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Characterization of epitaxial silicene with Raman spectroscopy
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Silicene, the silicon equivalent of graphene, is most commonly grown on Ag(111) substrates where it undergoes
reconstruction due to the strong interaction between the Si and Ag atoms. We demonstrate through first-principles
density functional theory for eight reconstructions that the Raman spectrum is unique for each configuration. We
argue that the reconstructions can, in fact, be identified by their Raman spectra and suggest key features within
the spectra as points of reference to be used for identification.
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I. INTRODUCTION

Silicene is a two-dimensional (2D) honeycomb lattice of
silicon atoms which, unlike its carbon counterpart graphene
[1], exhibits a sublattice buckling, that is, the A and B

sublattices of the honeycomb structure are vertically shifted
relative to one another (see Fig. 1). While predicted to be stable
by density functional theory in 1994 [2], its synthesis was not
possible until the early 2010s [3–6]. Silicene is typically grown
by depositing Si atoms from a preheated wafer on Ag(111)
surfaces [7–9]. Its properties resemble those of graphene in
many ways; for example, silicene exhibits a similarly high
charge-carrier mobility [10] and a Dirac-cone-shaped low-
energy band structure at the Brillouin zone corners [11,12].
The aforementioned sublattice buckling, however, introduces
interesting new physics into the honeycomb monolayer of
silicon. The lack of an in-plane σh mirror symmetry in the
crystal, coupled with the intrinsic atomic spin-orbit coupling
of Si atoms, gives rise to a topological band gap on the order
of a few meV [13–16]. This band gap can be manipulated
by strain [17–20], and also by an external electric field [14]
which, above a critical magnitude of the electric field, induces
a quantum phase transition from topological insulator to band
insulator phase [14–16].

Silicene samples grown on silver substrates have been
successfully used to fabricate field effect transistors that
provide good performance at room temperature [21–23]. A
more widespread utilization of silicene in nanoelectronics and
related fields faces considerable challenges due to limitations
in existing sample fabrication methods. The chemical vapor
deposition growth of silicene on Ag(111) surfaces remains
the most effective means of silicene production, and since
the interaction between Ag and Si atoms is strong, usually
covalent bonds are formed during the growth process. The
strong bonding to the substrate makes it difficult to transfer
the sample to other substrates without damaging the lattice.
Moreover, silicene undergoes reconstructions on the Ag(111)
surface which may occur in a number of ways depending
on its orientation, which results in various hybrid silicene-
silver structures dispersed on the sample [24–26], including
various structures deposited on

√
13 × √

13 and 2
√

3 × 2
√

3

supercells of the Ag(111) surface, and the 3 × 3 silicene on
4 × 4 Ag(111) surface. The lattice constant and the structure of
the top layer of these surface reconstructions can be measured
accurately by scanning tunneling microscopy (STM) [27];
however, the precise atomic structure of the substrate remains
hidden as the STM can only detect the top layer, keeping the
silver substrate hidden beneath the Si atoms. In conjunction
with computational simulations, STM can be used to attempt
identification of various types of reconstructions [6]; however,
for more complex reconstructions, the experimentally obtained
data often suffers from poor resolution [26] which makes
precise identification of the reconstruction through the STM
simulations challenging.

Further information can be extracted from the structure by
the utilization of angular resolved photoelectron spectroscopy
(ARPES), which probes the occupied electron bands. However,
ARPES measurements have sparked some debate over the
precise nature of the bands in the reconstructed silicene. Early
measurements identified Dirac cones in the ARPES spectrum
and interpreted them as surface Dirac electrons [28], but later it
was shown that these Dirac-cone-like bands in fact arose from
the silver surface [29,30]. More recent studies suggest that
while silicene atop Ag(111) can exhibit conelike bands, these
are not related to the Dirac cones at the K point of freestanding
silicene but are features originating from hybridized bands
due to the interaction between the silicene and the substrate
[31–33].

Moreover, silicene is highly unstable under atmospheric
conditions. In order to protect materials that degrade swiftly
due to, e.g., oxidation, encapsulation in graphene or hexagonal
boron nitride (h-BN) can be applied [34,35]. A downside
of encapsulation is that it prohibits STM from probing the
materials beneath the encapsulating layers, similar to how
silicene hides the features of the underlying silver substrate;
the information that can be extracted from STM images on
encapsulated structures is limited to the lattice parameter which
can be obtained if moiré patterns manifest [36–40].

On the other hand, in particular h-BN encapsulation is
advantageous in that h-BN is transparent and does not prohibit
optical spectroscopy. This opens the possibility to utilize
Raman spectroscopy to identify the reconstruction even after

2469-9950/2018/98(7)/075437(9) 075437-1 ©2018 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.98.075437&domain=pdf&date_stamp=2018-08-30
https://doi.org/10.1103/PhysRevB.98.075437


G. KUKUCSKA, V. ZÓLYOMI, AND J. KOLTAI PHYSICAL REVIEW B 98, 075437 (2018)

3.8
25

0.439

 0

 100

 200

 300

 400

 500

 600

Γ K M Γ

ZA

LA

TA

ZO

LO

TO

F
re

qu
en

cy
 (

cm
-1

)

FIG. 1. Lattice structure of silicene in top view and side view
(top panel) and the phonon dispersion along the high-symmetry lines
(bottom panel). The LDA values [14] for the in-plane lattice constant
and the vertical sublattice buckling are displayed.

silicene has been encapsulated in h-BN, thus enabling the
detailed spectroscopic study of silicene superstructures in
ambient conditions using optical spectroscopy methods.

Raman spectroscopy offers a powerful way to analyze
silicene and its reconstructions. This nondestructive technique
relies on inelastic scattering of light to probe the phononic
excitations in the lattice, and provides this information for
both the silicene sheet and the substrate underneath. For the
study of silicene grown on specifically silver substrates, Raman
spectroscopy can also take advantage of surface enhancement
effects [41]. It is also well suited to probe reconstructed
surfaces, as reconstructions inevitably bring with them changes
to the phonon frequencies and eigenvectors, which can often
lead to a vibrational spectrum that can be characteristic of
a specific type of reconstruction. Recent experiments found
several differences between the Raman spectra of different
surface reconstructions of silicene [42–47]. However, the mea-
sured Raman spectrum by itself cannot reveal the lattice struc-
ture; it is necessary to obtain a point of reference which can be
used to assign a Raman signature to a specific reconstruction.
Such a point of reference can be provided by first-principles
theory. Density functional theory (DFT) is able to compute
the fully relaxed atomic structure of a reconstructed silicene
on a substrate, and subsequently the corresponding Raman
spectrum. Calculating the Raman spectrum of several different

surface reconstructions of silicene on Ag(111) would enable
the identification of the reconstructions in the experimental
samples by comparing the measured and calculated Raman
spectra.

In this work we use DFT in the local density approximation
(LDA) to demonstrate the differences between different surface
reconstructions of silicene atop Ag(111). We model the Raman
cross section of the reconstructed lattices using the Placzek
approximation and calculate the first-order Raman spectra. We
compare the results to experiments and suggest a guideline for
the classification of measured spectra and the identification of
the superstructures.

II. RESULTS

To model reconstructions of silicene (Si2) on the Ag(111)
surface we use the supercell method. We construct a periodic
Si/Ag superstructure composed of a supercell of silicene and
a supercell of a slab of Ag(111) where we fix the in-plane
lattice parameter of Ag(111) at that of the bulk crystal and
stretch or compress the lattice parameter of silicene in order
to achieve commensurability in the structure. We model the
Ag(111) surface by taking seven layers of Ag atoms in the
slab and, to account for surface relaxation effects [48–50], we
perform a full structural relaxation on the Si/Ag superstructures
by keeping the lattice vectors and the atoms in the bottom two
layers fixed. This process models the reconstruction of silicene
on a macroscopic Ag substrate where the deposited monolayer
of Si atoms is expected to adjust to the substrate.

Due to the mismatch between the lattice constants of
silicene and the Ag(111) surface, strain is introduced into the
silicene layer as it is deposited on the surface. Reconstruction
occurs as a result of the competition between, on the one
hand, the silicene preferring to relax into a minimum strain
configuration, and, on the other hand, the strong bonding
between Si and Ag atoms which promotes crystalline order
in the superstructure. In this paper, we carry out first-rinciples
modeling of eight possible types of reconstructions, denoted
here as structures A–H, some of which have been observed in
experiments [24–26] while others have been predicted theo-
retically [49]. Details of the computations are provided in the
Appendix.

The outcome of the structural relaxation of the Si/Ag
superstructures is illustrated in Figs. 2(a) and 2(b). The cor-
responding binding energies (EB) are listed in Table I, where
EB is defined as

EB = (ESi/Ag-ESi-EAg)/NSi, (1)

where ESi/Ag is the total energy of the Si/Ag superstructure,
ESi and EAg are the total energy of the freestanding silicene
supercell and the freestanding Ag(111) slab, respectively, and
NSi is the number of Si atoms in the superstructure.

We find that the honeycomb structure is well preserved for
the five structures (A–E) with relatively small (<5%) strain and
except for the D structure, the strain and the binding energy
is inversely proportional. This relation between the applied
strain and the binding energy is not surprising as compressing
a lattice will increase its energy, while the energy gain from
the Ag-Si binding is rather unchanged, thus the superstructure
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FIG. 2. Atomic structure in side (a) and top (b) view, and STM images at low (c) and high (d) bias for Si2 on Ag(111) in various reconstructions
according to DFT calculations. Bias voltage in the STM simulation was set to Ubias = −50 mV and Ubias = −1.4 V for the low and high bias,
respectively.

is expected to be less energetically favorable if the strain is
larger.

In contrast, within the subset of the three superstruc-
tures where the silicene sheet is heavily distorted (F–H),

the magnitude of the binding energy is proportional to the
strain, implying that the structures become more energetically
favorable with increasing strain. This perhaps counterintuitive
finding can be understood by considering that silicene is a
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TABLE I. Binding energy (EB ) of silicon atoms on the Ag(111)
surface and the corresponding strain on the silicene sheet in various
reconstructions.

Structure EB (meV) Strain (%)

A:
√

7 × √
7-I Si2 on

√
13 × √

13 Ag(111) −459 −0.7
B:

√
7 × √

7-II Si2 on
√

13 × √
13 Ag(111) −458 −0.7

C: 3 × 3 Si2 on 4 × 4 Ag(111) −436 −2.8
D: 2 × 2 Si2 on

√
7 × √

7 Ag(111) −152 −3.6
E:

√
7 × √

7 Si2 on 2
√

3 × 2
√

3 Ag(111) −419 −4.6
F: 3 × 3 Si2 on

√
13 × √

13 Ag(111) −231 −12.3
G: 2

√
3 × 2

√
3 Si2 on 4 × 4 Ag(111) −252 −15.7

H: 2
√

3 × 2
√

3 Si2 on
√

13 × √
13 Ag(111) −279 −24.1

metastable phase of silicon. The total energy per Si atom of
the bulk three-dimensional silicon crystal is approximately
643 meV below that of silicene according to the LDA; this
is due to silicon favoring the sp3 hybridization found in the
face-centered-cubic lattice over the nearly sp2 hybridization
found in silicene. Therefore, if silicene is subjected to a
sufficiently large distortion caused by compressive strain,
the lattice will be stabilized by greater strain, because the
compression pushes the bonds closer to sp3 hybrids. This is
the reason why increasing strain makes the highly distorted
superstructures more energetically stable, but one should note
that the superstructure where the silicene remains undistorted
(and is subjected to very little strain) remains far more stable.

The surface reconstructions studied here, with the exception
of structure D which appears to be the least stable of them all,
can be separated into two categories based on their binding
energies. The members of each group exhibit binding energies
that agree within 50 meV, despite having clearly distinguish-
able atomic structures. This agrees with the experimental
observation [24–26,46] that structures A, C, and E can grow
at the same temperature. The fact that several structures can
be grown in given environmental conditions underlines the
importance of reliably telling these structures apart in the
experiments.

Options for characterizing the reconstructions include scan-
ning imaging methods such as STM [27,51,52]. We simulated
the STM images of the reconstructions based on the Tersoff-
Hamann approach [53] under high and low bias voltages of
Ubias = −1.4 V and Ubias = −50 mV, respectively. Images in
Figs. 2(c) and 2(d) were calculated by averaging the surface
density of states for all electronic states that fell within a
200 meV window centered around the energy level set by the
bias voltage. The STM image of the barely strained structures
presented in the first five rows of Figs. 2(c) and 2(d) exhibits
similar features observed in several experimental [6,26,54] and
theoretical [26,49,55] studies. However, our calculated STM
image of structure B deviates from the theoretical prediction
in Ref. [49] as instead of a single intensive point, a trigonal
feature can be seen similar to the STM image of structure A.
The difference can be attributed to that this structure appears
to be unstable according to the findings in Ref. [49], which
implies that there can be considerable variation in the outcome
of a structural relaxation for this phase. Similar STM images
for the bottom three strained structures in Figs. 2(c) and 2(d)

can be found in the literature [8,24,49], and these exhibit
similar features to those found in our calculations, albeit, as
discussed above, exact identification of these is challenging
due to much of the detail in the measurements being blurred.
Measuring the STM image with different voltages might help
the identification; however, comparing Figs. 2(c) and Fig. 2(d)
shows little to no difference between the structures. It is
important to realize that STM cannot probe the substrate
beneath the silicene and therefore cannot provide a complete
description of the reconstruction. In contrast, differences in
the precise structure of the reconstructions may give rise to
measurable differences in their Raman spectra, which, as we
argue below, can be used to identify the structures.

The calculated Raman spectra of the superstructures—
based on the Placzek approximation (see the Appendix for
details)—are presented in Fig. 3. For comparison, we highlight
the �-point vibrational frequencies of the undistorted silicene
layers with vertical lines, where the sole Raman-active mode is
plotted with solid, and all other modes with dashed lines; these
are obtained from the phonon dispersion shown in Fig. 1 by
zone folding them into the Brillouin zone of the corresponding
supercell noted over each spectra. For easier comparison of
the Raman spectra and the structures, the STM image of each
supercell is shown in the inset, calculated for Ubias = −1.4 V.

The Raman spectra of the superstructures are dominated by
the very strong peak originated from the Raman-active peak of
the freestanding silicene layer. Due to the strain and the binding
with the substrate, the position of this peak substantially
changes between different reconstructions. This could, in
principle, enable an easy way to distinguish the structures by
measuring this Raman mode; however, broadening effects may
make it difficult to resolve the fine structure of the Raman
spectrum, preventing the identification of the reconstruction
from just this mode alone.

The rest of the Raman bands hold information thanks
to the varying size of the reconstruction. In the most naive
approximation the phonon frequencies in the superstructure
would correspond to the phonons of freestanding silicene
which zone fold into the � point of the supercell (illustrated by
the dashed vertical lines), but none of them would contribute
to the spectrum since they are all inactive in leading-order
Raman processes. After reconstruction, however, the actual
vibrational modes change, both in terms of frequency and
atomic motion, and gain finite Raman intensity. The details
of this effect depend on both the size of the silicene supercell
and the substrate supercell, which gives rise to measurable
differences between the reconstructions in Fig. 3.

Experimentally the most investigated system is the C
structure. Its Raman spectrum is characterized by two major
features: the main peak at 514 cm−1 with a broad shoulder and
two distinguishable peaks [46,47,56] at 214 and 170 cm−1.
Although the first feature is reproduced fairly well in our results
in Fig. 3, the second feature is missing, and another double
peak is present around 300 cm−1 originated from ZO phonons
[56]. Contradictory experimental data can also be found in the
literature, as Ref. [43] reports a wide band around 300 cm−1,
while Raman spectra in Refs. [46,47,56] do not show such
a peak at all. The absence of significant Raman response at
∝200 cm−1 in our calculations can be explained by considering
the likely origin of this band in the experiments. The ZO
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FIG. 3. Calculated Raman spectra of the Si/Ag superstructures, plotted in red solid lines. Vertical lines indicate the frequencies of the
freestanding silicene supercells, plotted in dashed lines for the inactive modes and in solid for the only Raman-active mode; insets show
calculated STM images for Ubias = −1.4 V. The dominant directions (in-plane or out-of-plane) of the atomic motion in the vibrations that give
rise to the main peaks in the spectra are indicated by arrows.

phonon branch of silicene starts just below 200 cm−1 and is rel-
atively flat near the zone center [56], meaning, that phonons of
nonzero wave vector could enhance the Raman response in this

frequency region. However, phonons not originating from the
� point can only be excited via higher order processes, such as
those induced by defect scattering. The uneven growth within
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the samples certainly promotes defect-induced scattering, and
the strong variation in the relative intensity ratio of the two
peaks in different measurements supports this interpretation
as well. Moreover, the huge tip enhancement in Ref. [56]
indicates defect-induced origin, as defect-induced peaks are
usually more sensitive to tip enhancement [57]. Since in our
calculations we only considered �-point phonons, our spectra
do not account for defect-induced processes, which explains
the low intensity of the Raman band at ∝200 cm−1 in our
calculations for structure C.

Comparing the Raman spectra of the other structures to
experiments is challenging as the usual notation in the literature
only includes the reconstruction of the silver substrate. As
discussed before, a given Ag(111) surface can host several dif-
ferent silicene reconstructions [e.g., the

√
13 × √

13 Ag(111)
surface can host four different reconstructions of the silicene
lattice], and the reconstructions can have different Raman
fingerprints as shown in Fig. 3. These unique fingerprints
can be used to identify the silicene structures; for example,
in Refs. [43,44,56] the measured Raman spectra of unknown
silicene structures deposited on the

√
13 × √

13 Ag(111)
surface are reported. In Refs. [43,56] a distinct peak around
240 cm−1 is visible, similar to the Raman spectra of structure
A shown in Fig. 3, while the Raman spectra presented in
Ref. [44] do not show this feature, although a wide shoulder
can be seen, similar to the spectra of structure H. Several
experiments [21,46,56] show similar Raman spectra of silicene
on the 2

√
3 × 2

√
3 Ag(111) surface, where usually two peaks

are visible, much like in our calculated spectra of structure E
shown in Fig. 3.

Therefore we can derive simple rules of thumb to distinguish
between silicene structures placed on a given silver substrate,
as follows.

Silicene placed on the
√

13 × √
13 Ag(111) can be dis-

tinguished by two features: the shoulder of the main peak at
around 400–500 cm−1, and the low-frequency band at around
200 cm−1. If only the shoulder is present, then the silicene
structure can be identified as the F or the H structure, depending
on whether the shoulder is broad (F) or narrow (H). If the
shoulder is absent but the low-frequency band can be seen, that
is indicative of the A structure. And although the B structure
is considered unstable [49], its fingerprint can in principle
be identified with a small shoulder of the main peak with
an additional single and a double peak at around 180 and
300 cm−1, respectively.

The two silicene reconstructions atop the 4 × 4 Ag(111)
substrate (structures C and G) can be distinguished by the
position of the secondary peak, and also by the intensity of
the shoulder of the main peak.

The Raman fingerprint of structures D and E, in which both
the silicene and the substrate are different, also exhibits features
useful for identification. The spectrum of structure E contains
only one additional peak apart from the main peak, while
the spectrum of structure D exhibits numerous extra features,
including one at ∝100 cm−1.

An important message of our analysis of the Raman re-
sponse of reconstructed silicene atop Ag(111) is that Raman
spectroscopy enables the identification of the reconstructions,
in part through the rich features that appear in the low-
frequency regime of several reconstructions. This regime

is accessible by techniques such as those employed in the
measurements of the sheer mode in few-layer graphene [58,59]
and transition-metal dichalcogenides [60]. Our calculations
predict that future experimental studies into the broader range
Raman spectroscopy of silicene on Ag(111) substrates will
unveil previously unseen features that will be useful for
characterization.

III. CONCLUSIONS

We have calculated the reconstructed structures of silicene
deposited on Ag(111) in eight different configurations and
modeled their Raman spectra using density functional theory
and the Placzek approximation. We have shown that ener-
getically the eight reconstructions are comparable, but their
structure and vibrational modes are very different, leading to
unique Raman responses. We have demonstrated that Raman
spectroscopy can be used to identify each structure and
classified a set of distinctive features in the spectra to use as
points of reference for the identification. This approach will
prove especially useful in future measurements on silicene
encapsulated beneath protective layers such as hexagonal
boron nitride.
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APPENDIX: METHODS

The superstructures in this work are modeled using first-
principles density functional theory and are carried out with
the VASP [61,62] code, using the projector-augmented wave
method within the framework of the LDA with a plane-wave
basis with a cutoff energy of 500 eV. As we model surfaces with
different in-plane supercell lattice constants—as defined by the
Ag(111) slabs—we employ a 6 × 6 × 1 k-point �-centered
Monkhorst-Pack grid [63] for the 4 × 4 Ag(111) and a 7 ×
7 × 1 k-point grid for the

√
13 × √

13 and the 2
√

3 × 2
√

3
Ag(111) throughout the calculations, which ensures that the
Brillouin zone is sampled with approximately the same density
as the 24 × 24 × 1 Monkhorst-Pack grid in the primitive cell

of a slab of Ag(111) (corresponding to ≈0.07 Å
−2

area per k
point in the Brillouin zone).

Phonon calculations are carried out using the frozen
phonon approximation. The dynamical matrix is calculated by
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FIG. 4. Normalized relative atomic weights in the �-point
phonons in the superstructure comprising

√
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3 Si2 on 2 × 2
Ag(111).

computing the second derivatives of the total energy with
respect to atomic displacements, where the atoms are displaced
by 0.015 Å. To calculate the whole dynamical matrix of the
superstructure, all Si and and Ag atoms should be displaced;
however, if the phonons of the silicene and the Ag(111) slab
are sufficiently localized on the corresponding subsystem, then
the correct frequencies and eigenvectors of silicene vibrations
can be calculated by displacing only the Si atoms. To test
that the frequencies can be accurately obtained this way, we
calculate the �-point phonon frequencies by displacing all
atoms on the example of the

√
3 × √

3 Si2 on the 2 × 2 Ag(111)
superstructure.

The contribution of the Si and Ag atoms to a given
phonon mode is calculated by summing the amplitudes of the
normalized atomic movements for each type of atoms. In Fig. 4
we show the weights of the atoms in each mode as a function of
the phonon frequencies at the � point. It can be clearly seen that
above a frequency of ≈200 cm−1 the vibrations of the silicene
layer are nearly completely decoupled from the Ag(111) slab
beneath. At low frequencies some of the Si and Ag vibrations
are mixed; however, when we calculate the Raman intensity as
described below, we find that these modes are Raman inactive,

therefore we conclude that it is a valid approximation to only
displace the silicon atoms during the phonon calculations.

To compute the Raman intensities we utilize the Placzek
approximation [64]. The Raman spectra are obtained by
calculating the first derivative of the linear polarizability tensor
with respect to the phonon normal modes,

I (ω,ωl ) =
∑

ν

ω4
s

ων

∑

ρ,σ

∣∣∣∣
∂αρσ (ωl )

∂Qν

∣∣∣∣
2

δ(ω − ων )[n(ων ) + 1],

(A1)

where ωl, ωs, ων are the frequencies of the exciting laser, the
scattered light, and the vibrational modes, respectively, αρσ

is the polarizability tensor, Qν are the normal modes, δ(x)
is a normalized Lorentzian function with a full width at half
maximum value of 10 cm−1 and n(ων ) is the Bose-Einstein
distribution at room temperature.

Usual exerimental setups utilize backscattering geometry,
thus the polarization of the incident and scattered light are
parallel to the surface. In order to compare our results with the
previously found experimental works, the average conducted in
Eq. (A1) was made over the xx, xy, yx, and yy components
of the polarizability tensor.

In the literature the intensities are often calculated by taking
the derivatives of the static polarizability αρ,σ ; however, we
found that the static polarizability (and its derivative) diverges
in gapless systems such as silicene or the Ag(111) substrate
and therefore cannot be used to predict the Raman intensities of
the structures studied here. To avoid this problematic behavior
of the static polarizability we used the first derivative of the
frequency-dependent polarizability tensor evaluated at a finite
laser energy of 2.33 eV to calculate the Raman intensities.

The frequency-dependent polarizability tensor is calculated
from first principles via linear response as implemented in
VASP [65], which computes the frequency-dependent dielec-
tric function ε(ω), allowing us to obtain the polarizability
as α(ω) = ε(ω) − 1. To reach convergence in the dielectric
function it is necessary to take a large number of empty bands
into account, which we achieve by including all empty states up
to 50 eV above the Fermi level. To obtain the Raman intensities,
we calculate the polarizability after displacing the atoms along
the phonon normal modes with a displacement amplitude of
0.015 Å, and calculate its numerical derivative.
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