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ABSTRACT: 2D polar metals synthesized by confinement heteroepitaxy at the SiC/
graphene interface are covalently bound to the SiC substrate. In this work, we elucidate
the importance of the SiC substrate, and specifically the Ga/Si interface, on the low-
frequency resonant Raman spectra of 2D Ga on SiC. The low-frequency Raman modes
are dominated by in-plane shear modes in 2D Ga. We show that the frequency of these
shear modes is modified by the presence of the substrate for few-layer Ga and that these
shear modes couple strongly to the electronic states corresponding to the interface Ga
and Si atoms. Consequently, resonant Raman enhancement occurs at laser incident
energies that are resonant with the interband optical transitions involving these interface 16 18 20
Ga and Si states. This resonant Raman enhancement is observed in laser-energy-
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dependent measurements, an experimental signature of the strong electron—phonon

coupling present in these 2D polar metals.

B INTRODUCTION

Two-dimensional (2D) polar metals' are an emerging class of
materials that are covalently bound to semiconductor
substrates and yet exhibit quantum confinement as expected
for a 2D material system.” These polar metals are synthesized
by confinement heteroepitaxy using a silicon carbide (SiC)
substrate and are protected by graphene overlayers that form a
van der Waals interface with the metals. The polar metals are
excellent candidates for functional nanodevices due to their
environmental stability, quasi-2D nature, and tunable physical
properties. Similar to the more conventional 2D materials, the
2D polar metals exhibit thickness-dependent properties, such
as a thickness-dependent dielectric function® and Fermi
surface, the latter being important for the emergence of
superconductivity."”’

Low-frequency Raman spectroscopy has proven to be a
useful, nondestructive technique to identify the thickness and
stacking dependence of 2D semiconducting and semimetallic
materials."~” Using a Green’s function approach to take into
account the coupling of the 2D metal to the semi-infinite SiC
substrate, we have previously predicted that the low-frequency
zone-center phonon modes in 2D polar metals are exclusively
surface resonance shear modes.” Breathing modes are too
strongly coupled to the SiC substrate and do not show up as
peaks in the phonon density of states.” Due to the metallic
nature of these systems, it can be challenging to observe these
low-frequency shear modes experimentally because of weak
nonresonant Raman intensities.” It is therefore important to
understand the resonant Raman effects in the 2D polar metals
in order to guide the design of Raman experiments and to
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interpret experimental Raman data. Resonant Raman spec-
troscopy is also a direct probe of electron—phonon and
exciton—phonon coupling effects.'” The resonant enhance-
ment of Raman scattering in metallic nanoparticles and films
arises from plasmons or scattering due to surface states."' ~"?
However, the 2D polar metals are distinct from these metallic
systems due to the atomically thin nature of the metals and the
strong coupling between the 2D system and the SiC substrate.®

The metal—SiC interface in the 2D polar metals is not only
critical in the description of vibrational properties of the 2D
metal,® but also responsible for the optically active interband
transitions” observed in experimental measurements. In this
work, we demonstrate that the metal—SiC interface states play
a major role in the resonant enhancement of the low-frequency
Raman spectra in the 2D polar metal, Ga. Our calculations
show that the peaks in the resonant Raman intensity of the
low-frequency shear modes are associated with two physical
phenomena. Some peaks arise from the fact that the laser
energy is resonant with major interband optical transitions that
show up as peaks in the optical absorption spectra, an
observation that is consistent with general expectations.'”"*
However, not all peaks in the resonant Raman intensity
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correspond to peaks in the absorption spectra. We find that
other peaks arise due to a particularly pronounced coupling
between the shear modes and the interband transitions.
Because the shear modes involve a relative movement between
the metal atoms and the interface Si atoms, the shear modes
can be strongly coupled to the metal—-SiC interface states,
explaining the significant role of the interface in the resonant
Raman enhancement of the shear modes. We also present
experimentally measured laser-energy-dependent Raman spec-
tra on 2D Ga that are consistent with the theoretical
predictions. Together, the theoretical and experimental studies
clearly demonstrate that low-frequency shear modes are
observed in 2D Ga, and that these observations are mediated
by resonant Raman effects associated with interband
transitions involving metal—SiC interface states.

B METHODS

Resonant Raman Intensity. Raman signals arise from the
inelastic scattering of incident light by the vibrational modes of
the system. Within the Placzek approximation,'>'¢ the
intensity of the Raman signal is described by the differential
Raman scattering cross-section which is given by17
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where E; and E, are the energies of the incident light and the
phonon mode; 7 and kg are, respectively, the reduced Planck
constant and Boltzmann constant; and A} is the Raman activity
of the vibrational mode u for incident and scattered light
polarized in the i and j direction, respectively. Furthermore,
A= |73”|2 where R(i, j =, y, z) is Raman polarizability
tensor. The one-phonon Raman tensor 73” describes the first-

order response of the optical polarlzabxhty tensor a; to the
phonon eigenmode pi. We use the central difference method to
evaluate the Raman tensor, given as
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where & {&i} is the set of atomic displacements
corresponding to the phonon eigenmode, y, of the I™ atom
Ui
\/MI / M,
eigenvector of mode y; M; is the mass of the I atom (unit:
amu); M, is the reference mass which we take to be 1 amu; R°
= {R})} is the set of atomic positions of the system under

along direction k, given as & = , where uf; is the

equilibrium conditions; and s is a scalar. The notation a%" is

defined in eq 2 and used below. Moseler and Walter'® have
reported that the Plazcek approximation agrees qualitatively
with the more accurate Albrecht formulation even in the
resonant region for the first-order Raman scattering. The
energy-dependent polarizability tensor a; (Ey) is given in the
independent particle approximation as
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This definition gives eventually the Raman intensity corre-
sponding to one surface unit cell, containing one metal atom
per layer in the 2D metal system. Here

Mn’ nk — = Ain’,n,kAi,n’,ka(En,k) - f(En’,k)] (4)

where Aﬁ’"f’k (A =, y, or z) is the transition dipole matrix
(TDM) element

h(n, kip*ln, k)
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Here, Ink) and In’k) denote the electronic eigenstates with
energy E,. and E,, respectively; p* is the momentum
operator; N is the total number of k points sampled in the
Brillouin zone (BZ); m, is the electron mass; and f(E,;) is the
Fermi—Dirac distribution function, with the temperature taken
to be 300 K in this work. The broadening parameter y is taken
to be 0.08 eV. The intraband contributions to the polarizability
are neglected here because of their fast decay below 1 eV,” and
our focus on the resonant Raman intensities is from 1 to 3.5
eV.

For further analysis, the Raman tensor Rg can be separated

into the double-resonant (DR), single-resonant (SR), and
nonresonant (NR) terms, following the nomenclature in refs
19 and 20, which is based on the order of the denominator
(Eyx — E,x — Ep — iy) that approaches zero at the resonant
condition. These terms are denoted by 7{5’” (v = DR, SR, and

NR) and are given by
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Hence the total Raman intensity is given by
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In the text, we also plot Raman intensities arising from each
of the DR, SR, and NR terms, computed by using only one of
the DR, SR, or NR terms in eq 7.

For simplicity of the notation, the indices ij, y, and L are
omitted in r* for different v which can be written as
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Figure 1. lllustration of Green’s function (GF) approach and GF density of states (DOS) at the zone center for 1L to 3L Ga on SiC. (a) Schematic
to illustrate the GF approach. Purple, light pink, and black balls refer to Ga, Si, and C atoms, respectively. (b) Computed GF DOS at the zone
center for 1L to 3L Ga, obtained with DFT. The insets are atomic displacements (green arrows) of the most prominent mode, EW), for N-layer Ga.
Phonon mode frequencies are labeled in cm™. A top view of the atomic structure is shown in Figure SI.

The DR and SR terms arise from the derivative of the
absoprtion term of the polarizability tensor a;(E;) with respect
to the phonon displacements, while the NR term arises from
Oy &~ Ey i)
oc!
determined by the differences between the diagonal electron—
phonon coupling (EPC) matrix elements of the valence and
conduction states. The EPC matrix elements for phonon g at

the emission term. In eq 8, in the DR term is

the zone center are defined as*"*
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where v is the self-consistent Kohn—Sham potential.

Diagonal EPC matrix elements can be computed by the
changes of the eigen-energy E, ; of the state |n,k) by a phonon
displacement via a finite difference approach with central

difference
h2 aEn k
g:n k = /,4
o ZMOE/J 65 (12)

First-Principles Calculations. In this work, the atomic
structures of few-layer Ga/SiC (Figure la) adopt the
energetically most stable phases computed by density func-
tional theory (DFT) calculations and are supported by cross-
sectional scanning transmission electron microscopy (STEM)
images."”® The interface Ga atoms sit on top of the Si atoms at
the interface and are covalently bonded to these Si atoms. The
second and third Ga layers align to the carbon and hollow sites
of the interface SiC layer, respectively. In the slab models, the
SiC substrate is represented by six layers of SiC passivated by
hydrogen atoms, while in the Green’s function approach, the
SiC substrate is represented as a semi-infinite substrate.
Although the polar Ga layers are covered by graphene
overlayers in the experiment,' these graphene layers do not
have a significant impact on the low-frequency phonon modes
or the interband optical transitions in the energy range of
interest here””*® and are not included in the theoretical
models.

DFT calculations are performed using the local density
approximation (LDA)** for the exchange-correlation func-
tional as implemented in the plane-wave pseudopotential code,
QUANTUM ESPRESSO.”* A plane-wave kinetic energy cutoff
of 80 Ry is used, and an energy threshold of 107'° Ry is applied

14583

for the self-consistent cycle. A Monkhorst—Pack k-point mesh
of 32 X 32 X 1 is used for geometry optimization, self-
consistent field calculations, and density functional perturba-
tion (DFPT) calculations, while a denser k-point mesh of 52 X
52 X 1 is used to get converged Raman scattering intensities.
In structural relaxations, all atoms are freely relaxed until the
forces acting on each atom are less than 0.0001 Ry/Bohr. To
eliminate interactions between slabs, a vacuum length of at
least 16 A with an electrostatic dipole correction is employed.
The energy-dependent polarizability tensor is computed using
the independent particle approximation.”*® In the sum over
states, we include 70 bands involving all valence states to get
converged energy-dependent polarizability tensors for 1L to 3L
Ga/SiC. For the finite difference method, s in eq 2 is taken to
be 0.2 to make sure that the Raman intensities are converged.

Raman Spectra. Raman characterization is performed on a
Horiba LabRam HR Evolution system, and all low-frequency
measurements were recorded using Volume Bragg Grating
notch filters (referred to as ULF filters by Horiba) for each
excitation laser. The excitation lasers used for the measure-
ments were 488 nm (Melles Griot 543 series Ar-ion), 532 nm
(Oxxious LCX single mode), and 633 nm (ThorLabs HRP-
350-EC HeNe) focused through a 100X objective lens (NA
0.9) with a maximum incident laser power of 4 mW. The
spectra were recorded with a confocal aperture of 50 ym, an
1800 gr/mm grating, and a Si-array back-illuminated deep-
depleted detector (Horiba—Synapse), which was calibrated
using the Raman response of single crystal Si. A baseline offset
was applied to the data set, and then spectra were normalized
to the folded transverse optical (FTO) mode maximum of the
6H-SiC (789 cm™).

B RESULTS AND DISCUSSION

2D polar metals couple strongly to the SiC substrate via
covalent bonding, different from layered van der Waals
materials where the coupling with the substrate is much
weaker. It is challenging for DFT calculations to accurately
capture the influence of a semi-infinite substrate on the
vibrational properties of 2D-layered metals, due to the
limitation of periodic boundary conditions typically used in
such calculations. A first-principles Green’s function (GF)
approach® was recently implemented to model the effect of a
semi-infinite substrate using a self-energy term, as illustrated in
Figure la. Reference 8 provides details of this approach. The
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GF approach revealed that low-frequency zone-center phonons
consist of surface resonance shear modes in which in-plane
shear motion of the metal layers is coupled to in-plane
phonons of the SiC substrate, forming a frequency continuum.
Such surface resonance modes show up as peaks with finite
width in the GF phonon density of states (DOS) at the zone
center® (Figure 1b). This is in contrast to finite slab models
with specific thickness-dependent phonon modes at discrete
frequencies.® A broad peak in the GE DOS indicates that the
surface resonance phonon mode is strongly coupled to the SiC
bulk phonons; in the limit of the semi-infinite substrate, the
vibrations of the surface atoms contribute only weakly to the
phonon eigenmode. In contrast, a narrow peak indicates the
weaker coupling of the surface resonance phonon mode to the
substrate, and the phonon eigenmode involves significant
displacements in the surface atoms. The GF calculations
showed that out-of-plane breathing modes (seen in the finite
slab calculations”) are so strongly coupled to the SiC substrate
that they do not show up as peaks in the GF DOS. Thus, the
low-frequency Raman spectra of the 2D polar metals are
expected to be dominated by in-plane shear modes. Figure 1b
presents the low-frequency GF DOS at the zone center for 1L
to 3L Ga on SiC. Besides the ultralow-frequency peak at ~9
cm™!, the predominant peaks in 1L to 3L Ga are the highest-
frequency shear mode, which we denote by S1 (E™ for N-
layer Ga) (Figure 1b).

In addition to first-principles calculations, it is often useful to
employ phenomenological models to understand the physics in
the system. In the case of shear modes, linear chain models
have been employed to extract the interlayer force constants in
various 2D layered materials.”*” For the 2D polar metals, we
introduce a linear chain model that captures the interaction
with a semi-infinite substrate that we model as an infinite mass
M (Figure 2a). For 2D Ga specifically, each Ga layer forms a
unit in the linear chain, with nearest-neighbor coupling
between units. The semi-infinite substrate is also represented
as a unit in the linear chain. The in-plane force constants
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Figure 2. Linear chain models of 2D Ga and the frequencies of mode
S1 for 1L-8L Ga. (a) Linear chain models for isolated 2D Ga and 2D
Ga coupled to a substrate. The solid circles and gray rectangle denote
the Ga layers and SiC substrate, respectively. K and K’ (unit: 10" N/
m®) are the in-plane shear force constant per unit area between Ga
layers and that between the interface Ga layer and SiC, respectively.
The mass per area of Ga and the substrate are denoted by m and M in
the unit of kg/m?, respectively. (b) Frequencies of mode S1 for 1L to
8L Ga/SiC, calculated by using the linear chain model. K and K’ are
chosen to match the frequencies of SI computed by the Green’s
function method (shown in red). K’ is 3.7 X 10" N/m?>. The values of
K are 4.6, 7.8, and 11.0 X 10 N/m® for 2L, 3L, and 4L Ga,
respectively.

between Ga layers is denoted as K, and that between the
interface Ga layer and the substrate is denoted as K'.
Mathematical details of the linear chain model are provided
in the Supporting Information. Our first-principles calculations
have shown that the low-frequency modes of graphene are
decoupled from the phonon modes in the 2D metals,® and
thus, we do not include the graphene layers in our
considerations. We use the highest-frequency shear mode S1
to illustrate the results of the linear chain model. Using the
case of 1L Ga on the substrate and comparing the results of the
linear chain model to that from the DFT GF calculations, we
obtain a value of K’ to be 3.7 X 10" N/m?>. Observing that the
distance between the interface Ga layer and the interface Si
layer is essentially the same as the thickness of Ga increases,”
we make the assumption that K’ does not change with the
number of Ga layers.

Figure 2b plots the frequency of S1 as a function of the
number of Ga layers, N, obtained with the linear chain model
using K’ of 3.7 X 10" N/m? and different, fixed, values of K.
As SI is an out-of-phase shear mode, the frequency of Sl
increases as N increases. However, it can be seen that the linear
chain models with fixed K’ and K result in a more moderate
rate of change of frequency with N compared to the first-
principles GF approach (shown in red). Evaluating the values
of K for N = 2, 3, and 4, we see that the effective interlayer
force constant K increases from 4.6 X 10" N/m? for N = 2 to
11.0 X 10" N/m® for N = 4. This result is quite unlike those
for 2D layered van der Waals materials such as few-layer
graphene and transition metal dichalcogenides, for which a
single linear chain model with fixed K can reproduce the first-
principles frequencies.” The increase in K as N increases is,
however, consistent with experimental transmission electron
microscopy images where the interlayer distance in 2D Ga
decreases with N.° The increasing interlayer force constant
with N arises from the asymmetric bonding profile in these
polar metals. For example, for N = 2, there are only two Ga
layers, and the bottom Ga layer is covalently bonded to Si,
which weakens the interlayer bonds within the Ga metal.
Finally, we also compare in Figure 2b the results from the
linear chain model with no substrate to those with the
substrate (solid versus hollow symbols). The presence of the
substrate decreases the frequency of S1 for fixed K. This
difference is significant for N = 2 and is quite negligible for
thicker systems.

Experimental Raman spectra for 2D Ga are found to have
some spatial variation over the sample, as indicated by the
Raman map analysis in Figure S3. There are two distinct
regions with slightly different Raman peak positions, and high
signal-to-noise Raman measurements are performed at specific
positions in these two regions using incident laser wavelengths
of 488, 532, and 633 nm. The results are shown in Figure 3.
The Raman intensities are normalized to the FTO mode of
6H-SiC at ~789 cm™" as shown in Figure S2. The broad peaks
in the sample reflect the disorder in the sample.”® However, it
is evident that there are two major peaks below 100 cm™ in
both regions. The peaks become sharper and more intense as
the laser wavelength increases from 488 to 633 nm, i.e., as the
laser energy decreases from 2.5 to 2.0 eV. According to these
resonant Raman measurements, the peaks have frequencies of
~25 cm™ (R1) and ~52 cm™' (R2) in region A and ~28 cm™
(R1) and ~46 cm™' (R2) in region B. High-angle annular
dark-field cross-sectional scanning transmission electron micro-
scope (HAADF-STEM) images indicate that both regions are
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Figure 3. Experimental Raman spectra for 2D Ga in two regions (A and B). (a) and (c) Raman spectra for 2D Ga in regions A and B, respectively,
with incident laser wavelengths of 488, 532, and 633 nm. R1 and R2 label the two Raman peaks below 100 cm™ observed in the experimental
Raman spectra (particularly at 633 nm). The Raman spectra are normalized to the FTO mode of 6H-SiC at 789 cm™ (shown in Figure S2). (b)
and (d) Raman intensities of peaks R1 and R2 at different laser energies for region A and region B, respectively.
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Figure 4. Computed laser-energy-dependent resonant Raman intensities of shear modes of 1-3L Ga. (a) EW in 1L Ga/SiC, (b) E?Y and E® in 2L
Ga/SiC, and (c) EW E®, and E® in 3L Ga/SiC. The peak positions for the resonant Raman intensities are labeled. Vertical dashed lines mark the
peak positions for the interband optical absorption in these systems (see Figure S4). Experimental Raman results of region A are superposed on

computed Raman intensity in (a,b).

dominated by domains of 1L, 2L, and 3L Ga (as shown in
Table S1), with region B having a higher proportion of 2L Ga
and region A having similar proportions for 1L, 2L, and 3L Ga.
The Auger mapping in Figure S3c suggests that region A has
more Ga, a finding that is overall consistent with the HAADF-
STEM results (Table S1).

According to the symmetry of 2D Ga, the Raman tensors of
double-degenerate shear modes, E(x) and E(y) (labeled by the

irreducible representation E), are given by

0abd a 0 0
R[E(x)]=|a 0 0| and R[E(H)]=|0 —a b
b 0O 0b 0

The Raman intensity is proportional to Iei'ﬂeslz, where ¢; and e,
are the polarization vectors of the incident light and scattered
light, respectively. Figure 4 shows the computed resonant
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Raman intensities for the zone center shear modes for 1L to 3L
Ga (lal* for each mode) for incident laser energies of 1.0—3.5
eV. Here, finite slabs with six SiC layers are used to compute
the resonant Raman intensities (see Methods). The dashed
lines mark the peak positions for the interband optical
transitions (see also Figure S4 for the computed optical
absorption spectra). In all the systems, we see that the peak
positions in the optical absorption spectra also correspond to
peaks in the resonant Raman intensities for the shear modes.
However, there are additional peaks in the resonant Raman
spectra at laser energies that are different from the peak
positions in the optical spectra.

Focusing on the trend in the Raman intensities as a function
of laser energies (2.0—2.5 eV in the experiment), the computed
resonant Raman spectra suggest that possible ori%ins of the
experimentally observed peaks are EW in 1L Ga, E" and E?
in 2L Ga, and E® in 3L Ga. (The ~9 cm™! frequency of E in
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3L Ga is beyond the detectable spectral range in experiment.)
At the same time, bearing in mind that the resonant Raman
calculations were performed on finite slabs, we also refer to
Figure 1b, which gives the GF phonon DOS at the zone center.
Figure 1b indicates that, at the zone center, EW in 2L Ga and
E® in 3L Ga are both strongly coupled to SiC, and that in the
limit of a semi-infinite substrate the contribution of Ga
displacements to these coupled modes is small. We therefore
expect that the zone-center phonons giving rise to large
resonant Raman intensities at ~2.0 eV correspond to S1
modes in 1L and 2L Ga, which were predicted to be at ~27
em™" and ~47 cm™, respectively, in reasonable agreement
with the experimentally measured frequencies and trends in the
laser-energy-dependent resonant Raman intensities (Figure
4a,b). In ref 8, we had also discussed the possibility of
scattering from phonons away from the zone center, arising
from disorder in the sample, which would be especially
relevant for alloy samples. In particular, the phonon branch
corresponding to EW in 2L Ga (~34 cm™" at the zone center)
decouples from the bulk SiC phonon band at finite momenta,
where phonons become more localized on Ga.® Noting the
large resonant Raman intensity predicted for E® in 2L Ga at
~2.0 eV incident laser energy (an order of magnitude larger
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than that for E" in 1L Ga), it is conceivable that ") in 2L Ga
may also contribute to the R1 peak in the presence of disorder
or domains. We note that S1 (E®)) in 3L Ga has a much
weaker resonant Raman intensity at ~2.0 eV laser energy than
the other shear modes considered here. This weak intensity
explains the absence of a peak at ~69 cm™" (the frequency of
E®) in the experimental Raman spectra in Figure 3, despite
the relatively sharp peak for E® in the GF DOS in Figure 1b.
The slight differences between the experimental Raman spectra
for regions A and B are likely due to differences in the
scattering length and domain sizes in these regions. While our
theoretical predictions for the idealized 1L to 3L Ga systems
do not explain in detail the differences between the two
regions, they do show clearly that the Raman peaks in the
experimental spectra can be attributed to shear modes in 2D
Ga.

In order to elucidate the origins of the resonant Raman
enhancement, we plot in Figure 5 the total Raman intensity, as
well as the Raman intensities obtained from individual
components of the Raman tensor (the double-resonant
(DR), single-resonant (SR), and nonresonant (NR) terms;
eqs 6—10) for the S1 modes in 1L and 2L Ga. From Figure S,
it is clear that the DR term is dominant. The DR term is also
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dominant for the other shear modes in 1L to 3L Ga (Figure
SS). For the R, component, the DR term is given by

as the optical absorption peaks. Mathematically, this
correspondence can be understood from the transition dipole
matrix elements in the numerator of the DR term (eq 13) as

REPR(E ) = — e_Z 2ME, well as the energy denominator. Both 1L and 2L Ga have

ax V=N n prominent peaks in the imaginary part of the dielectric
k

v function, corresponding to optical absorption. The peaks (1.5

Z Z v,e.k eV for 1L Ga and 2.1 eV for 2L Ga* (Figure S4)) correspond

(Ex —E,p — Ep — iy)?

ve k

(gc/,lc,k - gv,v,k (13)
Here, M7, is the square of the norm of the transition dipole
matrix elements, multiplied by a factor involving the
occupation number (eqs 4 and 5), and g, and g, ; are
diagonal electron—phonon coupling matrix elements of the
conduction state ¢ and valence state v at k for mode u (eq 12).
The definitions of other quantities can be found in the
Methods section. Physically, the DR term corresponds to
processes in which the electron scatters with a phonon within
the same band; ie., this process involves electron—phonon
matrix coupling terms that are diagonal in the basis of
electronic states (g),;). The “double-resonant” nomenclature
refers to the denominator in the DR term involving (E, ; — E,
— E; — iy)?, where E,; and E, are the eigenenergies of state c
and v; E| is the laser energy; and ¥ is a broadening factor. Both
the incident and scattered light are resonant with the interband
transition.

It is typically expected that the resonant Raman intensity as
a function of incident laser energy will peak at the same energy
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to interband transitions from an occupied Ga state to an
unoccupied state involving the metal and interface Si layer. We
illustrate in Figure 6a (arrows) the interband transition
corresponding to 2.1 eV in 2L Ga—a transition that is
particularly relevant for the chosen laser energies in the
experiment. From Figure 6b, it is clear that these states involve
the interface Si states as well as the Ga states. A detailed
discussion of the states involved in the optical transition is
given in ref 2.

Resonant Raman enhancement involving interband tran-
sitions is an important experimental signature of electron—
phonon coupling in the system. As shown in eq 13, the term,
(gx — &), is important for the DR term. This is the
difference between the diagonal electron—phonon coupling
matrix element for the conduction state and that for the
valence state. Figure 6b illustrates, for the E® phonon mode in
2L Ga, the diagonal electron—phonon coupling matrix
elements overlain on the electronic band structure. Impor-
tantly, the signs of the electron—phonon matrix elements are
different for the conduction and valence states involved in the
interband transitions indicated by the arrows, leading to a large
value of (g, — g 1), thus leading to a significant resonant
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enhancement of the Raman intensities of the shear mode.
Similar observations can be made for the E) mode in 2L Ga
(Figure S7).

For the 1L case, the transition at 1.4 eV (Figure 7c) is
schematically illustrated by red arrows in Figure 7a, and the
orbital-projected electronic band structure is shown in Figure
7b. Similar to the 2L case, interband transitions involving the
Si and Ga interface states are critical in the resonant Raman
enhancement of the shear modes. The electron—phonon
coupling matrix elements for the Ga states and interface Si
states have large magnitudes (Figure 7a,b), consistent with the
phonon eigenmode which involves the motion of Ga atoms
relative to the interface Si layer. The signs of the electron—
phonon matrix elements are also different for the conduction
and valence states involved in the interband transitions
indicated by the arrows, leading to a large value of (g, —
g’vl,v,k) .

In Figure 4, we showed that the resonant Raman spectra as a
function of incident laser energy can peak at additional
energies at which there is no prominent optical absorption
peak. This observation is relevant to interpret the resonant
Raman enhancement for E®) in 1L Ga at 1.9 eV. To
understand this phenomenon, we plot Y. . (& .« — &) as a
function of incident laser energy in Figure 7d. It can be
observed that the magnitude of this quantity peaks at 1.8 eV,
very close to the additional peak in the resonant Raman
intensity for EW in 1L Ga (1.9 eV). The quantity also peaks at
1.4 eV, which corresponds to the peak in the optical absorption
spectra. Taken together, this analysis shows that resonant
Raman effects are accentuated at incident laser energies
corresponding to peaks in Y. i (g .« — &), as well as peaks
at the optical absorption spectra as long as electron—phonon
coupling effects are significant and of the opposite sign for the
unoccupied and occupied electronic states. Further analysis on
the peak at 2.1 eV for E®) of 3L Ga is shown in Figure S8, with
similar conclusions.

In previous work, we had shown that the graphene overlayer
does not affect the optical transitions in the range of 1.0—3.0
eV in the metal/SiC systems. Our computed optical absorption
energies without graphene are in good agreement with
ellipsometry measurements.”> However, the graphene over-
layer changes the Fermi level of the system, and the
experimental Fermi level for 2L Ga is 0.6 eV higher than the
computed Fermi level without graphene.' In Figure S9 we
show that the resonant Raman intensities do not change
significantly with small shifts in the Fermi level up to 0.6 eV,
for the shear modes that are of interest in this work.

B CONCLUSIONS

In summary, we have demonstrated that strong light—matter
interactions and electron—phonon coupling between the shear
modes and the metal/Si interface states lead to significant
resonant Raman enhancement effects in a monoelement 2D
polar metal-2D Ga on SiC. This observation demonstrates
that the SiC substrate not only supports the growth of the 2D
metal but also plays an important role in the electronic,
vibrational, and optical properties of the 2D polar metals. The
laser-energy-dependent Raman spectra are a clear experimental
demonstration of the strong electron—phonon coupling
present in 2D Ga on SiC. An understanding of the
electron—phonon coupling in these novel 2D polar metals
has important implications for their applications in advanced
technologies, such as superconductors.
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