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This document provides supplementary information to "Quantum effects in the acoustic plasmons 
of atomically thin heterostructures," https://doi.org/10.1364/OPTICA.6.000630. We provide here 
additional simulations comparing heterostructures that contain either gold or silver metallic films; 
simulations for structures in which the graphene is separated from the metal by hBN; the electronic 
band structure of gold and silver films as a function of metal thickness in the ALP model; and a plot 
of the function Cg(Q).
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Fig. S1. Vertical electronic states of Au and Ag films as a function of thickness. Each state with zero parallel wave
vector is represented by a symbol as a function of the number of atomic layers N . The dependence on parallel wave vector
comes through a parabola for each of these states (not shown). The large-N -limit energies shown by labels in the plots (the
Fermi energy EF relative to vacuum, the gap energy, and the distance from EF to the surface-state energy) reproduce the experi-
ments in Refs. [1–3].
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Fig. S2. Comparison of plasmons in monolayer graphene on top of atomically-thin films of either silver or gold.
(a,b) Dispersion (a) and FWHM (b) of high-energy plasmons in films comprising N = 1-10 atomic Ag(111) layers (0.236 nm
thickness per layer) obtained using the RPA. Nearly indistinguishable results are obtained by using the ALP, FBM, and IBM
potentials. Results obtained from the ALP for Au (taken from Fig. 2b,c) are shown for comparison (see labels). (c-f) Dispersion
relation (c,e) and FWHM (d,f) of acoustic plasmons in graphene-metal films containing N (111) atomic layers of gold (dashed
curves) and silver (solid curves) for N = 2 and various graphene doping levels (c,d), and for EF = 1 eV and various metal thick-
nesses (e,f). In (c-f) we describe graphene in the RPA and the metal using the ALP model. Results for self-standing graphene
with EF = 1 eV (long-dashed curves) are shown for reference.
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Fig. S3. Dispersion relation of graphene deposited on atomically-thin gold films. We plot the loss function Im{R},
where R is the reflection coefficient (see Appendix in the main text), from which we extract the dispersion relations shown in
Fig. 3b (upper plots, varying thickness N for fixed graphene doping EF = 1 eV) and Fig. 3d (lower plots, fixed thickness N = 2
for varying graphene doping EF).
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Fig. S4. Thickness and doping dependence of plasmons in graphene-BN-gold film heterostructures. Same as Fig. 3
of the main text with a layer of 1 nm of hBN (i.e., 3 MLs) separating the graphene monolayer from the metal.
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Fig. S5. Model dependence of acoustic plasmons in graphene-BN-metal hybrid films. Same as Fig. 4 of the main
text with a layer of 1 nm of hBN (i.e., 3 MLs) separating the graphene monolayer from the metal.
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Fig. S6. Dispersion relation of graphene separated by hBN from atomically-thin gold films. We plot the loss func-
tion Im{R} from which we extract the dispersion relations shown in Fig. S4b (upper plots, varying metal thickness N for fixed
graphene doping EF = 1 eV) and Fig. S4d (lower plots, fixed metal thickness N = 2 for varying graphene doping EF). The
intermediate hBN layer is 1 nm thick (i.e., approximately 3ML).
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Fig. S7. Doping dependence of acoustic plasmons in a graphene-hBN-semi-inifinite silver structures. (a) Sketch of
the system under consideration. The intermediate layer separating the graphene from the metal is either an isotropic dielectric
(ε = 2.1) or hBN, with a thickness of 1 nm in both cases. (b,c) Dispersion (b) and FWHM (c) for different graphene Fermi
energies (see legend in (b)) with either an intermediate ε = 2.1 dielectric (dashed curves) of hBN (solid curves).
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Fig. S8. Plasmons in metal-graphene-metal structures. Same as Fig. 5 of the main text with graphene doping EF =
0.2 eV.
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Fig. S9. Dielectric function of gold and silver. We reproduce in (a) the experimentally measured dielectric function εexp(ω)
of Au and Ag from Ref. [4] (extrapolated as a Drude tail below 0.64 eV). In (b) we plot the background obtained by removing
a Drude contribution (i.e., εb(ω) = εexp(ω) + ω2

p/ω(ω + iγ)), with parameters h̄ωp = 9.06 eV, h̄γ = 0.071 eV for Au and
h̄ωp = 9.17 eV, h̄γ = 0.021 eV for Ag.
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Fig. S10. Coupling factor Cg. We plot the coupling factor that accounts for the finite thickness of graphene as a function of
parallel wave vector Q (see main text).
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Fig. S11. Determination of the full width at half maximum (FWHM) from the calculated spectra. In this work, low-energy
plasmons have well-defined Lorentzian profiles, from which the determination of the FWHM is unambiguous and does not re-
quire the subtraction of any background. However, at higher plasmon energies, the spectra become strongly asymmetric, so a
background needs to be subtracted; nevertheless, this happens only when the plasmons are very lossy, so we are not interested
in accurately determining their FWHM. For simplicity, we have subtracted a background obtained from the base line in the
high-frequency part of the spectrum, so the FWHM is referred to the peak prominence relative to this base line. In this figure,
we show several examples of this procedure, where a base line is needed when the plasmons are very lossy and their line shapes
strongly asymmetric. In particular, in (b,c) we analyze the low- and high-energy plasmon branches of the system depicted in
the top inset of (a) (a graphene layer with Fermi energy EF = 1 eV deposited on a Au(111) monolayer) at two different values
of the parallel wave vector, Q1 and Q2; the contour plot in (a) represents Im{R}, where R is the reflection coefficient of this hy-
brid structure, whereas the solid curves in (b,c) show Im{R} along the vertical cuts indicated in (a); only the broad high-energy,
high-Q plasmon in this example requires the use of a base-line subtraction (horizontal dashed line). Additionally, we plot Im{R}
in (d-f) for the acoustic plasmons in the structure considered in (a) when varying the number N of Au(111) atomic layers (see
color legend in (d)); each panel corresponds to a cut of the dispersion relation in Fig. 2d of the main text at the indicated fixed
values of Q. Also, in (g-i) we show the analysis of Im{rm} for self-standing Au(111) films (the reflection coefficient R = rm then
reduces to that of the metallic film alone, rm), corresponding to the dispersion diagrams of Fig. 2b. We use the ALP model in
all simulations presented in this figure.
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