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ABSTRACT: We systematically studied the Raman spectra of graphyne
(GY) and graphdiyne (GDY), analyzing their features under mechanical
strain by group theory and first-principles calculations. The G bands in GY
and GDY were softened compared with that in graphene, which provides a
fingerprint useful in detecting their synthesis. We established a unified
formulation to describe the effects of both uniaxial and shear strains, and
combined this with calculated results to reveal the relationship underlying
the changes in Raman evolution under various strains. Each doubly
degenerate mode splits into two branches under strain, both of which are
red-shifted with tensile uniaxial strain, but one is red-shifted and the other is
blue-shifted under shear strain. The splitting under shear strain is double that under uniaxial strain.

1. INTRODUCTION

Silicon-based semiconductor devices are the basis of modern
electronics, but innovation in silicon is approaching its physical
limits.1 To overcome the current limits, much work has been
done to seek alternative materials, among which nanocarbon
materialssuch as carbon nanotubes, grapheneare the most
promising candidates.2−4 Recently, graphyne (GY) and graph-
diyne (GDY) have become the focus of these investigations
owing to their intriguing mechanical, optical, and electrical
properties.5−7 According to theoretical studies, single-atomic-
layer GY and GDY are semiconductors, the band gaps of GY
and GDY are close to 0.47 and 0.52 eV through the Perdew−
Burke−Ernzerhof (PBE) functional,8,9 and the more compel-
ling results are found to be 2.23 and 1.18 eV using hybrid
functional B3LYP.9−11 More importantly, the hole and electron
carrier mobilities of these carbon allotropes are predicted to be
104−105 cm2 V−1 s−1 at room temperature,12,13 far exceeding
those of silicon. This attractive band gap and high mobility
indicate that GY and GDY show promise in future carbon-
based electronic devices. Besides, the mechanical properties of
GY and GDY have been reported to meet industrial
requirements,14−16 and their nonlinear optical properties
would extend the applications of carbon allotropes.17 GY and
GDY are also explored for their applications as catalysts for
different important reactions.18−20

Experimentally, the syntheses of GY and GDY offer more
possibilities compared to other 2D materials containing sp-
hybridized carbon atoms. GY was first proposed in 1987 by
Baughman et al. in a systematic consideration of new forms of
carbon that had been sporadically reported,21 and GDY is a
natural extension of GY. Current synthesis strategies for GY

and DGY are mainly based on powerful organometallic
synthetic methodologies.22−24 The largest GY fragments yet
to be produced were composed of four monomer molecules.25

Li et al. synthesized large-area, multilayer GDY films on copper
substrates via a cross-coupling reaction using hexaethynylben-
zene.26 Since then, GDY nanotubes and nanowalls have also
been fabricated.27−29 These advances suggest that GY and GDY
are likely to be available in significant quantities for use in
experimental studies and potential applications.
For the studies of a new material, efficient characterization

methods are requisite. In characterizing previous graphitic
materials, Raman spectroscopy has exhibited remarkable
advantages.30,31 For example, the positions, intensities, and
shapes of Raman bands offer rich information in graphene-
related systems.30 Naturally, one might expect Raman spec-
troscopy to be a versatile tool in studying GY and GDY.
Indeed, Raman has been applied in experimentally character-
izing GDY.26,28 In interpreting Raman signals to gain structural
information, theoretical knowledge is valuable; however, there
are few theoretical studies on using Raman spectroscopy to
investigate GY and GDY.32 The Raman features of GY have
been studied within a nonorthogonal tight-binding (NTB)
model.32 By rationalizing the vibrational modes of various
oligomers, the Raman spectrum of a hypothetical 2D sp−sp2
carbon sheet has also been predicted.33 Note that their adopted
approach was either semiempirical or extrapolative. Moreover,
for the only form of synthesized GDY so far, there is no

Received: December 18, 2015
Revised: March 1, 2016
Published: April 25, 2016

Article

pubs.acs.org/JPCC

© 2016 American Chemical Society 10605 DOI: 10.1021/acs.jpcc.5b12388
J. Phys. Chem. C 2016, 120, 10605−10613

D
ow

nl
oa

de
d 

vi
a 

PE
K

IN
G

 U
N

IV
 o

n 
Ju

ne
 3

0,
 2

02
0 

at
 0

1:
41

:2
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.5b12388


theoretical work on its Raman properties. Thus, one motivation
of the present study is to investigate the Raman characteristics
of GY and GDY through a direct first-principles approach.
Another motivation of this work lies in the strain effect. In

the past decade, because of successes in using strain to improve
carrier mobility in microelectronics, strain engineering of
advanced electronic devices is now an active research
field.34,35 With important advances in motion detections,
flexible devices, and wearable sensors, strain engineering is
expected to play a more important role in future devices.
Straining a system affects its Raman spectrum, which allows one
to measure the uniaxial or biaxial strain, providing a
fundamental tool for nanoelectronics.31,36 The effects of strain
on the mechanical and electronic properties of GY and GDY
have been investigated theoretically,11,15,16 but their effects on
vibrational features remain unexplored.
In the present paper, we studied the Raman spectra of GY

and GDY and their dependence on strain. First, we calculated
the phonon dispersions of GY and GDY; we found no
imaginary phonon mode, verifying the kinetic stability of the
phases. Second, we specified the Raman spectra and
corresponding lattice vibrational modes of GY and GDY.
Third, we determined the elastic properties of graphene, GY,
and GDY under strain. Finally, we explored the regularities of
Raman bands with applied mechanical strain with considering
the effects of both uniaxial and shear strains. We provided a
unified formulation to describe the roles of uniaxial and shear
strains, which is applicable to other materials with honeycomb
symmetry.

2. METHODS

The density functional theory (DFT) calculations were
performed using the QUANTUM ESPRESSO package.37 We
used plane-wave basis sets, norm-conserving pseudopotentials
generated from the valence configuration of 2s22p2 for carbon,
and the local density approximation (LDA) for the exchange-
correlation function. The structures were fully relaxed to the
local minimum, and then the phonon dispersions and Raman
spectra were calculated by density functional perturbation
theory,38 which allows one to calculate the phonon frequencies
and eigenvectors at any wavevector without using a supercell.
The accuracy of the calculations has been verified by a number
of experiments.38,39 To obtain converged results, the kinetic
energy cutoffs for wave functions were taken as 100 Ry,
corresponding to 400 Ry for the charge density cutoffs. The
Brillouin zones were sampled with 12 × 12 × 1 k-point meshes
in structure optimization calculations. The dynamical matrices
of phonons were calculated on 3 × 3 × 1 q-grids. The
structures were relaxed until all components of all forces were
smaller than 0.002 Ry/Bohr. Interlayer interactions were
eliminated by setting the interlayer vacuum intervals of all
structures to at least 10 Å.

3. RESULTS AND DISCUSSION

3.1. Phonon Dispersion. Figure 1 shows the systems we
investigated: graphene, GY, and GDY. They share a common
hexagonal structure (Figure 1a), where GY and GDY can be
viewed as the results of replacing one-third of the aromatic
bonds (dotted lines in Figure 1a) in graphene with acetylenic
and diacetylenic groups, respectively. GY and GDY were
chosen because their structures are similar to graphene’s and
GDY films have been synthesized experimentally. The GY

system considered here is sometimes named γ-graphyne in
some references to avoid confusion with other forms.40,41

The optimized lattice constants are 2.44 Å for graphene, 6.81
Å for GY, and 9.37 Å for GDY, which agree well with previous
calculations (2.43 Å for graphene;36 6.83 and 6.86 Å for
GY;42,43 9.38 and 9.44 Å for GDY42,43). Figure 2 shows the
phonon dispersions and vibrational density of states. GY has 12
atoms and GDY has 18 atoms in the primitive cells, so GY has
36 vibrational modes and GDY has 54. No imaginary phonon
mode appeared in the three systems, further supporting their
mechanical and kinetic stability.

3.2. Raman Spectra and Symmetry Analysis. The
monolayer graphene, GY, and GDY have the same hexagonal
symmetry, taking on the two-dimensional space-group P6/
mmm (D6h

1) in the Hermann−Mauguin (Schoenflies) nota-
tion.44 For the first-order Raman scattering considered here, the
scattering process is limited to phonons at the Brillouin zone
center Γ point with D6h symmetry owing to the law of
momentum conservation. The irreducible representations of
optical modes at the zone center are given as follows (while the
acoustic modes are A2u + E1u):

Γ = +

Γ = + + + +
+ + + + +

Γ = + + + +
+ + + + +

⎧

⎨

⎪⎪⎪⎪

⎩

⎪⎪⎪⎪

B E

A E B B E
A A B E E

A E B B E
A A B E E

3 2 2 2
2 2 2 2 4

2 5 3 3 3
3 3 3 3 6

g g

u u u u u

g g g g g

u u u u u

g g g g g

graphene 2 2

GY 2 1 1 2 2

1 2 1 1 2

GDY 2 1 1 2 2

1 2 1 1 2 (1)

whereA1g, E1g, and E2g are Raman-active modes, and A2u and E1u
are infrared-active modes. Tables 1 and Table 2 give details on
the assignments and related properties for GY and GDY.
For graphene, the only Raman-active mode is assigned to the

doubly degenerate representation E2g, which corresponds to the
G band in graphene and is related to the CC aromatic
stretching mode. The calculated frequency in our study is 1620
cm−1, which is slightly larger than the experimental value of
1580 cm−1.30 The discrepancy is mainly caused by the tiny
underestimate in bond length (2.44 Å) by the LDA calculation
compared with the experiment result (2.46 Å). If we adopted a
lattice constant of 2.46 Å, the calculated frequency would red-
shift to 1572 cm−1, almost identical to the experimental value.
For GY and GDY, the calculated Raman spectra and atomic

motions of vibrational modes are presented in Figure 3 and
Figure 4, respectively. The analysis of atomic motion focused

Figure 1. Studied systems with hexagonal symmetry. (a) Schematic
representation of the common hexagonal structure with two kinds of
bonds (represented by solid and dotted lines, respectively). (b) First
Brillouin zone with high-symmetry points. Specific systems considered
in this study include (c) graphene, (d) GY, and (e) GDY.
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on the relatively intense Raman lines (RRS > 0.001), which are
located in the high-frequency regions. We name these peaks as

follows: the breathing vibration is B, the vibrations related to
sp2 carbon are G, G′, and G″ (similar to other sp2 materials),
and the alkyne-related modes are Y and Y′, respectively. The
Raman intensities are normalized by the largest values in each
system. Characteristic groups have their unique vibrational
modes, such as the stretching, scissoring of aromatic bonds, and
triple bonds. However, it should also be noted that they are all
coupled with the surroundings, causing the frequencies to shift
slightly. Generally speaking, vibrational modes are very
complicated from the perspective of vibration vectors. Our
assignments only consider the main contributors to these
modes.
The predicted Raman spectrum of GY has three major peaks

(Figure 3), consistent with the result given by the NTB
model.32 An extraordinary feature is the softening of the G
band (1464 cm−1) compared with that of graphene (1620 cm−1

in our calculation and 1580 cm−1 in experiments), which would
be useful in detecting the synthesis of GY. NTB model usually
overestimates phonon frequencies compared with the exper-
imental values in the high-frequency region, while it under-
estimates them in low-frequency region,32,45 so it is good to
have a quantitative comparison between our DFT results and
those given by NTB. In the high-frequency region above 1000
cm−1, the NTB values (1221, 1518, 2258, 2272 cm−1) are

Figure 2. Phonon dispersions and vibrational density of states (VDOS) for (a) graphene, (b) GY, and (c) GDY.

Table 1. Mode Assignments and Related Properties at the Γ
Point for GYa

freq (cm−1) irreps RRI freq (cm−1) irreps RRI

0 A2u 680 E2u
0 E1u 789 A2g

183 E2u 795 B1g

234 E1g [R] 1 × 10−8 948 E2g [R] 1 × 10−4

250 A2g 1059 E1u [I]
336 A2u [I] 1202 A1g [R] 0.3
401 B1u 1388 B1u

414 E1u [I] 1464 E2g [R] 0.004
467 B1g 1480 B2u

507 E2g [R] 1 × 10−4 1500 E1u [I]
559 E1g [R] 1 × 10−6 2187 A1g [R] 1.0
670 B2u 2229 E2g [R] 1 × 10−5

aPhonon frequencies (freq), irreducible representations (irreps) with
indicated Raman/infrared activities ([R]/[I]), and relative Raman
intensities (RRI) normalized by the largest value.

Table 2. Mode Assignments and Related Properties at the Γ
Point for GDYa

freq (cm−1) irreps RRI freq (cm−1) irreps RRI

0 A2u 529 E2g [R] 1 × 10−4

0 E1u 556 E1g [R] 1 × 10−6

94 E2u 684 E2u
119 E1g [R] 1 × 10−8 769 A2g

132 A2g 774 E2g [R] 1 × 10−5

161 B1u 788 B1g

172 A2u [I] 894 E1u [I]
176 E1u [I] 956 A1g [R] 0.08
282 B1g 1313 B1u

377 E2u 1335 B2u

383 E2g [R] 1 × 10−4 1364 E2g [R] 0.006
434 E1g [R] 1 × 10−8 1385 E1u [I]
449 E1u [I] 1478 A1g [R] 0.3
466 A2u [I] 1521 E2g [R] 0.03
467 B1u 2142 A1g [R] 1
498 B2u 2168 E1u [I]
505 A2g 2187 B2u

526 B1g 2221 E2g [R] 0.06
aPhonon frequencies (freq), irreducible representations (irreps) with
indicated Raman/infrared activities ([R]/[I]), and relative Raman
intensities (RRI) normalized by the largest value.

Figure 3. Raman spectra and vibrational modes of GY. (a) Predicted
Raman spectrum, whose peaks are with 10 cm−1 Gaussian smearing.
(b) Atomic motions of intense Raman-active modes, in which the red
arrows show the motion directions of the main contributors.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b12388
J. Phys. Chem. C 2016, 120, 10605−10613

10607

http://dx.doi.org/10.1021/acs.jpcc.5b12388


consistently larger than our DFT values in Table 1 (1202, 1464,
2187, 2229 cm−1). In the low-frequency region below 1000
cm−1, the NTB values (417, 906 cm−1) are consistently smaller
than our DFT values (507, 948 cm−1). Thus, the systematic
deviation of the NTB model in the high-frequency region is
indeed different from that in the low-frequency region, as
discussed in the case of C60.

45

Compared with GY, GDY has more atoms in a primitive cell,
so it has more complicated vibrational modes. Specifically,
GDY has six intense Raman peaks, three of which are similar to
those in GY: the B peak mainly comes from the breathing
vibration of benzene ring and alkyne-related ring; the G peak
mostly comes from stretching of aromatic bonds as in
graphene, and the wavenumber and intensity of this mode is
relatively small in these alkyne-rich 2D systems, suggesting it
ought to be a general feature of GY and GDY with the
introduction of acetylenic linkages; the Y peak comes from the
synchronous stretching/contracting of triple bonds, which is a
fully symmetric mode. The other three intense Raman-active
peaks are observed in only GDY. The G″ peak is ascribed to the
scissoring vibration of atoms in benzene ring. The G′ peak
comes from the vibrations of C−C bonds between triply
coordinated atoms and theirs doubly coordinated neighbors.
Unexpectedly, G′ is even stronger than G. The Y′ peak is
another stretching mode of alkyne triple bonds, but the
vibrations of different triple bonds are out-of-phase: one-third
of triple bonds are stretching while the remaining two-thirds are
contracting, as shown in Figure 4b.
In an earlier work, Raman spectra of some oligomers with

similar structures have been calculated.33 The oligomers therein
are homocoupling products of 1,3,5-triethynylbenzene (TEB),
which has three alkynes around benzene. The 2D network of

TEB has hydrogens. In comparison, GY and GDY investigated
here have denser carbon atoms and stronger conjugated effects.
It was found that the G band of oligomers changed slightly with
increasing polymerization degree, and the G band of the 2D
network of TEB was estimated to be 1560 cm−1.33 In the
current work, the G band of GY and GDY is distinctly smaller,
i.e., 1464 cm−1 in GY and 1520 cm−1 in GDY, which reflects the
influence of conjugated effects.
Experimentally, controlled syntheses of GY and GDY are still

in the very early stages. Constructing regular 2D all-carbon
structures by organometallic synthetic method remains
extremely difficult because of uncontrollable side reactions.33,46

GY has not been produced in significant scales to date. For
GDY, although the monolayer sample is not available yet, large-
area-multilayer films26 and nanowalls28 have been produced by
metal catalyzed cross-coupling reactions in solution. Therefore,
here we compare the calculated and experimental Raman
spectra of GDY. The Raman bands of the GDY samples are
broad, likely because the accessible crystallized areas are not
large enough. In the experimental sample, a peak at around
1570 cm−1 is accompanied by a lower-frequency shoulder at
around 1380 cm−1; the latter is absent in conventional carbon
materials. Comparing these results with the calculated results,
we roughly attribute the experimental peaks between 1380 and
1570 cm−1 to the G″, G′, and G peaks shown in Figure 4. The
experimental peak near 2180−2190 cm−1 can be attributed to Y
and Y′, which are specific to alkyne-related stretching
vibrations.
The most puzzling peak in experiments is that observed near

1930−1940 cm−1. It has appeared in many experimental studies
on alkyne materials,47,48 but its interpretation is still somewhat
controversial. Some papers have explained it as the presence of
an important fraction of cumulene carbon chains (cumulene-
like at 1959 cm−1),48−50 although thermodynamic calculations
show that polyyne carbon should be more stable than cumulene
carbon (polyyne-like at about 2100 cm−1).43,51 Another
explanation points to copper(I) acetylide analogs (the −C
C− vibration of C6H5CCCu at 1926−1953 cm−1).47

Regardless, there is no intrinsic Raman band predicted in this
region for GY and GDY (Figures 3 and 4), so the observed
band here likely comes from byproducts or intermediates.

3.3. Elastic Properties. Before discussing the behaviors of
the Raman spectrum in strained samples, we will first briefly
survey the mechanical properties of the studied systems. GY
and GDY have the same hexagonal symmetry as graphene, so
they have isotropic elastic properties under small deforma-
tion.52 For a hexagonal structure, it has four nonzero second-
order elastic constants in 2D systems, i.e., C11, C12, C22, C66
(using the conventional Voigt notation53), which satisfy C11 =
C22, C66 = (C11 − C12)/2. For 2D systems, the Poisson’s ratio ν,
in-plane Young’s modulus Y, and shear modulus G may be
obtained by the following relationships: ν = C12/C11, Y = (C11

2

− C12
2 )/C11 = C11(1 − ν2), G = C66. Table 3 summarizes our

calculated results, which agree well with values from the
literature, also listed for comparison.
The Poisson’s ratio ν is the negative ratio of transverse to

axial strain, which characterizes a material’s ability to deform
under uniaxial strain. The ν values of GY and GDY are more
than twice as large as that of graphene, probably because their
long alkyne linkages are more likely to bend under uniaxial
strain. There is also significant decrease in the Young’s and
shear moduli from graphene to GY to GDY. The in-plane
Young’s modulus, representing a material’s stiffness, of GY and

Figure 4. Raman spectra and vibrational modes of GDY. (a) Predicted
Raman spectrum, whose peaks are with 10 cm−1 Gaussian smearing.
(b) Atomic motions of intense Raman-active modes, in which the red
arrows show the motion directions of the main contributors.
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GDY are 46.7% and 35.2% of graphene’s, respectively. This
result indicates that the structures of GY and GDY are more
sensitive to strain than graphene. In addition, the shear moduli
of GY and GDY are only about one-third of graphene’s,
showing that they experience more bond bending under shear
strain, which is consistent with a previous theoretical
prediction.13 Currently only graphene has elastic study in
experiment, and our 2D Young’s modulus (356.9 N m−1)
agrees well with experimental data (340 ± 50 N m−1).54

3.4. Strain Dependence of Raman Bands. In this
section, we will discuss the detailed Raman shifts of graphene,
GY, and GDY as functions of mechanical strain. The applied
strain tensor is written as

ε
ε ε

ε ε
ε

ε
ε

ε
= = + +

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥

0

0 0

0 0
0

0

0

xx xy

xy yy

xx

yy

xy

xx (2)

where the first and second terms on the right side of the
equation represent the uniaxial strain along the x and y
directions, respectively, while the third term is the tensorial
shear strain component. The Raman frequency ω can be
viewed as a function of strain. If the applied strain is small
enough, the high-order effect can be ignored. Thus, here we
focus on the linear effect of ε on ω.
When the vibrational mode is nondegenerate, the frequency

ω as a function of strain ε can be generally expanded as a
Taylor series:

ω ε ε ε ω αε βε χε= + + +

+

( , , )

(higher order terms)

xx yy xy xx yy xy0

(3)

where α, β, and χ are the linear coefficients. As discussed above,
graphene, GY, and GDY have the same hexagonal symmetry,
which is isotropic in two dimensions. As such the coefficients
satisfy α = β (= α̅ in a symbol style similar to the degenerate
case below). By applying different sets of (εxx, εyy, εxy), it is
simple to determine α, β, and χ.
When the vibrational mode is doubly degenerate, under

strain it will split into two bands. The energies of splitting
modes are the eigenvalues of the corresponding Hamiltonian,
which can be written as

=
⎡
⎣⎢

⎤
⎦⎥

a c
c b

H
(4)

in which only two bands are considered. The solutions are
given as

ω =
+ ± − +a b a b c( ) ( ) 4

21,2

2 2

(5)

The conditions to the degenerate in unstrained sample are a =
b = a0, c = 0, so a, b, c under small strain can be expanded as

α ε β ε χ ε

α ε β ε χ ε

α ε β ε χ ε

= + + +

= + + +

= + +

⎧
⎨
⎪⎪

⎩
⎪⎪

a a

b a

c

xx yy xy

xx yy xy

xx yy xy

0 1 1 1

0 2 2 2

3 3 3 (6)

The detailed process to solve the relationships among a, b, and
c under hexagonal symmetry are given in the Supporting
Information. As a result, the universal rule of a doubly
degenerate mode with strain is deduced out to be

ω ω α ε ε α ε ε ε= + ̅ + ± Δ − +( ) ( ) 4xx yy xx yy xy1,2 0
2 2

(7)

where α ̅ = =α α β β+ +
2 2

1 2 1 2 and αΔ = =α α β β− −
2 2

1 2 1 2 . If only

uniaxial strains are applied, i.e., εxy = 0, then eq 7 simplifies to

ω ε ε ω α α ε
α α ε

ω ε ε ω α α ε
α α ε

= + ̅ + Δ
+ ̅ − Δ

= + ̅ − Δ
+ ̅ + Δ

⎧

⎨
⎪⎪⎪

⎩
⎪⎪⎪

( , ) ( )
( )

( , ) ( )
( )

xx yy xx

yy

xx yy xx

yy

1 0

2 0

(8)

Note that the splitting high-frequency and low-frequency
vibrational vectors would exchange when εxx and εyy are
separately applied.
The evolutions of Raman shifts with uniaxial strain for

graphene, GY, and GDY were calculated by DFT, and these
results are summarized in Figure 5. A strain up to ±4% was
considered, and it is noted that the possibility of buckles under
a compressive strain (which is likely to occur in experiments)
was ignored in the calculations since we adopted a unit cell with
the periodic boundary conditions. The calculated data are fitted
with a parabolic equation (detailed results are provided in the
Supporting Information), and the resulting linear coefficients
are listed in Figure 5b−k. The nonlinear effects in GY and GDY
are stronger than that in graphene, perhaps because GY and
GDY are softer and easier to deform than graphene. Figure S1
shows the variations in bond lengths and angles with uniaxial
strain; the variations in bond angles, especially those related to
alkyne triple bonds, have large quadratic terms. For a doubly
degenerate mode, it splits into two branches, giving four linear
coefficients under εxx and εyy. Theoretical analysis (eq 8)
predicted that four linear coefficients can be grouped into two
values, i.e., α α̅ + Δ and α α̅ − Δ . The calculations agree well
with the prediction. For example, for the G band of GDY
(Figure 5i), four obviously separated curves exist under high-
order effects, but the linear coefficients (kx+ = −25.8, kx− =
−38.5, ky+ = −26.3, kx− = −39.9) are well grouped into two
values, (−25.8 ≈ − 26.3 and −38.5 ≈ − 39.9), from which we
determined that α ̅ = −32.6 and αΔ = 6.6. For a non-
degenerate mode, the theory predicted that the linear
coefficients under εxx and εyy are equal because the systems
are isotropic. For example, the calculation gives kx = −26.8 ≈ ky
= −26.3 for the B band in GY. The analyses for other modes
are similar. The resulting α̅ and Δα are summarized in Table 4.
In experiments, to introduce strain into a single-layer sample

such as graphene, the layer is usually deposited on a flexible
polymer substrate. Then, when the system is stretched with ε in
one direction, it will contract with νε in the perpendicular

Table 3. Elastic Properties for Graphene, GY, and GDY,
Including Elastic Constants C11 and C12, Poisson’s Ratio ν,
Shear Modulus G, and in-Plane Young’s Modulus Y

C11 (N/m) C12 (N/m) ν Y (N/m) G (N/m)

Graphenea 368.8 66.50 0.180 356.9 151.2
Graphene55 358.1 60.40 0.169 348.0 148.9
GYa 207.7 92.42 0.445 166.6 57.64
GY15 198.7 85.30 0.429 162.1 56.70
GDYa 159.0 72.67 0.457 125.8 43.18
GDY56 152.1 69.00 0.454 120.8 41.60

aCalculated by this work.
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direction, where ν is the Poisson’s ratio of the substrate. Thus,
the measured Raman frequency of the deformed sample is
given by

ω ε ω ε νε= −( ) ( , )1,2 (9)

where ω1,2 are given in eq 8. The variation of ω with respect to
ε are characterized by

ω
ε

ν α ν α

ω
ε

ν α ν α

∂
∂

= − ̅ + + Δ

∂
∂

= − ̅ − + Δ

⎧
⎨
⎪⎪

⎩
⎪⎪

(1 ) (1 )

(1 ) (1 )

1

2

(10)

From the parameters in Table 4, we calculated how strain
affects the G band of graphene on various substrates and
compared these predictions with experimental results, as shown
in Table 5. The calculations and experiments agree excellently
in most cases. The only mismatch is for the (polydimethylsilox-
ane) PDMS substrate, which may have been caused by PDMS
being too soft, which would likely cause inefficient strain
propagation between the graphene and PDMS. Our analysis
can be readily extended to GY and GDY, which await validation
in future experiments.
We now consider the effect of shear strain. Figure S2 shows

the detailed variations in bond lengths and angles under shear
strain. Structural relaxation under shear strain is larger than that
under uniaxial strain because there are more volatile variables in
shear strain. As such, Raman shifts under shear strain are more
likely to act nonlinearly, as confirmed by our DFT calculation
in Figure 6 (where the strain was restrained to [−3%, + 3%] to
reduce errors). While stretching uniaxial strain will always
soften Raman modes, shear strain can either soften or harden
the modes, which would cause complicated phenomena, as
observed in CVD-grown graphene.60 According to eq 7, the
effect of shear strain is closely related to that of uniaxial strain.
Specifically, the splitting of doubly degenerate modes under
shear strain is given by

ω ω
ε

α
∂ −

∂
= Δ+ −( )

4
xy (11)

where Δα was determined in the uniaxial strain effect (Table
4). Table 6 directly compares the calculated ∂(ω+ − ω−)/∂εxy
and the previously determined 4Δα. These agree satisfactorily,
supporting the validity of the theory.
At the end of this part, we would like to have a brief

discussion on the effects of van der Waals (vdW) interactions,
which were usually missed in standard DFT calculations. One
of the most popular methods in treating the vdW interactions is
nonlocal van der Waals density functional (vdW-DF).61 We
conducted calculations using vdW-DF combined with PBE
functional to investigate the effects of vdW interactions. If we
constrain the lattice constant of graphene to the experimental
value (2.46 Å), the calculated frequencies for G peak are 1572,
1573, and 1589 cm−1 by LDA, PBE, and PBE+vdW,
respectively. They are all very close to the experimental value
of 1580−1589 cm−1.62 If we optimized the structures in
calculations, the obtained frequencies are slightly affected by
the methods used, but the red-shift values of G band in GY and
GDY with respect to that in graphene are nearly invariable (see
Table S3). We also calculated the strain dependence of Raman
bands with vdW interactions, and found that the obtained

Figure 5. Evolutions of Raman shifts with uniaxial strain for graphene,
GY, and GDY. (a) From left to right are the original hexagon and its
deformation schematics under uniaxial tensile strain along x axis and y
axis. (b) G peak in graphene. (c−e) For GY, with (c) B peak, (d) G
peak, and (e) Y peak. (f−k) For GDY, with (f) B peak, (g) G″ peak,
(h) G′ peak, (i) G peak, (j) Y peak, and (k) Y′ peak. Raman shifts are
given as functions of uniaxial strain [εxx and εyy, which are applied
separately as illustrated in (a)]. The DFT-calculation data points
(squares and triangles) are fitted with a parabolic equation (solid
lines), and the resulting first-order (linear) coefficients (kx, ky, etc., in
units of cm−1/%) are also listed in the panels. Black and red are used
for results under εxx and εyy, respectively. For the splitting of
degenerate bands, the open and filled symbols show the data for the
high-frequency and low-frequency bands under tensile strain,
respectively.

Table 4. Determined Parameters for the Strain Effects on Raman Bands in Graphene, GY, and GDYa

graphene GY GDY

G B G Y B G″ G′ G Y Y′
α̅ −29.9 −26.5 −28.5 −28.3 −19.9 −28.9 −34.5 −32.6 −32.9 −34.5
Δα 6.6 − 2.0 − − 4.9 − 6.6 − 10.4

ain cm−1/% strain.
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slopes between Raman frequencies and the strain are unaffected
by the functionals used.

4. CONCLUSIONS
We studied the Raman spectra of GY and GDY and their
dependence on strain. The phonon spectra and vibrational
density of states were calculated by DFT calculations; these
revealed no imaginary phonon mode, giving evidence for these
systems’ mechanical and kinetic stability. The Raman spectra
and atomic motions of intense vibrational modes were
determined, and the G bands in GY and GDY were found to
be softened compared with that in graphene, which would be a
useful way to detect their synthesis. We deduced theoretical
equations according to the group theory to provide a unified
description of various strain effects on the Raman spectrum,
and we used this description to analyze the DFT-calculated
results of graphene, GY, and GDY. When uniaxial strain is
applied, all Raman bands red-shifted, and doubly degenerate
modes split. The calculated shifts of the G mode of graphene
deposited on various substrates are consistent with previous
experiments. When shear strain is applied, the doubly
degenerate modes also split, each with one splitting branch
red-shifted and one blue-shifted. The inherent relationship
between changes in Raman shifts and applied uniaxial and shear

strains will help in the characterization and fabrication of
nanoelectronic devices.
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