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ABSTRACT: Low-frequency shear and breathing modes are important Raman signatures of
two-dimensional (2D) materials, providing information on the number of layers and insights
into interlayer interactions. We elucidate the nature of low-frequency modes in a 2D polar
metal−2D Ga covalently bonded to a SiC substrate, using a first-principles Green’s function-
based approach. The low-frequency Raman modes are dominated by surface resonance
modes, consisting primarily of out-of-phase shear modes in Ga, coupled to SiC phonons.
Breathing modes are strongly coupled to the substrate and do not give rise to peaks in the
phonon spectra. The highest-frequency shear mode blue-shifts significantly with increasing
thickness, reflecting both an increase in the number of Ga layers and an increase in the
effective interlayer force constant. The surface resonance modes evolve into localized 2D Ga
modes as the phonon momentum increases. The predicted low-frequency modes are
consistent with Raman measurements on 2D polar Ga.

Metals in the two-dimensional limit have long intrigued
scientists, dating back to studies on two-dimensional

electron gases in quantum well structures, where the quantum
Hall effect1 was first demonstrated. Two-dimensional (2D)
metallic systems beyond the electron gas have since become
experimentally available, such as 2D metals epitaxially grown
on substrates2 and 2D metallic transition metal dichalcoge-
nides, where strong electron-phonon coupling interactions lead
to emergent phenomena, such as superconductivity and charge
density waves.3 Environmentally stable, atomically thin 2D
polar metals have recently been synthesized by confinement
heteroepitaxy approaches.4,5 These 2D polar metals are
covalently bonded to a SiC substrate and are protected by a
graphene overlayer which interacts with the metal via van der
Waals interactions. This new generation of stable 2D metals
significantly expands the scope of interests for 2D metallic
systems and are promising for quantum-engineered nano-
photonics,6 nonlinear optical applications,7 and superconduct-
ing devices.4

The quantum confinement effects in 2D materials can lead
to significant changes in properties as a function of thickness.8,9

Systematic studies to characterize the atomic structure of these
2D polar metals are fundamental for gaining insight into
structure-property relationships. Low-frequency interlayer
shear and breathing modes provide important Raman
signatures that have proven to be particularly useful in
providing information on the thickness and stacking order of
2D materials.10,11 These low-frequency modes also provide
experimental insights into the nature and strength of the
interlayer interactions in 2D layered materials.12,13 Low-
frequency Raman modes and their thickness dependence are
of particular interest in the 2D polar metals, because the range

of interlayer interactionsvan der Waals, metallic, and
covalentfound in these systems is unprecedented and the
influence of these varied interactions on the low-frequency
modes is unknown. Furthermore, the influence of substrates on
the low-frequency modes in 2D materials has thus far been
largely neglected,10,11 although an ultralow-frequency mode in
supported 2D Bi2Te3 was tentatively assigned to a substrate-
induced interface mode in one study.14 The covalent
interactions of the 2D polar metals to the SiC substrate4

provide an excellent opportunity to evaluate the effects of
substrates on the low-frequency phonon modes.
In this work, we elucidate the nature of the low-frequency

phonon modes in a 2D polar metal, few-layer (1−4 layers) Ga
on SiC, using state-of-the-art first-principles calculations. A
Green’s function approach is employed to account for the
semi-infinite nature of the SiC substrate. Our calculations show
that close to the Brillouin zone center, the low-frequency
phonon modes are surface resonance modes, involving Ga
modes coupled to SiC phonons. Interestingly, all the surface
resonance modes are shear modes, with out-of-phase shear
modes being the most prominent. Away from the zone center,
the low-frequency modes become decoupled from the SiC
substrate, forming surface localized modes. The highest-
frequency shear mode blue-shifts significantly with increasing
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number of Ga layers. In contrast to layered van der Waals
materials, we observe that the effective interlayer force
constant within 2D Ga increases with thickness. Raman
measurements on the 2D polar Ga on SiC reveal clear peaks
that are consistent with our predictions. This work provides
fundamental insights into the nature of low-frequency phonon
modes in 2D polar metals, and illustrates the impact of
substrate-coupling and layer-thickness on the frequencies of
these modes.
The atomic structure of 2D Ga on SiC used in this work

(e.g., Figure 1a) is consistent with high-resolution high-angle
annular dark-field cross-sectional scanning transmission
electron microscope (HAADF-STEM) images (Figure S1)
and represents the energetically most stable structure
according to density functional theory (DFT) calculations.4

Experimentally, it has been found that the low-frequency
Raman spectra are independent of the number of graphene
overlayers on top of 2D Ga.15 Our DFT calculations also show
that the graphene shear and breathing modes are essentially

decoupled from the Ga and SiC phonons (Table S1). Similarly,
graphene electronic states are decoupled from those of Ga and
SiC.4,5 As such, the results presented here are obtained without
graphene overlayers.
In contrast to traditional layered van der Waals materials, 2D

Ga is strongly coupled to the covalent SiC substrate. To
simulate the phonons in the surface region corresponding to
2D Ga, we adopt a first-principles Green’s function (GF)
approach (see Methods) to compute the phonon density of
states (DOS) for phonons with specific wave vectors. The GF
DOS is computed for atoms in the surface region (indicated in
green in Figure 1a), taking into account semi-infinite boundary
conditions for SiC using a self-energy term. Figure 1b shows
the GF DOS for 1L−4L Ga/SiC for phonons at the zone
center (Γ) in the low-frequency range. Lorentzian peaks, which
are absent from the GF DOS of the bare SiC substrate (Figure
S2), are present below 130 cm−1. Including more SiC layers in
the surface region (Figure 1a) does not change the energies of
these peaks, or the number of peaks in the DOS (Figure S3).

Figure 1. Phonons at Γ point computed by the Green’s function approach. (a) Atomic structure of 2L Ga/SiC semi-infinite system. The surface
region used in the Green’s function approach is indicated in green (see Methods). (b) GF DOS at the zone center for 1L−4L Ga/SiC in the low-
frequency region (see Figure S2 for the full frequency range). Lorentzian peaks are labeled by their frequencies in cm−1. These numbers are
computed using the LDA (PBE) exchange-correlation functionals. Unless otherwise indicated, other figures show results obtained using the LDA
exchange-correlation functional. The red dashed line is a guide to the eye showing the thickness-dependent frequency of the highest frequency
shear mode S1. The labels, 1−4L Ga/1(6H-SiC), refer to the fact that 1−4L Ga and one 6H-SiC unit (6L SiC) are included in the surface region
shown in panel a. (c) Schematic illustrating the phonon mode displacements corresponding to a GF DOS peak with finite width in 2L Ga/SiC. The
phonon mode displacements shown here are obtained using a 2L Ga/48L SiC slab model. Purple, light pink, and gray balls refer to Ga, Si, and C
atoms, respectively.

Figure 2. Phonons at Γ point computed by the slab model. (a−c) Atomic displacements of modes with frequencies below 130 cm−1, for NL Ga/
SiC slabs passivated by hydrogen atoms ((a) 1L, (b) 2L, and (c) 3L). The LDA (PBE) frequencies given below the models are in units of cm−1.
Phonon displacements of modes for 4L Ga/SiC are given in Figure S4. Red dashed squares highlight the modes that show up as peaks in the GF
DOS in Figure 1b.
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The finite peak widths indicate that these Ga phonon modes
are coupled to SiC substrate modes (see Figure 1c), resulting
in a frequency broadening. These modes are surface resonance
modes16the phonon eigenstates involve both Ga and SiC
atoms, but the displacements of Ga atoms are larger compared
to those of SiC.
It is instructive to compare peak positions in Figure 1b with

phonon frequencies obtained from conventional slab calcu-
lations. Figure 2a−c shows the phonon displacements and
frequencies for 1L-3L Ga on a hydrogen-terminated, six-layer
SiC slab, for Γ-point modes with frequencies below 130 cm−1

(see Figure S4 for 4L Ga). There are more modes in the slab
models than there are peaks in the GF DOS, and the number
of these modes increases with increasing slab thickness. The
GF approach accounts for a semi-infinite substrate. For surface
resonance modes, the SiC substrate modes couple to the
surface Ga mode to form a frequency continuum, resulting in a
peak in the GF DOS (Figure 1c). Furthermore, taking 2L Ga/
SiC as an example, it is clear that the phonon frequencies are
sensitive to the number of SiC layers in the slab model (Figure
S5). Despite the challenges in interpreting the calculations
from the slab models, it is still possible to use the slab models
to assign the peaks in the GF DOS. In particular, the modes
closest in frequency to the peaks in the GF DOS are less
sensitive to the thickness of the SiC slab in the slab models
(see, for instance, the data for mode E(2) in 2LGa/SiC in
Figure S5). Such modes are marked with dashed red boxes in
Figure 2. Interestingly, all these modes are interlayer Ga shear
modes, coupled with SiC phonons. In contrast to the shear
modes in layered van der Waals materials, there is a clear
asymmetry in the atomic displacements because of the strong
coupling to the substrate, as well as asymmetric interlayer
distances (Table S2).
It can be observed that N peaks are observed in the GF DOS

for NL Ga/SiC (Figure 1b). The GF DOS for 1L Ga/SiC has
one peak at 27 cm−1; that for 2L Ga/SiC has a peak at 47 cm−1

and a broad feature at 34 cm−1; that for 3L Ga/SiC has three
peaks in the GF DOS, including one broad feature at 42 cm−1,
and two sharper peaks at 9 and 69 cm−1. Moreover, the GF
DOS for 4L Ga/SiC exhibits one broad feature at 23 cm−1 and
three sharper peaks at 43, 62, and 86 cm−1. The broad features
correspond to modes that are more strongly coupled to the
substrate.

From the symmetry of the point group (C3v), there are (N −
1) doubly degenerate interlayer in-plane shear modes (E) and
(N − 1) interlayer out-of-plane breathing modes (A1) in
isolated N L Ga. The N peaks in the GF DOS correspond to N
shear modes, including the in-plane acoustic modes in isolated
Ga, which have nonzero frequencies due to interactions with
the substrate. None of the breathing modes show up as peaks
in the GF DOS, indicating that they are more strongly coupled
to the SiC substrate than the shear modes. Modes that are
predominantly attributed to SiC atoms (e.g., E(3) in 2L Ga/
SiC; see Figure 2) also do not feature in the GF DOS. The
broad features for 2L, 3L, and 4L Ga/SiC correspond to
modes in which the vibrations of different Ga atoms are mostly
in-phase (E(1) in 2L and 4L Ga/SiC, E(2) in 3L Ga/SiC). In
these modes, the maximum magnitude of atomic displace-
ments for Si and C are comparable to those for Ga. In contrast,
the sharper peaks in the GF DOS arise from out-of-phase Ga
shear modes, with larger atomic displacements in Ga relative to
those in Si and C atoms.
The shear modes with the highest frequency (S1 in Figure

1b) correspond to modes where atomic displacements in
adjacent Ga layers are all out-of-phase. Their phonon
eigenvectors are illustrated by E(1) in 1L Ga/SiC, E(2) in 2L
Ga/SiC, E(3) in 3L Ga/SiC, and E(4) in 4L Ga/SiC in Figures
2a−c and S4. S1 blue-shifts as the number of Ga layers, N,
increases. This trend is similar to that for the highest frequency
shear modes in van der Waals layered materials,17,18 where the
blue-shift was explained quantitatively by a simple linear chain
model with a fixed interlayer force constant; increasing N
results in a stronger restoring force associated with more out-
of-phase displacements between adjacent layers, each layer
constituting one unit of the linear chain. However, for 2D polar
Ga, the effective interlayer force constants in Ga also increase
with increasing N, resulting in an even more pronounced
increase in frequency as N increases (see section S1). This
observation is consistent with the average decrease in interlayer
distances with increasing N (Table S2).
While the phonon modes at Γ are most relevant for Raman

scattering, disorder in the atomic structure or the presence of
domains can induce Raman scattering from off-Γ phonons.
From a fundamental point of view, it is also interesting to
investigate the evolution of the phonon frequencies with wave-
vector within the Brillouin zone. Figure 3a shows the phonon
dispersion of a 2L Ga/30L SiC slab, superposed on the surface-

Figure 3. Phonon dispersion and off-Γ GF DOS of 2L Ga/SiC system. (a) Phonon dispersion (black lines) of 2L Ga/30 L SiC superposed with the
surface-projected bulk phonon bands of SiC (blue shaded area) below 600 cm−1. (b) GF DOS of 2L Ga/SiC system at off-Γ q-points (the GF DOS
at Γ point is not plotted) along high symmetry path Γ-M. The evolution of one mode at ∼28−29 cm−1 is marked by the black dashed line. See
Figure S6 for GF DOS of 2L Ga/SiC system along Γ−K.
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projected bulk phonon bands of 6H-SiC (see section S2).
Phonon branches that overlap with the surface-projected bulk
phonons of 6H-SiC correspond to either SiC modes or surface
resonance modes. As the phonon wave-vector increases in
magnitude, the surface resonance modes at Γ evolve into
surface localized modes (Figure 3a), which show up as delta-
function-like peaks in the GF DOS (Figure 3b).
Figure 4 shows the experimental Raman spectra for 2D Ga/

SiC in two regions of the sample, obtained using 633 nm

incident light. Both regions are dominated by a combination of
1−3L Ga, according to cross-sectional HAADF-STEM images
(Table S3). The peaks, R1 (A: ∼25 cm−1, B: ∼28 cm−1) and
R2 (A: ∼52 cm−1, B: ∼46 cm−1), are close in frequency to the
most prominent low-frequency peaks observed in the GF DOS
for zone-center phonons in 1−2L Ga on SiC (Figure 1b; E(1)

in 1L: 27 cm−1, E(2) in 2L: 47 cm−1). The broad features in the
GF DOS (E(1) in 2L and E(2) in 3L) may also contribute to the
observed Raman signals, due to resonant enhancement effects
(unpublished results). E(3) in 3L Ga/SiC is not observed in
experiment; our calculations on resonant Raman intensities
confirm that this shear mode has a significantly lower Raman
intensity at 633 nm (unpublished results). We have also
performed Raman measurements with cross- and parallel-
polarization configurations. The R1 and R2 peaks are observed
under both configurations (Figure S7), confirming that these
peaks correspond to shear modes rather than breathing
modes.18 Taken together, the experimental measurements
clearly demonstrate the observation of the predicted low-
frequency interlayer shear modes in 2D polar Ga, and
constitute the first reports of shear modes in a 2D metal. We
further comment that scattering lengths of ∼1 nm also result in
a phonon peak at ∼27 cm−1, and this corresponds to an in-
plane longitudinal acoustic mode (Figure S8). This short
wavelength scattering may not be relevant given the domain
sizes of ∼10−70 nm observed here (Table S3) but can be
important in 2D alloys.5

In conclusion, we have elucidated the nature of low-
frequency phonons in a 2D polar metal−2D Ga on SiC.
Surface resonance modes with in-plane shear vibrations are
predicted and observed in Raman experiments. Thickness-
dependent phonon frequencies reveal that the effective
interlayer force constant within the 2D metal increases as the

thickness increases from 1L to 4L. This observation is distinct
from that in van der Waals layered materials, and arises from
the coupling of the 2D metal to the substrate, which results in
an asymmetric bonding profile in the system. We expect that
the low-frequency shear modes predicted here will also be
present in other 2D metals (e.g., In, Ag, alloys)15 that have
similarly been fabricated by heteroepitaxy on SiC. A clear
understanding of the low-frequency phonon modes in these
2D polar metals is important for developing an atomic-scale
understanding of the coherent, coupled electron and phonon
dynamics in these emerging systems.19

■ METHODS
Green’s Function Method. The Green’s function G̃

corresponding to the dynamical matrix of a system is given by

ϵ − ̃ =I D G I( ) (1)

where ϵ = (ω + iη)2, η is a positive infinitesimal number 0+, I is
the identity matrix, D is the dynamical matrix, and G̃ is the
Green’s function matrix of the whole system. G̃ can be
partitioned according to individual parts.
2D metal/SiC systems are semi-infinite as illustrated in

Figure 1a. Hence, the dynamical matrix in eq 1 is a semi-
infinite matrix. The Green’s function G̃ can be partitioned into
submatrices as followsÄ

Ç
ÅÅÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑÑÑ
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I D d

d I D
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S SB

BS B

s S SB

SB B B

1

(2)

where the matrix (ϵIs−DS) corresponds to the surface region,
(ϵIB−DB) is a semi-infinite matrix of the substrate, and dSB and
dSB† († represents conjugate transpose) are the coupling
matrices which take into account interactions between the
surface region and the substrate. We include interactions
between all atoms in the surface region, and those in the top
six layers of SiC, which is one unit of 6H-SiC in the bulk.
The retarded Green’s function of the surface region can be

expressed explicitly as

ϵ= − − Σ −G I D( )S s S
1

(3)

where Σ = dSBGdSB† is the self-energy term. G is the so-called
uncoupled Green’s function of the substrate20 (see section S2).
The self-energy Σ is calculated by an iterative procedure21,22 as
discussed in the section S2.
The spectral function of the surface region is given by

ω = − †A i G G( ) ( )S S (4)

and the density-of-states (DOS) is given by

ω ω ω π= Tr ADOS( ) ( ( ))/ (5)

The DOS defined here is the GF DOS in the main text. η is
1E−8 in our calculations. During the calculations, a simple sum-
rule is applied to the force constant matrices used to construct
the dynamical matrices (see section S3).

First-Principles Calculations. DFT calculations are
performed using the local density approximation (LDA)23

and generalized gradient approximation (GGA)24 for the
exchange-correlation functional as implemented in the plane-
wave pseudopotential code, QUANTUM ESPRESSO.25 The
force constant matrices are obtained using density functional
perturbation theory (DFPT). See section S4 for details.

Figure 4. Experimental Raman spectra of 2D Ga. Raman spectra of
2D Ga in regions A and B under a 633 nm laser. R1 and R2 are two
obvious Raman signals observed in the experimental Raman spectra.
Their frequencies are labeled in cm−1. The Raman spectra are
normalized to the folded transverse optical (FTO) mode of 6H-SiC at
789 cm−1. See Table S3 for details of regions A and B.
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Raman Spectroscopy. Raman characterization is per-
formed on a Horiba LabRam HR Evolution system, using a gas
HeNe 633 nm laser (ThorLabs, HRP350-EC) accompanied by
a Volume Bragg Grating notch filter (referred to as ULF filters
by Horiba). The spectra are normalized to the FTO mode
maximum of the 6H-SiC (789 cm−1), and then, a baseline
offset is applied. See section S5 for more details.
Cross-Sectional HAADF-STEM. Cross-sectional samples

for STEM imaging were prepared using the in situ lift-out
method in a FEI Helios NanoLab DualBeam 660 focused ion
beam (FIB). Cross sections were prepared using the FIB Ga+

ion beam at 30 kV, and then stepped down to 1 kV to avoid
ion beam damage to the sample surface during final thinning.
High-resolution STEM imaging of the prepared cross sections
was performed in a FEI Titan G2 80−300 transmission
electron microscope. See section S6 for details of the
microscope and detectors.
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