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Vibrational properties of graphene quantum dots: Effects of confinement, geometrical structure,
and edge orientation
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We perform ab initio density functional theory calculations to study the lattice vibrations of graphene quantum
dots (GQDs) with triangular, quadrate, and hexagonal shapes in lateral confinement of 1 to 3 nm and terminated
in both zigzag and armchair orientations. We see the vibrational properties of GQD transform from molecular
type into bulk-like type with increasing dot size and the features of the vibrational density of state also highly
depend on the symmetry of the GQD. We find that the out-of-plane vibrated standing waves induced by lateral
confinement instead of the in-plane vibrations dominate the lattice vibrations of small GQDs. By projecting the
vibrational eigenvectors of GQDs on those of single-layer graphene, we see the mixture of the out-of-plane and
in-plane vibrational characters in GQDs as the result of the strong lateral confinement. We identify coherent
acoustic phonon modes in GQDs and find that the size dependence of coherent acoustic phonon frequency
increases with increasing the isotropy of nanostructures. Moreover, different confinement effects on lattice
vibrations along zigzag and armchair edge orientations are identified from ab initio calculations. We describe
the Raman intensity of GQDs and observe a blue shift of the G-mode position in GQDs comparing to that of the
single-layer graphene. Combining the bond length distribution at the edge of GQDs with the positive Grüneisen
parameters, we link such blue shift to the surface effect of GQDs.
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I. INTRODUCTION

The discovery of single-layer graphene (SLG) is one of
the most important milestones of material science and it has
fundamentally changed the landscape of many branches of
science and technology over the past decades owing to the
excellent physical properties of graphene with low toxicity
and biocompatibility [1–6]. Although remarkable electron
mobility as high as 15 000 cm−2V−1s−1 enables graphene
ideal for fabricating high-speed electronic devices, its gapless
band structure restricts a variety of optical and optoelectronic
applications [4,7–9]. To combine high-quality luminescence
with graphene materials, Pan et al. synthesized blue lumi-
nescent graphene quantum dots (GQDs) by cutting graphene
sheets into nanometer-sized pieces with well-confined shape
via hydrothermal route in the early 2010s [10]. Following their
pioneering work, enormous attention has been paid on GQDs.
Till now, GQDs of circular, elliptical, triangular, quadrate,
and hexagonal shapes with lateral dimension of a few to
hundreds of nanometers have been well synthesized [11]. This
renders GQDs not only as an attractive platform to study
the basic principle of quantum effects [12,13] but also as a
key component of the next-generation optoelectronic devices
[11,14–19].

Importantly, a solid understanding of the electronic and
vibrational properties is a decisive step for the future progress
of GQD based optoelectronic devices. Indeed, the electrostatic
confinement of Dirac Fermions in GQDs with the so-called
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Klein paradox have been extensively studied in both theory
and experiment [12,13,20–24]. On the other hand, despite
a rather intense Raman spectrum studies have been focused
on graphene flakes [25–29], studies on the vibrational prop-
erties of GQDs are still rare [30–32]. Unexpected effects
from lateral confinement, edge orientation, and geometry
structure on the vibrational properties of GQDs are to be
unraveled. Moreover, in most of the theoretical studies where
electron-phonon interaction, phonon-phonon interaction or
other phonon-related process is considered, the lattice vibra-
tions of GQDs were either calculated at the level of continuum
models or roughly taken from the phonon states of SLG
[32,33]. Systematic studies on the vibrational properties of
GQDs are thus fundamentally important for both understand-
ing the nature of lattice vibrations in 2D materials with lateral
confinement and for further progress of the phonon-related
process.

In this paper, we perform ab initio density functional theory
(DFT) calculations to study the lattice vibrations of GQDs
with lateral dimension of a few nanometers, which is typical in
experiments [34,35]. To investigate the effects of edge orien-
tation and geometry structure on the vibrational properties, we
calculate the vibrational eigenmodes of GQDs with triangular,
quadrate, and hexagonal shapes terminated by both zigzag and
armchair edge structures. A schematic of GQDs studied in
this paper is given in Fig. 1(a). As shown in Fig. 1(a), the
size of GQD L, which is defined as the maximum distance
between two carbon atoms in the quantum dot, is labeled
on GQDs with different geometry and edge structures. To
compare the vibrational density of state (DOS) of GQDs with
that of SLG, we define a similarity function to measure the
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FIG. 1. (a) Schematic illustration of triangular, quadrate, and
hexagonal shaped GQDs with zigzag and armchair edge structures.
The size of GQD L, which is defined as the maximum distance
between two carbon atoms in quantum dots, is labeled on the GQDs.
(b) Phonon dispersion curve of SLG along high-symmetry axes.
(c) Phonon DOS of SLG.

tendency to mimic the vibrations of SLG. From our ab initio
calculation, we find that the vibrational properties of GQDs
change from a form of molecular-like discrete type DOS to
a SLG-like form with increasing dot size and high value of
similarity is obtained for GQDs with the same point group
symmetry as SLG. We find the out-of-plane vibrated standing
waves induced by lateral confinement instead of the in-plane
vibrated modes dominate the lattice vibrations of GQDs. By
projecting the vibrational eigenvectors of GQDs on those of
SLG, we see the characters of the out-of-plane vibrations are
mixed with those of the in-plane modes in GQDs as the result
of strong lateral confinement. We find stronger confinement
effect on acoustic phonon modes than optical modes in GQDs
and link this feature with continuum models. Moreover, we
identify the vibrations of the coherent acoustic phonon modes
in GQDs with various geometry structures and edge orien-
tations. Strong size dependence of coherent acoustic phonon
frequency is found in GQDs with high isotropy geometry
structure. In addition, different confinement effects on the
lattice vibrations of GQDs in the zigzag and armchair edge
orientations are obtained from our DFT calculations. We also
study the Raman intensity of GQDs and observe a blue shift
of the G-mode position in GQDs compared to that of the SLG.
Combining the bond length distribution at the edge of GQDs

with the positive Grüneisen parameters, we attribute the blue
shift of the G-mode as the result of the surface effect in GQDs.

II. THEORETICAL METHOD

We constructed the GQDs by cutting a triangular, quadrate,
or hexagonal graphene piece from a SLG flake along zigzag
or armchair orientation at the edges. To avoid the surface
states in zigzag edged GQDs, carbon atoms located at the
zigzag edges with dangling bonds are terminated by hydrogen
atoms. Due to the missing of C3 and C6 rotational symmetry
and S3 and S6 improper rotational symmetry in triangular
and quadrate structures, the point group symmetry decreases
from D6h (with 24 operations) of SLG to C2h (with 4 op-
erations) of triangular GQDs and D2h (with 8 operations)
of quadrate GQDs, respectively. The ab initio DFT calcu-
lations are performed using the local density approximation
(LDA) and Trouiller-Martin normconserving pseudopoten-
tials with an energy cutoff of 30 Ry. To avoid interaction
between adjacent images, a vacuum of 10 Å is added be-
tween the outermost atoms. The equilibrium positions of
atoms in GQDs are optimized until the forces are reduced to
less than 3 × 10−6 Hartree/Bohr under constrained symmetry.
The dynamical matrix elements are then calculated via finite
difference approach with the optimized geometry structures.
The vibrational frequencies ω along with the corresponding
eigenmodes U of GQDs are thereafter obtained via diagonal-
ization of the dynamical matrix,

∑

J

1√
MI MJ

∂2V (R)

∂RI∂RJ
U J = ω2U I , (1)

where MI (J ) is the mass of atom I (J), V (R) denotes the poten-
tial energy surface as function of atomic position R, and RI (J )

represents the position of atom I (J), respectively [36–38]. All
the DFT calculations of GQDs are performed using the CPMD
code package [39].

In this paper, we define atoms, which only have two nearest
neighboring carbon atoms, along with their nearest neighbors
as edge atoms while the others are core atoms, respectively. In
order to separate the contributions from the core and the edge
atoms on the lattice vibrations, we calculate the projection
coefficients,

αν
c(e) =

∑Nc (Ne )
I |X ν

I |2∑N
I=1 |X ν

I |2
, (2)

with Nc, Ne, and N denoting the core, the edge, and the
total number of atoms, respectively. The three-component
vector X ν

I represents the motion belonging to atom I from
the 3N-component eigenvector U ν with mode ν [37,40]. To
investigate the origin of lattice vibrations of GQDs from SLG,
we project the vibrational eigenvectors of GQDs U ν on the
3N-component vectors constructed by the phonon modes of
SLG as

U ν =
∑

n,q

Cν
n,qU

SLG
n,q . (3)

Here, the 3N-component vector is constructed as USLG
n,q =∑

I uτ
n,q exp(iq · RI ) with uτ

n,q the three-component of SLG
phonon eigenvector for atom τ , phonon branch n, and wave
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FIG. 2. Vibrational DOS contributed by the motion of core atoms (solid black lines) and edge atoms (dashed red lines) of [(a)–(e)] triangular
GQDs, [(f)–(j)] quadrate GQDs, and [(k)–(o)] hexagonal GQDs with zigzag edge structure. Phonon DOS of SLG is plotted as solid green lines.

vector q. The vibrational eigenvectors un,q along with the
phonon dispersion of SLG are calculated via ab initio density
functional perturbation theory (DFPT) implemented in the
Quantum ESPRESSO code [41,42] using the same pseudopo-
tentials and the same energy cutoff as those for GQDs. A
Monkhorst-Pack k-point mesh of 18 × 18 × 1 is used in the
DFPT calculation.

III. VIBRATIONAL DENSITY OF STATES

Before investigating the vibrational properties of GQDs,
we start our discussion from the phonon states of pristine
SLG. In Figs. 1(b) and 1(c), we present our calculated phonon
dispersion curve of SLG along � → M → K → � direction
with the phonon DOS. As shown in Fig. 1(b), frequency of
the out-of-plane vibrated acoustic (ZA) mode of SLG is lower
than that of the in-plane transverse and longitudinal acoustic
(TA, LA) modes. Vibrational frequencies of the out-of-plane
and in-plane optical modes display an analogous relation to
those of the acoustic modes. Due to the lack of acoustic-optic
phonon band gap, we see an overlap between the frequencies
of the out-of-plane optical (ZO) mode and the LA mode
within the frequency range of 800–1000 cm−1 around the
M point of the Brillouin zone (BZ). Moreover, a q2-dependent
dispersion of ZA mode around the BZ center is obtained as a
consequence of the point group symmetry [43,44].

After looking at the phonon properties of SLG, we now
focus on the lattice vibrations of GQDs. Figures 2(a)–2(o)
shows the calculated vibrational DOS of triangular, quadrate
and hexagonal GQDs with zigzag edge structure and differ-

ent sizes. In this figure, lattice vibrations contributed by the
motion of the core and edge atoms are color-coded as solid
black and dashed red lines, respectively. To benchmark the
vibrational DOS of GQDs with SLG, we plot the calculated
phonon DOS of SLG as solid green lines. Both the vibrational
DOS of GQDs and SLG are plotted with a broadening of
0.8 cm−1. From Fig. 2, we see higher vibrational DOS located
within the frequency region below 400 cm−1 and the range
between 900 to 1400 cm−1 for GQDs compared to SLG, espe-
cially for small dots. As indicated in Fig. 1(b) and 1(c), these
frequency regions are highly overlapped with the frequencies
of ZA and ZO modes of SLG, respectively. Moreover, the
maxima in the phonon DOS of SLG located around 450 cm−1,
650 cm−1, and 1500 cm−1, which correspond to the van Hove
singularities of the acoustic and optical branches, disappear in
the vibrational DOS of GQDs with small sizes. These results
indicate that the out-of-plane vibrations instead of in-plane
modes dominate the lattice vibrations of small GQDs. Later,
we will see these out-of-plane modes are not the analogues
of ZA/ZO modes but the transverse standing waves induced
by lateral confinement via projecting the vibraitonal eigen-
modes of GQDs on SLG. (See Supplemental Material for
the movies of the confined acoustic modes of GQD [45].)
In contrast, we find high density of vibraitonal modes lo-
cates around 550 cm−1, which is between two van Hove
singularities of SLG (located at 450 cm−1 and 650 cm−1)
for GQDs with different sizes and shapes. These modes are
identified as a series of in-plane vibrated acoustic modes. The
movies of these modes are provided within the Supplemental
Material [45].
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Following the discussion on the vibrational DOS of zigzag
edged GQDs, we now turn to GQDs with armchair edges.
Contrast to edges along the zigzag orientation, where non-
bonding π -electron state exists in the edge region, the local
state disappears in armchair edges [46,47]. We therefore study
the lattice vibrations of armchair edged GQDs without hydro-
gen passivation. In Figs. 3(a)–3(k), we present the calculated
vibrational DOS of armchair edged GQDs with triangular
[(a)–(d)], quadrate [(e)–(g)], and hexagonal [(h)–(k)] struc-
tures. In this figure, vibrations contributed by the motion of
the core and the edge atoms are plotted as solid-black and
dashed-red lines with solid-green lines for the phonon DOS
of SLG. Similar to GQDs with zigzag edges, we find the out-
of-plane vibrated confinement modes play an important role
on the lattice vibrations of armchair edged GQDs with small
sizes. Moreover, high density of in-plane vibrated acoustic
phonon modes also appears in the calculated vibrational DOS
with frequency around 550 cm−1. Comparing to zigzag edged
GQDs, we see the density of the in-plane vibrated optical
modes with frequency around 1500 cm−1, which corresponds
to the van Hove singularity of the LO and TO branches of
SLG (dominated by the vibrations of LO and TO phonons
with wave vectors located between M to K points and around
K point in the direct of K → � in the reciprocal space), is rel-
atively weaker in armchair edged GQDs. Instead, high density
of vibrational modes with optical characters display a red shift
to the frequency range between 1400 and 1500 cm−1 in arm-
chair edged GQDs. To reveal the red shift of the optical-like
modes in armchair edged GQDs, we turn to look at the bond
lengths of GQDs with the same geometry shapes but different
edge structures. As shown in Figs. 2 and 3, these high-density
optical modes are mainly contributed by the vibration of core
atoms, especially for large dots. We thus calculate the average
bond length of the core atoms in GQDs. For the largest GQDs
we studied in, the average bond length of core atoms āc of
triangular GQD with zigzag edges is 1.412 Å, while that
of the armchair edged triangular GQD is 1.417 Å. Similar
to triangular GQD, the values of āc of quadrate (hexan-
gular) GQDs with zigzag and armchair edge structures are
1.411 Å (1.409 Å) and 1.416 Å (1.417 Å), respectively. Due to
the positive Grüneisen parameters of the LO and TO phonon
modes of graphene [48], the longer average bond length of
armchair edged GQDs leads to the lower frequency of the
optical-like modes.

As shown in Figs. 2 and 3, the vibrational DOS of GQDs
displays a tendency to mimic that of SLG as the size of
the GQD increases. In order to quantitatively analyze such
tendency, we define a similarity function as

SVDOS =
∑

n

f GQD
VDOS(ωn) f SLG

VDOS(ωn)

| f SLG
VDOS(ωn)|2 , (4)

where f GQD(SLG)
VDOS (ωn) is the normalized vibrational DOS of

GQD (SLG) with | f GQD(SLG)
VDOS (ωn)|2 = 1, and ωn denotes the

frequency of the nth grid of the vibrational DOS. The cal-
culated similarity function SVDOS of GQDs with triangular
(black circles), quadrate (red squares), and hexagonal (green
triangles) shapes are presented in Figs. 4(a) and 4(b) for
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FIG. 3. Vibrational DOS contributed by the motion of core atoms
(solid-black lines) and edge atoms (dashed-red lines) of (a)–(d) trian-
gular GQDs, (e)–(g) quadrate GQDs, and (h)–(k) hexagonal GQDs
with armchair edge structure. Phonon DOS of SLG is given as solid-
green lines.
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zigzag and armchair edge structures, respectively. As shown
in Fig. 4, we find the similarity value SVDOS of hexagonal
GQDs increases from 0.4 to more than 0.7 with dot size L
increasing from 12 Å to 29 Å for the case of zigzag edges
and increases from 0.45 to 0.7 for the armchair edged ones
with L increasing from 16 Å to 24 Å. Similarly, the SVDOS

value of triangular (quadrate) GQDs with zigzag edges in-
creases from less than 0.4 (0.5) to around 0.55 (0.65) when
the dot size increases from 12 Å to 22 Å (from 20 Å to 36
Å), while the SVDOS value increases from more than 0.35 to
around 0.6 (0.7) when the dot size of armchair edged trian-
gular (quadrate) GQDs increases from 16 Å to 28 Å (from
12 Å to 39 Å). In addition, we notice that the slope of SVDOS of
GQDs with hexagonal shape is higher than that of GQDs with
other geometry structures. We attribute the high similarity
between vibrations of hexagonal shaped GQDs and SLG to
their point group symmetry, i.e., both of them have D6h point
group symmetry.

In order to investigate the origin of the lattice vibrations
of GQDs, we proceed to quantitatively analyze the parentage
of SLG phonon mode via projecting the vibrational eigen-
vectors of GQD on those of SLG as indicated in Eq. (3). In
Figs. 5(a)–5(f), we present the square of the calculated projec-
tion coefficient |Cν

n |2 = ∑
q∈BZ |Cν

n,q|2 of triangular, quadrate,
and hexagonal GQDs with both zigzag and armchair edge
structures on the ZA (black lines), TA (red lines), LA (green
lines), ZO (blue lines), TO (violet lines), and LO (cyan lines)
modes of SLG along with the corresponding vibrational DOS.
Comparing Fig. 5 with Figs. 1(b) and 1(c), we find the fol-
lowing features of the lattice vibrations of GQDs. First of
all, only a few GQD modes keep the vibrational character
of SLG. Contrast to the in-plane (LA and TA) and out-of-
plane (ZA) acoustic modes of SLG, the lateral confinement
of GQDs combining the propagating wave with various wave
vector q into standing waves via reflections at the boundary.
(See Supplemental Material for the movies of the confined
acoustic modes of GQD [45].) Due to the large values of
edge-area ratio in small GQDs, the out-of-plane vibrated
standing waves dominate the acoustic vibrations of small
GQDs. Moreover, we notice that lateral confinement mixes
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FIG. 5. Vibrational DOS along with the projection coefficient of
GQD vibrational modes on the ZA (black lines), TA (red lines),
LA (green lines), ZO (blue lines), TO (violet lines), and LO (cyan
lines) phonon modes of SLG for (a) zigzag edged triangular GQD
with L = 22.0 Å, (b) armchair edged triangular GQD with L = 28.3
Å, (c) zigzag edged quadrate GQD with L = 36.6 Å, (d) armchair
edged quadrate GQD with L = 39.1 Å, (e) zigzag edged hexagonal
GQD with L = 29.4 Å, and (f) armchair edged hexagonal GQD with
L = 23.9 Å.

the in-plane longitudinal and transverse characters with the
characters of out-of-plane vibrations for both acoustic and
optical modes of GQDs. This leads to the appearance of ZA,
TA, and LA characters in GQD modes with frequency around
900 cm−1, which is higher than that of the ZA and TA modes
of SLG. Similar to acoustic modes, the optical modes of
GQDs with frequencies around 1650 cm−1 display both the
in-plane optical and the ZO mode parentage even though the
highest frequency of the ZO mode is lower than 1400 cm−1.
In contrast to the confined modes with mixed vibrational
characters, we see obvious ZO and LO/TO phonon characters
in the vibrations of GQDs with frequencies of 880 cm−1 and
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1650 cm−1, which correspond to the ZO and LO/TO phonon
frequencies of SLG in the center of the BZ.

Comparing the properties of the acoustic and optical
phonon modes of GQDs, we see stronger lateral confinement
on acoustic modes than optical ones. We attribute the sig-
nificant changes of acoustic modes with lateral confinement
to the characters of the motion of atoms in these modes. In
the case of acoustic phonon modes, the displacements of two
carbon atoms in the unit cell are in the same direction and
the vibrations of acoustic modes can be viewed as elastic
waves [36,49]. The mechanical boundary conditions lead to
the existing of many confined acoustic modes as a series
of standing waves in GQDs. Unlike acoustic modes, optical

phonon modes do not involve a macroscopic strain of the
material. Instead, two carbon atoms in the unit cell move
in opposite direction. Such relative displacements of charged
atoms generate a macroscopic electric field. Thus, both me-
chanical and electric boundary conditions are required for
optical modes. This results in the formation of surface optical
phonon modes and a few confined optical phonon modes in
GQDs. (See Supplemental Material for the details [45].) In
addition to the different confinement effects on acoustic and
optical modes, we observe a higher LO/TO phonon parentage
of SLG in zigzag edged GQDs than the one with armchair
edges. This result indicates a strong confinement effect on
lattice vibrations of GQDs edged with armchair orientation.
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FIG. 7. Calculated Raman spectra of GQDs for difference sizes with triangular, quadrate and hexagonal shapes and zigzag and armchair
edges.

IV. COHERENT ACOUSTIC MODES

Following the discussion on the vibrational DOS, we now
turn to the coherent acoustic phonon mode in GQDs, which
is an important type of vibrations in low-dimensional nanos-
tructures with both Raman and far-infrared activity [37]. In
the coherent acoustic phonon mode, all the atoms in GQDs
vibrate in phase as a motion of breathing and this mode is also
named as breathing mode. (See Supplemental Material for the
videos of coherent acoustic modes of GQDs with different
geometry and edge structures [45].) The frequencies of the
lowest coherent acoustic modes of GQDs with triangular,
quadrate, and hexagonal shapes are presented as a function of
dot size L in Fig. 6(a)–6(c). In this figure, phonon frequencies
obtained from DFT calculations are plotted as black triangles
and red circles for GQDs with zigzag and armchair edges,
respectively. Corresponding fitting curves ωc = αL−β for the
zigzag and armchair edged GQDs are given as solid black
and red lines, respectively. Fitting parameters α and β of
GQDs with different geometry and edge structures are listed
in the Supplemental Material [45]. As shown in Table I within
the Supplemental Material, the value of β for zigzag edged
GQDs increases from 0.76 (with quadrate shape) to 0.84 (with
triangular shape) and to 0.88 (with hexagonal shape) while
those of the corresponding armchair edged GQDs are 0.27,
0.69, and 0.72, respectively. Comparing to GQDs with trian-
gular, quadrate, and hexagonal shapes, the size dependence
of the vibrational frequency of coherent acoustic phonon of

spherical QDs was described by ωc = ηR−1 with parameter
η and the radius of the spherical dot R [50,51]. This result
indicates that the value of β, which corresponds to the size
dependence of coherent acoustic phonon frequency, increases
with increasing the isotropy of nanostructure.

As shown in Figs. 6(a)–6(c), we find the following features
of the coherent acoustic phonon modes of GQDs. First of
all, as a kind of confinement mode, the vibrational frequency
of the coherent acoustic phonon decreases with increasing
dot size. Secondly, the frequency of the coherent acoustic
mode in GQDs with zigzag edges is higher than that with
armchair edges for the case of quadrate and hexagonal struc-
tures. In contrast, the coherent acoustic modes of triangular
dots with zigzag edges vibrate more slowly than those of
the armchair edged analogues. To understand the different
size dependence of coherent acoustic phonon frequency, we
present the schematic illustration of the motion of atoms of
the coherent acoustic phonon mode in GQDs as black arrows
in Figs. 6(d)–6(f). From Figs. 6(d)–6(f), we see various con-
finement on the lattice vibrations along zigzag and armchair
edge orientations. Due to different geometry structures, the
directions of the coherent acoustic vibrations are similar for
GQDs with zigzag and armchair edges in the case of quadrate
or hexagonal structure. In contrast, the vibration direction of
the coherent acoustic mode is much different for triangular
GQDs with zigzag and armchair edges. As a result, stronger
confinement in the armchair orientation leads to the higher
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frequency of coherent acoustic mode in the corresponding
triangular GQDs. Moreover, we see from Fig. 6 that the fre-
quencies of the coherent acoustic mode of quadrate GQDs are
higher than those of triangular and hexagonal dots with similar
sizes. This is the result of strong confinement between edges
induced by their anisotropy geometry structure.

V. RAMAN INTENSITY

In addition to the coherent acoustic mode, another type
of important vibrational mode in GQDs is the Raman-active
mode. As a unique and powerful experimental technique,
Raman spectroscopy has been widely used to study the vi-
brational properties of graphene [25,27,29,52,53]. In layered
graphene with large dimension and high quality, two strong
peaks named as G-mode and 2D-mode, which correspond
to the in-plane vibrated optical mode and a two phonon lat-
tice vibrational process are presented in the measured Raman
spectrum [52]. To investigate the effect of lateral confinement
on the G-mode position in the Raman spectra of GQDs, we
calculate the Raman intensity of GQDs via the empirical
model proposed by Richter et al. [54]:

I (ω) ∝
∑

n,ν,q

|Cν
n,q|2

(ω − ων )2 + (�0/2)2
, (5)

with the projection coefficient Cν
n,q obtained from Eq. (3)

and the vibrational frequency of GQDs ων . In our calcula-
tion, the natural Lorentzian linewidth �0 is taken as 10 cm−1

and the coefficients Cν
n,q are summed up to �q ≈ 1/L. As

indicated in the previous research, the G-mode of SLG with
zigzag-dominated edges is determined by the vibration of TO
mode while only LO mode is active at the armchair-dominated
edges [29,55]. We therefore calculate the Raman spectra of
zigzag and armchair edged GQDs via Eq. (5) by summing the
projection on the TO and LO modes, respectively.

In Fig. 7, we show the calculated Raman spectra of zigzag
and armchair edged GQDs with triangular [(a) and (d)],
quadrate [(b) and (e)] and hexagonal [(c) and (f)] shapes for
different sizes. From this figure, we see the peak positions of
the G-mode in the zigzag edged GQDs are around 1650 cm−1

while those of the armchair edged ones locate in the fre-
quency range between 1550 to 1650 cm−1. Both of them are
higher than that of SLG, which is around 1585 cm−1 [25,29].
Moreover, we observe a red shift of the G-mode position
in large GQDs with zigzag edges. Since the vibrational fre-
quency of the TO- and LO-like modes is highly sensitive to
the bond length of materials, we turn to the bond lengths of
GQDs to understand the features of the G-mode positions. In
Fig. 8(a)–8(f), we plot the bond lengths, i.e., the nearest-
neighbor distances between carbon atoms, of the relaxed
GQDs as a function of the distance between the bond center to
the dot center. As shown in Fig. 8, the bond length around the
dot center is around 1.41 Å, which is very close to that of SLG,
for all cases. In the case of GQDs with hydrogen terminated
zigzag edges [shown in Figs. 8(a)–8(c)], the bond lengths
reduce to around 1.38 Å at the dot edges with 2.1% reduction.
In contrast, the bond lengths at the edges of GQDs with arm-
chair edge orientation [shown in Figs. 8(d)–8(f)] are around
1.30 Å with a reduction of 7.8%. We explain the decrease
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FIG. 8. Bond-length distribution as a function of their distance
to the GQD center for (a) triangular GQDs with zigzag edges,
(b) quadrate GQDs with zigzag edges, (c) hexagonal GQDs with
zigzag edges, (d) triangular GQDs with armchair edges, (e) quadrate
GQDs with armchair edges, and (f) hexagonal GQDs with armchair
edges.

of the bond length at the dot edges as the result of surface
effect for all cases and attribute the large reduction of bond
length at armchair edges to the lack of surface passivation.
Owing to the reduction of bond lengths at the dot edges along
with the positive Grüneisen parameters of LO and TO modes
in graphene [48], a blue shift of the G-mode is obtained in
GQDs. As shown in Fig. 8, we find a high percentage of short
length bonds in large GQDs with armchair edges. This leads
to the blue shift of the G-mode position in armchair edged
GQDs with increasing dot size. Combining Fig. 7 with 8, we
notice that the G-mode positions of zigzag and armchair edged
GQDs are close to each other, even though large difference
between bond lengths at the edges with different orientations.
We attribute the similar blue shift of GQDs with zigzag and
armchair edges to their different contributions from the mo-
tion of edge atoms on the Raman active modes. As shown in
Figs. 2 and 3, the motion of edge atoms play a more important
role on the vibration of G-mode in zigzag edged GQDs than
the armchair edged ones.
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VI. SUMMARY

In summary, we study the vibrational properties of triangu-
lar, quadrate, and hexagonal shaped GQDs with both zigzag
and armchair edge structures for different sizes via ab initio
DFT calculations. We show that the vibrational DOS of GQDs
changes from a molecular type discrete-like form to a form
of SLG phonon DOS with increasing dot size. In addition
to the confinement effect, the feature of the vibraitonal DOS
also depends on the point group symmetry of GQDs. We
find that the out-of-plane vibrated standing waves induced by
lateral confinement instead of the in-plane modes dominate
the vibrations of GQDs with small sizes. By projecting the
vibrational eigenvectors of GQDs on those of SLG, we see
only a few modes of GQDs keep the parentage of SLG phonon
modes, and the strong lateral confinement leads to the mixture
of the in-plane and out-of-plane vibration characters. We find
stronger confinement on the vibrations of acoustic modes than
optical modes from both ab initio calculation and continuum

model analysis. We also identify the coherent acoustic phonon
modes of GQDs and find different confinement effects in the
zigzag and armchair orientations. Moreover, stronger size de-
pendence of coherent acoustic phonon frequency is obtained
in nanostructures with higher isotropy. We further calculate
the Raman intensity of GQDs with different sizes, shapes and
edges. A blue shift of the G-mode position is obtained in
GQDs compared to SLG, and this blue shift is attributed to
the results of surface effect.
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