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Multiple acoustic surface plasmons in graphene/Cu(111) contacts
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The excitation spectrum of graphene on Cu(111), probed by momentum-resolved electron-energy-loss
spectroscopy, exhibits multiple acoustic surface plasmons (ASP), arising from both the graphene overlayer and
the Cu(111) substrate. We have investigated the mutual interaction between the ASP of the graphene overlayer
and that of the underlying Cu(111) substrate. The weak interaction between graphene and Cu(111) implies that the
ASP of Cu(111) survives, with only slight changes in its group velocity. Remarkably, we find that the damping
processes of ASP are mitigated as compared to the cases of other graphene/metal interfaces. Therefore, this
interface is an ideal graphene/metal contact for graphene-based plasmonics. Moreover, the presence of graphene
coating protects the ASP of Cu(111) from quenching in an ambient atmosphere.
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I. INTRODUCTION

Graphene plasmons [1–6] continue to attract the interest
of the scientific community, in consideration of their ap-
plication capabilities [7,8]. In particular, the emergence of
acoustic surface plasmons (ASP) [9–11] promises to have a
superb impact on plasmonics [12–14]. ASP is a collective
electronic excitation with linear dispersion on the momentum
[15], previously observed on semiconductor quantum wells
with interacting minibands [16] and in systems characterized
by Shockley surface states (SS) [17] coexisting with bulk
states, such as Be(0001) [9], Cu(111) [18–21], and Au(111)
[20,22,23].

The energy of the ASP mode is

ωASP = αv2D
F q, (1)

where v2D
F is the two-dimensional (2D) Fermi velocity, q is the

momentum, and α takes into account the nature of the decay
and penetration of the orbitals of Shockley SS into the bulk
[20].

The acoustic dispersion is originated from the joint effect
of the nonlocality of the three-dimensional (3D) response
and of the spill-out of the 3D electron density into the
vacuum [9], which produces only partial screening of the
two-dimensional (2D) electron-density oscillations. The linear
dispersion relation involves the equivalence of phase and group
velocities of the plasmonic excitation. Thus, in principle,
signals might propagate without distortion through the surface.
Consequently, the application capabilities of ASP are partic-
ularly promising [12], especially for the case of high sound
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velocities of ASP modes. As a matter of fact, the observation
of ASP with quasirelativistic sound velocity (c/300, with c

being the light velocity) [10,24] in graphene (Gr) interfaced
with metal gates has opened new pathways for plasmonics
[12]. However, ASP does not appear in all Gr/metal interfaces.
High-resolution electron-energy-loss spectroscopy (HREELS)
experiments have revealed an acousticlike dispersion for Gr
grown on Pt(111) [10] and Ir(111) [24], i.e., only for Gr
weakly interacting with the substrate. Contrariwise, ASP is not
observed in Gr/metals whenever strong hybridization of Dirac-
cone electrons with metal d bands occurs, as for Gr/Ni(111)
[5], for which the formation of interface states [25] induces the
formation of hybridized modes localized at the Gr/Ni interface
[5].

Nonlocality of screening processes in Gr [26,27] inhibits
the screening of the ASP mode by the underlying metal
substrate. ASP in Gr/metals represents a modification of the
Dirac plasmon, supported by the 2D electron gas (2DEG) in
freestanding Gr, whose dispersion in the local approximation
follows [28]:

ωp =
√

D

2ε0ε
q. (2)

The vacuum permittivity and the relative dielectric constant
are represented in (2) by ε0 and ε, respectively. D is the Drude
weight [29], which in a 2DEG with particle density n and
electron mass me is defined as

D = e2n/me, (3)

with e the electron charge.
However, the elucidation of the emergence of ASP in

Gr/metals is quite controversial [28,30,31] and a clear picture
is missing yet.
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FIG. 1. (a) Schematics of the procedure for producing peeled-off epitaxial Cu(111) foils, employed as substrate for growing Gr by CVD.
The Raman spectrum of the grown Gr layer is displayed in panel (b).

Gr on Cu(111) offers the possibility to probe the mutual
effects of the ASP mode of Gr and that of the underlying
Cu(111) substrate. Furthermore, contrarily to Pt(111) and
Ir(111), Cu(111) hosts a low-energy plasmon at ∼1 eV [32].
According to the current picture of plasmon modes in Gr/metal
interfaces [33], the presence of a surface plasmon in the thick
conducting substrate enables the Coulomb coupling with the
Gr overlayer, with the emergence of hybrid modes. Therefore,
Gr/Cu(111) represents an ideal playground to test the validity
of state-of-the-art models.

The investigation of ASP in Gr/Cu(111) is further motivated
by the consideration that the application capabilities of the ASP
mode in Cu(111) are hindered by the oxidation of copper in
ambient atmosphere [34]. In fact, surface corrosion in air, due
to oxidation [35], causes ASP to disappear, as it is derived from
Shockley SS [20]. On the other hand, the protection of the Cu
substrate by Gr coating [36,37] might enable the exploitation
in technology of the ASP mode of Shockley SS in Cu(111).

However, the growth of Gr on Cu(111) is limited to the
size of a few micrometers [38] and this is a strong limitation
for technological use. Differently rotated domains coexist on
the surface, with a considerable degree of mosaicity [39], due
to the copious number of domain boundaries. The presence
of defects in Gr/Cu jeopardizes the protection of the Gr
coating against corrosion of the Cu substrate via oxidation
[40]. Recently, the growth of single-crystal domains of Gr
as large as several hundred micrometers by means of chem-
ical vapor deposition (CVD) on (111)-oriented Cu foils has
been attained under atmospheric conditions and without wet
chemical prereduction [41]. This process allows effective and
easy transfer to other substrates. Gr samples obtained with
this method display outstanding values of the charge-carrier
mobility (29 000 cm2 V−1 s−1 [41]) and excellent crystalline
quality of their surfaces [42].

We used these samples to investigate the excitation spec-
trum of Gr grown on Cu(111) foils by means of HREELS. The
experimental excitation spectrum exhibits two well-distinct
ASP modes, related to the Gr overlayer and to the Cu(111)
substrate, respectively. While the latter plasmon mode in
Gr/Cu(111) has a reduced lifetime compared to the pristine
Cu(111) substrate, the Gr-related ASP is particularly suitable

for low-loss plasmonics, due to its higher lifetime compared
to any other Gr/metal interface.

II. EXPERIMENTAL METHODS

Spectroscopic investigations have been performed in an
ultrahigh vacuum (UHV) chamber working at a base pressure
of 4 × 10−9 Pa. Gr was grown on a Cu foil using the procedure
reported in Ref. [41]. The basic steps involved are schemati-
cally shown in Fig. 1(a). Primarily, an epitaxial Cu(111) film of
several tens of nanometers is grown on the C-plane sapphire by
electron-beam evaporation and additional tens of micrometers
of Cu layers are deposited by electrochemical methods. Due
to an appropriate (8.6%) lattice mismatch between C-plane
sapphire and Cu(111), the Cu film is successively effortlessly
peeled away from the sapphire substrate. The side of the
foil formerly touching the sapphire is the one employed in
catalytic CVD Gr growth. This process was carried out in a
quartz tube reaction chamber, by means of methane gas at a
growth temperature of 1000 ◦C. Additional information on the
Gr growth process is reported in Ref. [41].

The Raman spectra were acquired with a LabRAM HR 800
spectrometer with an excitation wavelength of 633 nm.

HREELS experiments have been carried out at room
temperature by using an electron-energy-loss spectrometer
(Delta 0.5, SPECS) with an angular acceptance of ±0.5◦. The
energy resolution of the spectrometer has been degraded to
3 meV, so as to increase the signal-to-noise ratio of loss peaks.
Angle-resolved HREELS experiments have been carried out by
moving the analyzer with the sample and the monochromator in
a fixed position. A polynomial background has been subtracted
from each spectrum.

By considering the conservation laws of energy and momen-
tum (see reviews in Refs. [43,44]), it is possible to evaluate the
parallel momentum transfer q‖ from kinematic conditions and
from the loss energy Eloss:

q|| =
√

2mEp

h̄

(
sin θi −

√
1 − Eloss

Ep

sin θs

)
, (4)

035414-2



MULTIPLE ACOUSTIC SURFACE PLASMONS IN … PHYSICAL REVIEW B 97, 035414 (2018)

FIG. 2. (a) HREELS scattering geometry. Panels (b,c) display the
excitation spectrum probed by HREELS for various values of the
impinging energy, at fixed scattering conditions. In details, in panel
(b) the 0–1 energy range is shown, while in panel (c) the range of the
interband plasmon is shown.

where θi and θs are the incidence and final scattering angle
with respect to the surface normal, respectively [see Fig. 2(a)
for a sketch].

The indeterminacy in the momentum domain �q‖, which
depends also on the angular acceptance of the apparatus δ [44],
is estimated to be

�q|| =
√

2mEp

h̄

(
cos θi +

√
1 − Eloss

Ep

cos θs

)
δ. (5)

III. RESULTS AND DISCUSSION

A typical Raman spectrum of Gr grown on a peeled-off
epitaxial Cu(111) foil is shown in Fig. 1(b). The superb
crystalline quality of monolayer Gr is proven by the symmetric
2D band and, moreover, by the 2D line twice more intense than
the G line (I2D/IG = 2).

Detecting ASP excitations with electron probes requires a
careful tuning of the kinetic energy of impinging electrons in
order to maximize the signal coming from ASP. For this reason,

FIG. 3. Momentum-resolved EELS spectra recorded in a
0–1.9-eV range of loss energies. The primary electron-beam energy
is 7 eV.

we have investigated the behavior of the excitation spectrum
as a function of the primary electron-beam energy Ep at fixed
scattering conditions. In Fig. 2(b), we show spectra recorded
at various values of Ep. Intense and well-distinct peaks are
evident in the loss spectrum only at Ep = 7 eV. By analyzing
their linewidth and energy position, as well as their behavior
with the momentum, we can exclude their vibrational nature
and we ascribe them to plasmonic modes. At higher values of
Ep, the loss spectrum is dominated by interband π plasmons at
loss energies around 7 eV [45] [see the spectrum in Fig. 2(c),
acquired at Ep = 70 eV].

Such a singular behavior of the loss function is merely
typical of ASP modes. As a matter of fact, also for the case
of pristine Cu(111), ASP is visible only at the lowest values
of Ep [19,21], while at Ep = 20 eV its intensity is vanishing
[32].

Figure 3 reports the momentum-resolved EELS spectra of
Gr on Cu(111) in the spectral region of the intraband plasmon
with Ep = 7 eV. The loss spectrum in specular geometry is
characterized by a single peak. In off-specular spectra, another
feature emerges and becomes the predominant peak for a
scattering angle of 47◦.

It is also worth noticing that the intensity of plasmonic losses
increases with the off-specular angle and, correspondingly,
with the momentum. In particular, the behavior of the intensity
of the peak associated with the plasmonic mode as a function
of the momentum represents an indicator of the plasmon
lifetime. As a matter of fact, the decay of plasmon modes
in electron-hole pairs has effects not only on the linewidth
[46,47], but also on the intensity of the plasmonic excitation.

For the cases of Gr on Pt(111) [48] and Ni(111) [5], the
intensity of the intraband plasmon has been found to decrease

beyond a critical wave vector qc = 0.12 Å
−1

(Supplemental
Material [49], Fig. S1). In Gr on SiC(0001) [50] and Ir(111)
[24], the critical wave vector qc is reduced to 0.08 and

∼0.07 Å
−1

, respectively. Conversely, in Gr/Cu(111), we find
a monotonous increase of both plasmonic losses as a function

of momentum, even at q > 0.2 Å
−1

. This finding should be
related to the weak (though existing) hybridization of Gr
π states and d bands of Cu(111) [51], which implies the
opening of a band gap of ∼19 meV [51], caused by spin-orbit
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FIG. 4. HREELS spectra of (a) Gr/Cu(111) and (b) pristine
Cu(111), acquired at Ep = 4 eV as a function of the scattering angle.

proximity effects [51]. The presence of a band gap leads
to an extended region of undamped propagation of ASP of
Gr in the momentum domain, as previously found for the
intraband plasmon of Gr in both gapped freestanding Gr [52]
and Gr interfaced with a thick conductor [33]. Moreover, it
has been demonstrated that, if the Gr-substrate distance h

is less than a critical value d ∼ 0.4k−1
F (with kF the Fermi

wave vector), the lower ASP mode is overdamped near q = 0
[53]. In Gr/Cu(111), the Gr-metal distance is ∼3.2 Å [54] and

kF = 0.15 Å
−1

[55]. Hence, as h > d, ASP in Gr/Cu(111) is
expected to propagate in a regime characterized by reduced
Landau damping, provided that the step density of the Gr
sample is sufficiently low [56], i.e., a condition satisfied by
our samples with a scarce amount of defects, as also certified
by previous helium-atom scattering experiments on the same
samples [42].

The analysis of Fig. 3 clarifies that two different excitations
exist in the Gr/Cu(111) system. The feature at higher energy is
evidently associated with the ASP mode in Gr. Concerning the
mode at lower energy, an accurate analysis of the dispersion
relation of the low-energy mode indicates that it can be related
to the ASP mode of the underlying Cu(111) substrate. The
detection of a subsurface mode with a spectroscopic tool
based on reflection of incoming probes is rather challenging.
In principle, HREELS can probe a subsurface excitation
[57,58]. However, subsurface charge-density oscillations can
be revealed only at specific values of the impinging energy,
for which the reflection plane at which electrons are scattered
lies in the subsurface region [59]. Thus, in order to increase the
cross section for the excitation of plasmonic modes underneath
the Gr cover, the primary electron-beam energy has been
decreased to 4 eV. As a matter of fact, the mean free path
for impinging electrons at that value of the kinetic energy [60]
is sufficient to enable the detection of collective excitations
located in the subsurface region. The loss function recorded
at Ep = 4 eV [Fig. 4(a)] shows a single plasmonic excitation
with an acoustic dispersion, superimposed with sharp peaks

FIG. 5. Dispersion relation of Gr/Cu(111) (black and green
squares for the two ASP modes), Gr/Ir(111) (orange circles, data
taken from Ref. [24]), and the pristine Cu(111) (red diamonds for our
data and blue diamonds for data taken from Ref. [18], respectively).

emerging in off-specular spectra, which are related to phonon
modes [61] of the Gr/Cu(111) interface. The dispersion relation
of this mode (shown in Fig. 5) is quite similar to that reported
by Pischel et al. for ASP in Cu(111) [18]. In Fig 4(b), HREELS
spectra that we acquired for pristine Cu(111) foils as a function
of the scattering angle are reported. A direct comparison of
data in Figs. 4(a) and 4(b) with the dispersion relation in Fig. 5
could be a straightforward way to evidence the effects of the
presence of Gr on (i) the lifetime and (ii) the dispersion relation
of the ASP of Cu(111).

An evident difference is related to the attenuation of ASP
of Cu(111) in the presence of the Gr cover. However, it
should be considered that HREELS operates in reflection
modality [62]. This implies that the vacuum/Gr interface has
higher spectral weight in the experimental excitation spectrum
compared to the Gr/Cu interface. Therefore, it is trivial that
subsurface excitations are naturally attenuated when probed
with reflection HREELS.

The lifetime of the mode at lower energy is reduced in
Gr/Cu(111) with respect to the case of pristine Cu(111), as
revealed by a direct comparison (Supplemental Material [49],
Fig. S2). This is a consequence of the hybridization of Gr π

states and d bands of Cu(111) [51] that, albeit weak, does exist.
By analyzing the dispersion relation in Fig. 5, it is also

manifest that the dispersion of the Gr-related mode ASP
in Gr/Cu(111) is considerably (∼14%) less steep compared
to Gr/Ir(111) [24]. However, a comparison of the ASP in
Gr/Cu(111) with that previously measured by us for Gr/Pt(111)
[10] indicates a substantially similar dispersion.

The comparison of the sound velocity υ of the ASP to the
Fermi velocity of the SS vSS can provide important information
on the screening process. The α = υ/υSS ratio is higher than
1 if the majority of the bulk electrons with energies around the

035414-4



MULTIPLE ACOUSTIC SURFACE PLASMONS IN … PHYSICAL REVIEW B 97, 035414 (2018)

FIG. 6. Dispersion relation of Shockley SS in Cu(111) and
Gr/Cu(111) (data taken from Ref. [63]).

Fermi level move quicker with respect to SS electrons [18].
Conversely, for α < 1 screening of most of the slowly moving
bulk electrons is given by the faster electrons of the SS. As an
example, α = 0.8 in the case of Au(111) [23].

We have also evaluated the sound velocity of the ASP
in clean Cu(111), finding υCu = (2720 ± 250) meV Å. This
value is lower than that reported by Pischel et al. [18]
(∼3100 meV Å), even if the two values are comparable, if
considering the experimental inaccuracy.

The ASP sound velocity for Cu(111) can be compared to
the Fermi velocity of Shockley SS on Cu(111) (3825 meV Å
[11]). The ratio is α = 0.71 < 1. This implies that the ASP
disperses into the continuum of electron-hole pairs within
the SS, in agreement with the interpretation by Pischel et al.
[18]. Therefore, it can be concluded that, in agreement with
the model devised for Au(111) [23], also in Cu(111) most
of the bulk electrons with energies around the Fermi level
move slower than the electrons of the Shockley SS. Thus, the
plasmonic resonance should be associated to the screening of
bulk electrons by electrons of the SS rather than the reverse.

A similar analysis can be carried out for the two ASP
excitations in Gr/Cu(111). We find the sound velocities to be
υ1 = (7180 ± 76) and υ2 = (2041 ± 120) meV Å.

Firstly, we note that the sound velocity of ASP in Cu(111)
is decreased in the presence of Gr (υ2 < υCu). It should be
considered that the Cu(111) Shockley SS are shifted by 0.15 eV
toward the Fermi energy in the presence of Gr [63] (Fig. 6),
due to the charge transfer at the Gr/Cu interface activated by
the different work functions of Gr and Cu(111) [64].

A careful analysis of angle-resolved photoemission spec-
troscopy (ARPES) data in Ref. [63] also evidences a slight
increase of the effective mass of electrons in Shockley SS.
As a matter of fact, a fit procedure to the dispersion of
the SS measured by ARPES with a parabolic line shape
(Fig. 6) indicates that the quadratic coefficient of the parabola
decreases by 12% in Gr/Cu(111). The subsequent increase of
the effective mass in Gr/Cu(111) implies a less steep dispersion
of the υ2 mode compared to pristine Gr/Cu(111), in excellent
agreement with the experimental findings in Fig. 5.

FIG. 7. Behavior of the FWHM for the ASP peak in Gr/Cu(111)
(empty red circles) and Gr/Pt(111) (filled green squares) as a function
of momentum.

Remarkably, we note that the sound velocity υ1 coincides,
within the experimental inaccuracy, with the value of the
slope of the Dirac cone in Gr/Cu(111) extrapolated by the
fitting of the Dirac-cone dispersion in Ref. [63], i.e., (7032 ±
220) meV Å. Therefore, we can unambiguously ascribe the
mode with sound velocity υ1 to the undamped ASP of Dirac-
cone electrons in Gr/Cu(111). For the sake of comparison, in
the case of ASP in Gr/Ir(111) we evaluate the sound velocity
υGr−Ir to be (8200 ± 500) meV Å [24]. Similarly, for ASP in
Gr/Pt(111) the sound velocity is υGr−Pt (7400 ± 100) meV Å
[10].

The quantitative estimation of the lifetime of a plasmonic
mode by HREELS is not straightforward, because of the con-
tribution of different effects, which broaden the experimental
linewidth. Nevertheless, the comparative evaluation of the
variations of the full width at half maximum (FWHM) for
the ASP peak in different Gr/metal interfaces could provide
important information on the damping processes. In Fig. 7, we
compare the momentum dependence of FWHM of the ASP
peak in the HREELS spectrum in Gr/Cu(111) and Gr/Pt(111) in
the same scattering conditions and with the same experimental
configuration of the spectrometer. It is evident that the FWHM
of ASP in Gr/Cu(111) is reduced by one order of magnitude
compared to Gr/Pt(111); the subsequent implication is that the
ASP lifetime is about ten times higher in Gr/Cu(111). We also
note that in both cases the FWHM increases after a critical
momentum of about 0.15 Å

−1
, because of the opening of decay

channels of the ASP in electron-hole pairs.
For practical exploitation of ASP in technology, the assess-

ment of the stability of the plasmonic mode in air-exposed
samples is crucial. Unfortunately, the ASP of Cu(111) is totally
quenched in Cu samples exposed to ambient atmosphere, i.e.,
the signal from ASP in air-exposed samples is null. This finding
can be explained by considering that Shockley SS of Cu(111),
which originate ASP [19,20], are absent for oxidized Cu(111)
[35]. Corrosion of copper in air is unavoidable due to the
dehydration process occurring during wet-dry and cold-hot
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FIG. 8. Typical excitation spectrum in air-exposed Gr/Cu(111).
Together with the two ASP modes, the C-H stretching at 0.37 eV is
observed.

cycles [65]. Such processes are enhanced in atmospheres with
particulate matter [66]. However, Gr coating inhibits copper
oxidation [36]. In the air-exposed Gr/Cu(111) contact, both
ASP modes survive, as shown in Fig. 8. The unique noticeable
change compared to the pristine Gr/Cu(111) is the presence
of C-H groups arising from water decomposition at room
temperature [67], evidenced by the C-H stretching at 0.37 eV

[67], together with a general attenuation of the HREELS signal,
due to the adsorbed water fragments.

IV. CONCLUSIONS

We have studied the excitation spectrum of Gr epitaxially
grown on Cu(111) foils. The loss spectrum, probed by EELS,
is characterized by two ASP modes. The mode at lower energy
arises from Cu(111) Shockley SS. It survives, even if shifted
and with higher effective mass, in the Gr/Cu(111) substrate.
The plasmon at higher energy is originated from Dirac-cone
electrons: its group velocity coincides with the slope of the
Dirac cone and it is undamped in the weakly interacting
Gr/Cu(111) interface. We have also demonstrated that the ASP
modes in Gr/Cu(111) are resistant toward ambient atmosphere.
On the basis of experimental results, one can endorse Gr/Cu
as a suitable Gr/metal contact for viable low-loss plasmonics
based on Gr.
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