S17] S. Raza, T. Christensen, M. Wubs, S. I. Bozhevolnyi, and N. A. Mortensen, Phys. Rev. B 88, 115401 (2013).

http://arxiv.org/abs/1303.2033
https://www.mathworks.com/matlabcentral/fileexchange/11020-extended-dft
https://www.mathworks.com/matlabcentral/fileexchange/11020-extended-dft
http://dx.doi.org/10.1021/acs.nanolett.6b04849
http://dx.doi.org/ 10.1364/OL.40.000839
http://opg.optica.org/optica/abstract.cfm?URI=optica-4-12-1503
http://dx.doi.org/10.1021/jp810808h
http://dx.doi.org/10.1063/1.4991016
http://dx.doi.org/ 10.1103/PhysRevB.86.235147
http://dx.doi.org/10.1103/PhysRevB.6.4370
http://dx.doi.org/10.1021/ph5004237
http://dx.doi.org/10.1364/AO.54.000477
http://dx.doi.org/10.1038/s41467-019-13820-z
http://dx.doi.org/10.1007/978-3-030-38291-9
http://dx.doi.org/10.1007/978-3-030-38291-9
http://dx.doi.org/10.1007/978-1-4757-5107-9
http://dx.doi.org/10.1103/PhysRevLett.118.157402
http://dx.doi.org/ 10.1103/PhysRevB.88.115401

	Extremely confined gap plasmon modes: when nonlocality matters — Supplementary Information
	Sample fabrication details
	Micrographs of all fabricated samples
	s-SNOM measurements: near-field maps of all samples
	Analysis of the near-field data
	Fitting the diffusion constant D
	Dependence of the dispersion relation on material parameters m and d
	Dispersion of GSP modes in comparison with SPP at air-gold interface
	Influence of an additional air void
	Numerical simulations: optimization of the coupler design
	Feibelman d-parameters
	Modified boundary conditions
	SPP dispersion at a planar MD interface with Feibelman d-parameter correction
	SPP dispersion for a MDM structure with Feibelman d-parameter correction
	Relation to hydrodynamic treatment

	Supplementary References
	References


