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The intercalation of graphene on silicon carbide (SiC) does not only offer the possibility to study unique two-
dimensional polar metals such as Ga, it also provides a route to tune the properties of graphene-based systems
and develop novel materials with tailored functionalities. Herein, we present a study of how the intercalation
affects the surface structure and dynamics of bilayer graphene (BLG) on SiC, by comparing epitaxial BLG grown
from a silicon carbide substrate, with a 2D gallium intercalated sample, and a hydrogen intercalated sample.
Using Helium Atom Scattering (HAS), we probe surface characteristics such as the in-plane thermal expansion,
the surface electronic corrugation, and the atom-surface interaction potential. Moreover, the electron-phonon
(e-ph) coupling strength is determined from the thermal attenuation of specular helium scattering. Due to HAS
probing exclusively the top-most graphene layer, we establish an unusually large negative thermal expansion,
while the e-ph coupling is slightly larger than the values found for metal-supported single layer graphene.
Despite the surface sensitivity of HAS we are also able to detect subtle differences likely to be related to the
varying characteristics of the intercalated materials beneath.

1. Introduction non-linear optical properties and optoelectronic applications of these
2D heterostructures, as well as their characterisation though Raman
spectroscopy [17], can greatly benefit from the simultaneous informa-
tion on the structure, dynamics and electron—-phonon interaction that
can be extracted from a strictly surface-sensitive probe such as He atom
scattering (HAS).

Here we report a HAS study of a bilayer graphene (BLG) on a 6H-

SiC(0001) substrate, which is made quasi-freestanding via a carbon

Since the isolation of graphene [1] there has been a growing interest
into its modification and modulation in order to establish unique
two-dimensional (2D) materials [2-9]. Recently, it was demonstrated
that large-area, environmentally stable, single-crystal 2D metals such
as gallium and others can be stabilised at the interface of epitaxial
graphene and silicon carbide (SiC) via intercalation [10,11] (see Fig.

1(c)).

Atomically thin 2D metals are key ingredients in next-generation
quantum and optoelectronic devices [10]. The mentioned intercalation
approach allows to stabilise 2D metals against environmental degra-
dation and thus further integration into heterostructure devices at the
wafer scale [10,12]. Moreover, intercalation also enables both doping
and decoupling of graphene from bulk substrates [13-15]. On the
other hand, the photonic properties of 2D metals are also particularly
interesting for second harmonic generation — as illustrated from air-
stable 2D polar metals such as gallium and indium [16]. The study of
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buffer layer (Fig. 1(a)), an intercalated atomic hydrogen passivating
layer (Fig. 1(b)), or a 2D polar gallium bilayer (Ga,, Fig. 1(c)). Note
that the buffer layer cannot be considered as a third graphene layer
due to the considerable sp> hybridised sites present, though this could
be obtained through further evaporation of Si [18]. The gallium Ga,
should be considered as a quasi-bilayer as the extent of the intercala-
tion varies across the lateral interface but averages to approximately
two layers (see 2.1 and Sample synthesis and characterisation in the
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Fig. 1. Schematic illustration of the three sample structures. Parts (a)-(c) depict side
views of the intercalated bilayer graphene systems. Finally, (d) shows a top down
view of the surface electronic corrugation, overlayed with a partial atomic model of
graphene.

supplementary information). This is a reasonable approximation given
the large (3 mm diameter) spot size of the He beam cf. Ga grains on
the scale of pm (see Figure S2 in the Supplementary Information).

By means of a HAS analysis, we compare the effects of the three
different intercalations, focusing on surface structure, electronic cor-
rugation, thermal expansion and the e-ph coupling i.e. the connection
between the electronic and ionic system via thermal surface vibrations
at finite temperature. HAS is particularly interesting as it is strictly
surface sensitive [19-21] and exhibits a high sensitivity for the quality
of single-crystalline surfaces and adsorbates [22-26].

Many previous experimental studies employ Raman spectroscopy,
e.g., for studies of the lattice vibrational modes of graphene and its
derivatives [27-30]. Of particular note to this work, is the use of
Raman to detect signatures of AB-stacked bilayer graphene, which
typically show a 2D band with a single pronounced minimum [31,32].
The I, /I; ratio of ~1 observed in Raman mapping is indicative of
AB-stacked bilayer graphene [33]. Raman spectroscopy has also been
used to study the effects of doping and intercalation on the electronic
properties of bilayer graphene [34,35], and is further used for 2D-
materials beyond graphene, such as transition metal dichalcogenides
and topological insulators (TIs) [17,36,37] as well as intercalated 2D
polar metals [38,39]. All of the above systems share the feature of being
layered materials stacked by van der Waals interactions [36,40,41], and
are therefore characterised by a prominent role of z-polarised acoustic
phonons with a quasi-parabolic dispersion [42-44].

2. Methods
2.1. Sample preparation
All samples of this study were synthesised at the Materials Research

Institute at Pennsylvania State University, following similar protocols
as described in Ref. [10]. The intercalation of Ga is identified through
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low-frequency Raman features, which are unique spectral fingerprints
for each metal intercalant, and then further correlated with optical
contrast in micrographs to provide thickness information as further
described in [38], as well as with further details and characterisation
being given in Sample synthesis and characterisation of the supporting
information. The stability of these intercalated films has also been
subject to previous studies [10] and it is expected that the coverage
does not show any significant changes over the time period of this
study. All three samples were attached onto a sample plate using ther-
mally and electrically conductive epoxy, which was cured by baking at
130 °C for a few minutes. The sample plates were then inserted into a
transfer chamber using a load-lock system [45], from which they are
further transferred into the sample holder of the scattering chamber.
The sample holder itself can be cooled via a thermal connection to a
liquid nitrogen reservoir and heated using a button heater. Before per-
forming scattering measurements the samples were mildly annealed to
promote desorption of any adsorbates but other than that no additional
preparation protocols were performed which confirms the inert nature
of the graphene layers.

2.2. Experimental details

HAS measurements were performed by scattering a nearly
monochromatic beam of He (AE/E ~ 2%) off the sample surface in a
fixed 91.5° source-sample-detector geometry (for a detailed description
refer to Ref. [46]). Angular diffraction scans (9-scans) were produced
by rotating the sample in the scattering plane to yield different incident
angles. Conversion to parallel momentum transfer AK follows from

AK = |AK| = K, - K| = k]| (sind, —sind;) , (€]

with k; being the incident wave vector and 9; and 8, the incident and
final angles with respect to the surface normal, respectively.

2.3. Close-coupling calculations

The electronic corrugation of the sample surfaces can be calculated
using quantum mechanical scattering calculations, based on the close-
coupling (CC) formalism. The CC formalism is a theoretical framework
used to describe the elastic scattering of He atoms from surfaces. It is
more exact than the hard-wall approximation whilst retaining a compu-
tationally manageable performance profile [47,48]. These calculations
function through solving the CC equations [47] via the Numerov and
Fox-Goodwin algorithms with the relevant boundary conditions [49].

The approach requires considering all open channels, where a stan-
dard scattering process occurs, as well as a limited number of closed
channels, where the incident He atom transitions into a bound state.
The end goal is to find the corrugation amplitude &, that minimises
the deviation, R, between the simulated and experimental diffraction
intensities, 2™ and I;*, with N the number of total experimentally
measured diffraction scans:

R= LS @
G

The simulated diffraction intensities are the result of the CC calcu-
lations which solve a set of coupled differential equations, stemming
from the time-independent Schrédinger equation in combination with
an atom-surface interaction potential, in the current case the corrugated
Morse potential (CMP) [41]. For the CC calculations in this work we
have take into account all open channels and 110 closed channels.
The z-boundaries of the integration were set to [—6, 18]. Finally, the
corrugation amplitude was varied between 0.05 and 0.45 A
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3. Results and discussion

HAS measurements of highly-ordered pyrolytic graphite (HOPG)
including the atom-surface interaction and surface phonons date back
to the late 70s [50,51]. More recently, HAS has been employed for
experimental studies of graphene and 2D-materials grown in-situ on
metal substrates using chemical vapour deposition [52-56]. Those
include the phonon dispersion of single layer graphene (SLG) [57,58],
accounts of the coupling to the substrate from thermal attenuation
measurements [59] as well as the bending rigidity of bilayer graphene
(BLG) [60,61]. In addition to the mentioned Raman studies in the
introduction, structural studies of graphene and BLG systems are mostly
based on X-ray scattering using crystal truncation rods (CTRs) and
low energy electron diffraction (LEED) studies, e.g., the stacking of
single-layer graphene on Ni has been determined using CTRs [62].
However, due to the nature of X-ray scattering it will also probe
beyond the initial surface layer and grazing incidence X-ray scattering
is typically sensitive to the out-of-plane lattice constant c. [3,63]. On
the other hand, LEED patterns have been used to identify the in-plane
lattice constant and orientation of AB-stacked bilayer graphene without
rotational misalignment, indicating single-crystalline growth [64,65],
in contrast to twisted bilayer graphene with different twist angles [66].
Expanding on the content provided by these studies, based on HAS
measurements we start with an analysis on the surface structure and
electronic corrugation of the 3 BLG samples.

3.1. Surface structure and thermal expansion

Strictly speaking, the BLG on 6H-SiC(0001) cannot be classified as
free-standing, as it is substrate-supported. However, the BLG samples
grown on a SiC(0001) surface, after being passivated either by the
formation of a carbon buffer layer (BL) or by hydrogen saturation (Fig.
1(a, b)) are currently termed in the literature as quasi-free standing
(QFS) [13-15,67,68], due to reduced interlayer bonding to the sub-
strate and modest deviations of the BLG work function (¢ = 4.30eV
and 4.71eV, respectively [69]) with respect to that of graphite (¢ =
4.55eV [69]). The same BL effect is obtained by inserting two layers
of Ga (Fig. 1(c)) whose work function in its metallic state is just
4.32eV [67]. An electron or hole charge transfer from the substrate to
the BLG occurs, according to whether ¢ is larger or smaller than that
of graphite, by producing an increase or decrease of the surface charge
density corrugation — an effect that HAS can reveal thanks to its very
high sensitivity and resolution.

The structure of the BLG on a buffer layer graphene 6H-SiC(0001)
[70,71] and hydrogen intercalated quasi-freestanding graphene have
both been subject to previous studies [2]. In-plane structural informa-
tion is mostly based on LEED, while the AB (bernal) stacking of the 2
graphene layers as well as the layer spacing follows from photoelectron
diffraction [71]. LEED has also been used to identify the stacking order
and, in some cases, suppression of a buffer layer and substrate upon
intercalation of foreign elements [65,66,72].

The in-plane surface lattice constant a for all three samples of
graphene on 6H-SiC(0001) was evaluated by averaging over several 9-
scans along the M direction (see Fig. 2), which have been converted
to parallel momentum transfer (Eq. (1), in 2.2). The surface lattice
constant, a, of BLG has been determined independently in the three
samples at both room (296 K) and low (113 K) temperature following:

9 9
a= — Gl =20k cos [ 252 ) sin (252 9. ) | 3
VA6 2 2
[G il

These values were derived from the HAS diffraction spectra along the
TM azimuth, and are collated in Table 1.

While the uncertainties of these values places them within each
other, a clear trend is seen when considering all measurements made, as
also exemplified in Fig. 2. The room temperature measurements in Ta-
ble 1, show a good agreement with values for the bulk (graphite) lattice
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Fig. 2. Exemplary diffraction scans along TM of (a) BLG/BL/SiC, (b) BLG/Ga,/SiC,
and (c) BLG/H/SiC. The incident beam energy E, is 13 meV. Measurements were made
at room temperature, 296K (blue) and low temperature, 113K (red). The shift of the
first order diffraction peaks is showcased within the insets, demonstrating the negative
thermal expansion with increasing temperature. The satellite peaks seen in (c) are due
to selective adsorption resonances. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

constant at room temperature reported in the literature (2.459 A) [73].
At 113K the lattice constants have expanded considerably, to higher
values than previous literature of the bulk material would suggest [74],
and in the context of quasi-free standing BLG it is more interesting to
consider the thermal expansion.

It is well established that graphite exhibits a negative in-plane
thermal expansion below 600K [75,76], while this behaviour is less
clear in suspended graphene. Experimentally, it has been shown that
suspended graphene displays a negative in-plane thermal expansion
below 350K [77], however, this is in contrast with earlier density func-
tional theory (DFT) calculations, which predicted a negative in-plane
thermal expansion through 2300K [78].
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Table 1
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Comparison of the in-plane lattice constant and the surface electronic corrugation for the three intercalated BLG systems. Both have been
obtained at 113 K and at room temperature (296 K). The lattice constant has been determined from several diffraction scans according to (3),
while the surface electronic corrugation is obtained via close-coupling calculations (see text). The last column lists the corresponding work
functions of the SiC substrate with the BL, Ga, or H according to literature, illustrating the correlation with the trend of increasing surface

electronic corrugation.

Lattice constant (A)

113K 296K

Sample

Peak to peak corrugation A)

Work function (eV)

113K 296K

BLG/BL/SiC(0001)
BLG/Ga,/SiC(0001)
BLG/H/SiC(0001)

2.48 +0.01
247 +0.02
2.49 +0.01

2.47 +£0.01
2.46 +0.01
2.47+0.01

0.21£0.01
0.22 +0.01
0.28 +0.01

0.14 £0.01 4.30
0.14 +0.01 4.32°
0.23 +0.01 4.71

2  Value given for metallic Ga [67].

The negative thermal expansion in graphene is attributed to its
unique vibrational modes, particularly the out-of-plane thermal fluc-
tuations, that dominate its thermal response [77,79]. Graphite also
exhibits a negative yet smaller in-plane thermal expansion while the
thermal expansion of the c-axis is positive, highlighting anisotropic
thermal behaviour influenced by interlayer interactions [80]. These
interactions complicate the thermal response, raising the question of
how this behaviour affects the here studied BLG samples.

Assuming a linear thermal expansion behaviour, the thermal expan-
sion coefficient ay (TEC) can be estimated according to a = aﬁ‘%. Due
to the relatively large uncertainties, we start by considering an average
across all three investigated samples, calculated at:

ay =(-233+0.388)- 10K

This is evidence of a thermal expansion coefficient an order of mag-
nitude larger than for the bulk material, graphite, [76] or theoretical
studies of suspended BLG [81]. On the other hand, it is in perfect
agreement with studies of free-standing single-layer graphene, were the
average TEC between 100 K and room temperature was estimated to
be as large as —2 - 107> K~! [82]. Thus, it further illustrates that the
thermal expansion and properties of the here studied intercalated BLG
samples can indeed be considered as quasi-free standing (cf. the TEC
of 6H-SiC which is 3.1 - 107°K~! according to Stockmeier et al. [83]).
Finally, our results do show some variation between each sample due
to the effects of the intercalated materials. For example, BLG/Ga,/SiC
shows the smallest absolute value of (negative) thermal expansion due
to the Ga quasi-bilayer expanding positively.

Due to the large difference between the Ga thermal expansion and
the negative TEC of the BLG it is expected that the BLG will undergo
significant lattice strain if the temperature is increased over a much
larger scale. This can lead to the graphene layers buckling upon the
cooling of the materials or slipping upon warming which can sub-
stantially increase the difficulty of gaining accurate measurements for
the lattice constant and by extension the TEC [84]. Notably however,
Yoon et al. demonstrated that BLG on a SiO, substrate does not slip
until 400 K. They also found that buckling may occur at approximately
200K [85]. On the one hand, it is difficult to determine if this is the
case with our samples due to the limited number of temperatures the
lattice constants were measured at. On the other hand it seems more
likely that such buckling effects would be evident in vibrational spectra
such as Raman spectra rather than directly influence the lattice spacing.

Finally, we also note that irrespective of strain introduced via
thermal expansion, strain may also occur at the interface between the
substrate and the graphene layer or the intercalated material, due to a
lattice mismatch. For example, high-resolution LEED studies of single
graphene layers on SiC indicate in-plane strain of 0.3—0.5% [86] and
for the BLG/Ga,/SiC sample it was shown that the Ga region is under
moderate tensile strain (see Supplementary Information of [10]). It
should be noted that the surface charge can reveal an interface lattice
mismatch, if any, via diffraction from the associated Moiré pattern. This
has recently been observed, e.g., for a NbSe, monolayer on BLG [87],
but is apparently not the case here.

€2

€1

S10k 1

Vo(z) (meV)

€0
15} 1

Fig. 3. The laterally averaged Morse potential of the He interaction with the
BLG/H/SiC(0001) sample, obtained from SAR measurements. Bound states and their
corresponding wavefunctions are also shown. The potential well depth is (15.59 +

0.10)meV and the stiffness (1.21 +0.02) 10\71. The wavefunction for ¢, has been removed
for clarity.

3.2. Surface electronic corrugation

Before determining the surface electronic corrugation, we shortly
describe the atom-surface interaction potential, which is also a nec-
essary prerequisite for the former as well as for any quantitative
description and theoretical treatment of molecular adsorption or sur-
face reactions [88]. Due to its interaction mechanism, HAS provides
direct experimental information about the vdW interaction between
an atom and the surface and thus invaluable details about London
dispersion forces of vdW layered materials [41].

Atom-surface potential

As shown previously, for semimetal surfaces the He-surface interac-
tion potential can be well described by a CMP [41,89,90]. Under the
free-atom approximation, an incident He atom enters the attractive part
of the potential and can become “trapped” upon which it will move
freely parallel to the surface of the potential until such time that a
further scattering event causes it to eject. This phenomenon is known
as a selective adsorption resonance (SAR) and can be easily identified
when looking at the intensity of the scattered He beam as a function of
the incident beam energy [41].

The energies at which these fluctuations in He intensity occur
correspond to the eigenenergies of the, now laterally averaged, Morse
potential according to the free-atom approximation. Once the eigenen-
ergies have been determined, they can be used to determine further
characteristics of the laterally averaged Morse potential, i.e. y, the
stiffness parameter, and, D, the potential well depth. These potential
parameters are a necessary ingredient for the CC calculations, in order
to determine the surface electronic corrugation [41]. An exemplary
laterally averaged Morse potential is shown in Fig. 3.
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BLG/BL/SiC(0001) BLG/Gay/SiC(0001) BLG/H/SiC(0001)

113K

296 K

00 005 010 o015
Corrugation ¢ (A)

Fig. 4. Corrugation of the surface electron density, as “seen” by the He atoms. The
corrugation follows the periodicity of the topmost graphene layer, as also shown in
the contour plot of Fig. 1(d) with a partial atomic model of graphene. The average
kinetic energy of the incident He beam was 11.3meV and while the corrugation of
all three samples is of the same order of magnitude, the H-passivated sample shows
a significantly larger corrugation. A comparison between the lower row at room
temperature and the top row (113 K) illustrates changes of the corrugation with
temperature.

All three samples were found to have potential well depths within
(15.5 + 0.1)meV [91]. D is thus comparable to the parameters found
for highly-ordered pyrolytic graphite (HOPG), with D = 15.7 meV [92].
Among the known atom-surface interaction potentials for semimet-
als [41], both graphene and graphite exhibit thus clearly the deepest
potential well. As the well depth is mostly determined by the polaris-
ability of the top-most layers, we do not see any significant difference
between the three samples, and would further like to note, that a
precise analysis of SAR features is beyond the scope of the current
manuscript [91],

Surface electronic corrugation

The electronic corrugation of the sample surfaces was calculated
using quantum mechanical scattering calculations, based on the CC
algorithm (see 2.3). The scattering intensities obtained from the CC al-
gorithm are then corrected for the effects of Debye-Waller attenuation
upon comparison with experimental data taken at a finite temperature
T. Finally, the calculated electronic corrugation is iteratively refined in
order to minimise the deviation in intensities from experimental results
(see 2.3). The surfaces and their corrugations are shown in Fig. 4, while
the peak-to-peak corrugations are summarised in Table 1.

The amplitude of the electronic corrugation of graphene depends
on the charge redistribution and the consequent graphene-substrate
bonding strength. For example, graphene on Ni(111) has a particu-
larly strong interaction [93], consistent with a large overlap with the
free surface charge of Ni(111) and a very low corrugation of just
0.06A [55]. In contrast, for graphene on Rh(111) the interaction is
six times smaller [93] and in combination with a small overlap, a
corrugation as large as 0.90A is observed, which is related to the
formation of a corrugated Moiré under these conditions [54]. In the
present case, the SiC(0001) dangling-bond passivation by hydrogen
reduces dramatically the graphene-substrate interaction so as to yield
quasi-freestanding conditions. This is supported by our results where
BLG/H/SiC, with a peak-to-peak corrugation of 0.23A, shows good
agreement with literature, when compared to the surface electronic
corrugation of HOPG at 0.21 A, though measured with HAS at a lower
surface temperature of 80K [51].
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Conversely, upon the intercalation of the gallium quasi-bilayer or
the production of the carbon buffer layer, with work functions outside
of a graphene environment of ¢ = 4.32 eV and ¢ = 4.30 eV respec-
tively [69], a charge transfer to the BLG overlayer (¢ = 4.71 eV for
quasi-freestanding BLG) is permitted. This has the effect of reducing
the observed electronic corrugation to 0.14 A, as indicated above. As
displayed in the lower and upper row of Fig. 4, upon cooling the surface
to 113K, the samples show a significant increase of their corrugation:
57% for BLG/Ga,/SiC, and 50% for BLG/BL/SiC, while the sample
with BLG on H-passivated SiC(0001) shows a smaller increase of its
corrugation equal to 22%.

When considering the peak-to-peak corrugation as a percentage of
the graphene lattice constant (a = 2.46 i\), the values for the room tem-
perature samples are 9.2% for BLG/H/SiC and 5.7% for BLG/BL/SiC
and BLG/Ga,/SiC. When the samples are cooled, the corrugations in-
crease to 11.1% and 8.3% respectively. The increase of the corrugation
with decreasing temperature is ascribed to the diminished effect of
the thermal smoothing of the surface charge density. However, in the
samples where there is some appreciable charge transfer, the reduction
in peak-to-peak amplitude (8.3% — 5.7%, i.e., —31%) is approximately
twice as fast as that of the H-passivated sample (11.1% — 9.2%,
i.e., —17%). This is explained by additional contribution from the
thermal excitations of electrons across the Fermi level.

Scanning Tunnelling Microscopy (STM) has also provided insights
into the atomic-scale structure of BLG [86]. For BLG on Ru, it was
shown that the top layer follows the Moiré pattern of the first graphene
layer due to the lattice mismatch with the Ru substrate. This Moiré
pattern leads to alternating AA and AB stacking across a 3 nm periodic-
ity [94] and consequently also to a much larger corrugation. However,
our systems have been shown to be exclusively AB stacking [7] and
there is no evidence for any Moiré in the diffraction patterns. On the
other hand, graphene on SiC exhibits minimal corrugation, with STM
measurements showing a “roughness” of ~0.16 A for SLG and 0.09 A for
BLG, decreasing with layer number [95]. Since the corrugation strongly
depends on the probing mechanism and e.g. in terms of STM on details
such as the tip, a comparison to HAS should be treated with care.
Nevertheless, we note that the “roughness” of the graphene/SiC system
found in STM measurements is similar to our values of the surface
electronic corrugation.

3.3. The Debye-Waller factor and electron-phonon coupling

In terms of He atom scattering, the Debye-Waller (DW) factor
describes the attenuation of the elastically scattered intensity I(T)
due to the thermal atomic motion observed at temperature 7', with
respect to the elastic intensity of the corresponding rigid surface I, via
I(T) = Iyexp [-2W (T)]. From the slope of the linear fit, at intermediate
temperatures in Fig. 5, the Debye-Waller factor can be calculated, the
results of which are listed in Table 2.

Considerable efforts have been made by the condensed matter com-
munity to study energy dissipation via e-ph coupling in materials. A
convenient parameter to characterise the e-ph coupling strength is the
mass-enhancement factor, 4 [96]. Since the e-ph coupling describes
the interaction between the electronic system and the lattice dynamics
(phonons), experimental studies at finite temperature can either con-
centrate on the electronic or the phononic system. The former is mostly
available via angle-resolved photoemission spectroscopy (ARPES) by
examining the renormalisation of the electron energy dispersion in
the vicinity of the Fermi surface due to e-ph interactions. The latter
can be carried out using HAS, which on the contrary, studies the
renormalisation of the surface phonon dispersion due to e-ph inter-
actions. Furthermore, both techniques can be used to map out the
phonon dispersion of a surface; however they do so on different energy
scales [97].

As shown in recent works [98-101], the temperature dependence of
the DW-exponent plotted in Fig. 5 permits to extract for a conducting
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fit results according to Eq. (4), which allow the extraction of the electron-phonon
coupling constant Ay ,g.

surface the mass-enhancement parameter A. Since a He beam with
energies in the meV region is scattered on a conducting surface by the
surface free-electron density, the exchange of energy with the phonon
gas occurs via the phonon-induced modulation of the surface electron
gas, i.e., via the e—ph interaction. Therefore, the DW-factor, originating
from the integrated action of all phonons weighted by their respective
Bose factors, turns out to be directly proportional, under reasonable
approximations and assumptions, to the mass-enhancement factor A
[93,100].

The DW-factor can be related to the mass-enhancement factor
through the following equation [102]:

2
a.k

iz hwl
2W(T) = WnSA’HAS Ahw, coth 2K,T

hw,
+(1 — A)hw, coth m

Eq. (4) describes a combination of two phonon branches, one acoustic
and one optical, of which the relative contribution of each can be
adjusted through the parameter A [102]. Varying this parameter allows
the best fit to the experimental data to be achieved, at which point A
can be evaluated. Hence, the mass-enhancement factor Ay ,¢ follows

4

from (4), with a, =5.20 A the unit cell area of the graphene overlayer,
¢ the work function and k;, = 2.97 A™" the normal component of the
incident wave vector. However, it is important to include the Beeby
correction in these calculations. This correction adjusts the energy
of the incoming He atoms to account for the attractive part of the
potential felt by the He atom when approaching the surface [19] and
thus increases the effective k;, to 5.82 A", The work function, ¢, is
equal to 4.30eV, 4.32¢V and 4.71eV for BLG/BL/SiC, BLG/Ga,/SiC,
and BLG/H/SiC respectively [67,69]. n, is the number of conducting
layers which contribute to the phonon-induced modulation of the
surface charge density and A is the above mentioned weighting factor
which determines the relative contribution of the acoustic and optical
phonon modes. Here, 2w, = 10meV is the low energy acoustic phonon
mode [103] and 7w, = 160meV is the energy of the optical A} phonon
mode [104].

As illustrated by the dashed lines in Fig. 5, the best fit to our
experimental data is obtained at a value of A = 0.65, indicating a
significant contribution from the low-energy acoustic phonon modes in
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Table 2

Comparison of the Debye-Waller factor and electron—phonon coupling characteristics
for the three studied BLG systems with different intercalations. Additional single layer
graphene (SLG) system studies have been included for further context.

Sample Debye-Waller Anras Refs.
factor (-102 K1)

BLG/BL/SiC(0001) 5.0+0.7 0.27 +0.01

BLG/Ga,/SiC(0001) 6.6+0.3 0.30 £ 0.01

BLG/H/SiC(0001) 6.7+0.5 0.33 +0.01

SLG/Ni(111) - 0.06 [93]

SLG/Ru(111) - 0.05 [93]

our sample, whilst the optical A’1 appears to be much less active. This
is supported by the negative thermal expansion discussed earlier in this
paper, as it is widely established that the origin for that phenomenon
in graphene relates to the large negative Griineisen parameters found
in graphenes lowest energy, highly-populated, transverse acoustic ZA
mode [78,105].

The extracted Ay 4 values for all three BLG samples are summarised
in Table 2. While, to the best of our knowledge, there are currently
no values reported for the experimental determination of A in BLG
systems, Park et al. have produced a study focused on this through first-
principles calculations [103]. They found that BLG, at the maximum
doping considered, will show an approximate 30% increase in 4 com-
pared to SLG, (4 = 0.28 c.f. 4 = 0.21) which is in excellent agreement
with the values we have found here.

Conversely, Calandra et al. who first noted the presence of the
160meV A] mode as well as a 195meV E,, mode, found a value of
A = 0.02 [104]. This is also closer to the value found by Pound et al.
in a study on theoretical free-standing SLG with a value of 4 = 0.07,
though this is in relation to an optical phonon mode of even greater
energy [106]. One of the few experimental studies in this area was
performed by Zhou et al. [107]. Their experiment focused on an ARPES
study of the epitaxial graphene A mode, the same as Calandra’s theory
study, but found an almost order of magnitude larger value at A =
0.14 [107]. The most likely explanation for this divergence between
theoretical and experimental results is due to the electron—electron
interaction not considered in the calculations [104].

Finally, from temperature-dependent Raman measurements of in-
tercalated 2D gallium an abrupt increase of the linewidth at ~280K
was reported, likely to be associated with an abrupt change of the e-
ph coupling strength [108]. Since the HAS measurements do not show
any significant changes at the mentioned temperature, it appears likely
that HAS is not sensitive enough to these phononic contributions form
the intercalated Ga layer. In other words, since HAS is probing the
surface charge density above the topmost layer, any contribution of
these modes [39] to the e-ph coupling in the intercalated Ga layer does
not seem to be significant enough to be reflected in our measurements
of Ay4s. Compared to ARPES studies of single layer graphene, where
it was shown that the e-ph can be increased by as much as a factor of
10 upon intercalation [109], we further anticipate based on our results
that the effect of intercalation on the e-ph coupling in BLG is much
less pronounced. Due to the apparent surface sensitivity of HAS it may
further provide benchmark data for recently developed fully ab initio
approaches of inelastic scattering [110], where e.g. it has been shown
that the atomic-scale surface structure affects and reduces e-ph coupling
and superconductivity on Nb compared to its bulk [111].

4. Summary and conclusion

We have reported a comparative helium atom scattering study
of a bilayer graphene (BLG) on a 6H-SiC(0001) substrate, for (i) a
carbon buffer layer (BL) between BLG and SiC, (ii) an intercalated
2D polar gallium quasi-bilayer and (iii) an intercalated atomic hy-
drogen layer. Here, we focus on surface characteristics of the BLG,
specifically the thermal expansion, the electronic corrugation, and the
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electron—phonon coupling. The intercalated materials exhibit distinct
influences on the surfaces properties of BLG. The findings show that
intercalation alters both the in-plane thermal expansion and electronic
corrugation, with the hydrogen-passivated sample demonstrating the
largest effects. Furthermore, we report the strong influence of low-
energy acoustic phonon modes on e-ph interactions, providing evidence
of enhanced electron-phonon coupling in BLG systems (i, in the
range 0.27—0.33) in comparison with previous studies of single layer
graphene samples (1 4¢ in the range 0.05-0.06) [93]. These results
contribute to a deeper understanding of intercalation effects, paving
the way for further exploration of 2D-materials in advanced quantum
and optoelectronic applications.

We hope that the herein presented experimental approach and data
will stimulate further research, e.g. by including different intercalated
metals. Further studies would also benefit from investigating how these
properties are effected by the extent of intercalated species coverage.
For example, whether reducing the 2D Ga bilayer to a monolayer will
significantly influence the binding strength of the BLG. However, due
to the inherent stability of these materials there is no simple process to
precisely control this coverage.
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