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Abstract

Electronic, vibrational, and thermodynamic properties of different graphyne structures, namely
a-, -, y-, and 6, 6, 12-graphyne, are investigated through first principles—based quasi-harmonic
approximation by using phonon dispersions predicted from density-functional perturbation
theory. Similar to graphene, graphyne was shown to exhibit a structure with extraordinary
electronic features, mechanical hardness, thermal resistance, and very high conductivity from
different calculation methods. Hence, characterizing its phonon dispersions and vibrational and
thermodynamic properties in a systematic way is of great importance for both understanding its
fundamental molecular properties and also figuring out its phase stability issues at different
temperatures. Thus, in this research work, thermodynamic stability of different graphyne
allotropes is assessed by investigating vibrational properties, lattice thermal expansion
coefficients, and Gibbs free energy. According to our results, although the imaginary vibrational
frequencies exist for f-graphyne, there is no such a negative behavior for a-, y-, and 6, 6, 12
-graphyne structures. In general, the Griineisen parameters and linear thermal expansion
coefficients of these structures are calculated to be rather more negative when compared to those
of the graphene structure. In addition, the predicted difference between the binding energies per
atom for the structures of graphene and graphyne points out that graphyne networks have
relatively lower phase stability in comparison with the graphene structures.

Online supplementary data available from stacks.iop.org/nano/25/185701/mmedia
Keywords: thermal expansion coefficient, graphene, graphyne, quasi harmonic theory

(Some figures may appear in colour only in the online journal)

1. Introduction

Graphene has generated great interest since its first isolation by
Novoselov et al due to its superior properties, including
robustness, stability, flexibility, and thermal and electrical
conductivity [1, 2]. These features indicate its high potential to
be used for numerous applications—specifically, in the fields
of electronics, photonics, and optoelectronics [3-5]. With such
a motivation, researchers have pursued different techniques of

0957-4484/14/185701+08$33.00

controlling the properties of graphene, including intentionally
introducing defects, strains, and dopants, as well as employing
different methods of chemical functionalization [4, 6, 7].
Regarding these techniques, the material properties have not
been sufficiently optimized to be used in practical applications.
Therefore, interest in its allotropes has grown significantly
owing to the expected extraordinary properties [8, 9].
Among these materials, graphyne—composed of one-
atom-thick sheets of carbon atoms but containing sp carbon

© 2014 I0P Publishing Ltd  Printed in the UK
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bonds in addition to sp? hybridized bonds—has garnered
considerable attention. Possible alterations in the bonds allow
for the formation of different structures, which can lead to
unforeseen changes in the material properties. One of the
graphyne forms, 6, 6, 12-graphyne, has grabbed attention for
its peculiar properties such as direction-dependent con-
ductivity and two self-doped nonequivalent distorted Dirac
cones functionalities [10]. Also, y-graphyne, which was found
to have a direct energy bandgap [11, 12], is appealing for
bandgap engineering in the field of electronics [13], con-
sidering that one of the highest concerns in graphene is to
manipulate its electronic conduction, as an energy gap does
not exist naturally. In short, such features arising from the
inclusion of triple-bonded carbon linkages [14] are appealing
for use in devices with exotic functionalities.

Up to now, scientists have already put in efforts to syn-
thesize graphyne nanostructures and assembled subunits of
them [15-17], but long-range, periodic structures have not
been fabricated yet. However, promising results related to the
large-area realization of other similar graphene allotropes,
including triple-bonded carbon linkages, so-called graphdiyne
films, and nanoribbons, have already been demon-
strated [18, 19].

On the theoretical side, various groups have performed
numerical characterizations to have an understanding of the
electronic [10, 20-23], optical [24], mechanical [25-27],
transport [28], thermal transport [29], and thermoelectric
properties [30] of different graphyne structures, since the first
suggestion of graphyne in 1987 [31]. Stability issues for a-
graphyne have been discussed using phonon calculations and
finite-temperature molecular dynamics simulations by V.
Ongun Ozgelik and colleagues [32]. However, a systematic
and inclusive study of the vibrational and thermodynamic
properties for the four different identified types of graphyne
structures—a-, f-, y- and 6, 6, 12-graphynes—is still missing
in the literature. Considering the experimental efforts to
synthesize these graphyne forms, understanding these physi-
cal properties is critical for stability issues.

With this intention, fundamental physical properties such
as the electronic, vibrational, and thermodynamic character-
istics of a-, -, y- and 6, 6, 12-graphyne are examined based
on first-principles calculations in this research study. The
obtained results for vibrational spectra, Griineisen parameters
(GPs), linear thermal expansion coefficients (LTECs), and
Gibbs free energy as a function of temperature are presented
with a comparison with those of graphene, which give clues
to predict about the phase stability of these graphyne struc-
tures [33].

2. Theoretical methods

The ab initio calculations are performed using the Vienna
Ab initio Simulation Package (VASP [34, 35]), which is
based on density functional theory (DFT) [36]. The projector
augmented wave pseudopotentials (PAW) [37, 38] from the
standard distribution are incorporated into the calculations.

For the electronic exchange-correlation functional, the gen-
eralized gradient approximation (GGA), in its Perdew—Bur-
ke-Ernzerhof parametrization [39], is used. The plane wave
cut-off energy for all the materials are chosen as 500 eV. The
Brillouin zone of a-, -, y-, and 6, 6, 12-graphyne are sam-
pled with 14 x 14 x 1, 12 x 12 x 1, 14 x 14 x 1, and
8 x 12 x 1 I'-centered k-points grids, respectively.

The vibrational properties of each structure are obtained
by using PHONOPY [40] code, which can directly use the
force constants calculated by density functional perturbation
theory (DFPT) as implemented in the VASP code. Here,
2 x 2 x 1 supercell structures are considered for all materials.
The phonon mode Griineisen parameters are calculated by
using the equation

_ a do,(q)
ol Ee]

where a,, is the equilibrium lattice parameter, w is the phonon
frequency, @, is the phonon frequency corresponding to the
equilibrium structure, q is the Brillouin zone wave vector, and
v is the phonon mode index. The derivation of @ with respect
to the lattice constant, a, (for 6, 6, 12-graphyne, the equili-
brium b/a ratio is included to the calculations) is predicted by
considering thee different structural parameters.

For a-, y-, and 6, 6, 12-graphyne structures, the ther-
modynamic properties are predicted within the quasi-har-
monic approximation (QHA) [41] in which temperature-
dependent lattice parameters can be obtained by direct
minimization of the Helmholtz free energy,

F(a, T)=(a) + / [}%70)’ + k,T

X / ln(l - exp(—f—a;:)]]p(wi)dwi, 2)

B

where i is the structure index, E(a;) is the first-principles
ground state energy of the structure i, @ is the phonon fre-
quency, and p(wi) is the phonon density of states of the
structure i. The dependence of the phonon frequencies on the
lattice parameters is determined by calculating the phonon
dispersions at 11 different lattice parameters, a, (i = 1, 2, ...
11), around the first-principles equilibrium lattice constant of
each material. Here, the lattice constant b, of the anisotropic
6, 6, 12-graphyne structure is determined by using the cal-
culated ab initio equilibrium b/a ratio for each a,. The
minimum Helmholtz free energies (Gibbs free energy,
G(T)=Min [F(a, T)]) and the corresponding lattice
parameters are obtained by fitting the Birch—-Murnaghan
equation of states [42] to calculated Helmholtz free energy
versus ¢, for different temperatures, T (by 2K temperature
steps up to 1500 K). Finally, the linear thermal expansion
coefficients (LTECs) of the materials are predicted as
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Figure 1. Schematic representations of (a) a-, (b) -, (c) y-, and (d) 6, 6, 12-graphyne. Quadrangles indicate unit cells. The depicted bond
length values in A are as follows: for a-graphyne I, = 1.396, and I, = 1.230, for f-graphyne I, = 1.460, I, =1.389, and /3= 1.232, for
y-graphyne [, =1.426, [,=1.408, and /3=1.223, and for 6,6,12-graphyne /, =1.426, [, =1.409, I3=1.224, I,=1.398, I5=1.227, and
le=1.432. Please see the supplementary material for the complete description of the lattices (available at stacks.iop.org/nano/25/185701/

mmedia).

follows:

Ty = da(T)
a(T) dT

) 3)

where a(T) is the equilibrium lattice parameter corresponding
to the minimum Helmbholtz free energy at any temperature.

3. Results and discussions

3.1. Electronic properties

Figure 1 shows the structures of, a-, -, y-, and 6, 6, 12
-graphyne, whose networks include single and triple bonds in
addition to double bonds. The optimized first-principles lat-
tice constants are also inserted on the schematic representa-
tions where these results are in agreement with other research
works for a-, -, and y-graphyne [14, 20, 43]. Although the
electronic properties of different graphyne allotropes have
already been discussed in other studies, all of these four
allotropes are not available in one specific report, and pre-
senting each of them in one place is rather useful to compare
the structures. Also, figure 2 is included to show the accuracy
our results regarding the bandgaps and Fermi levels that could
be confirmed easily. The hexagons in a-graphyne have been

found to be equilateral, with a lattice constant of a, = 6.966
A (figure 1(a)). For the case of f-graphyne (figure 1(b)),
carbon triple bonds are placed into two-thirds of the C-C
bonds in graphene, where the lattice constant is calculated as
a, = 9475 A. As shown in figure 1(c), benzene rings are
connected by carbon triple bonds and the lattice constant is
calculated to be as a, = 6.890 A for y-graphyne. In addition
to a-graphyne, both f- and y-graphyne are hexagonally
symmetric. However, for the case of 6, 6, 12-graphyne, the
network shows rectangular symmetry and the lattice constants
are determined as a, = 9.432 A and b, = 6.906 A, as pre-
sented in figure 1(d).

Figure 2 shows the calculated band structures of the four
graphynes close to the Fermi energy. The electronic structures
of the equilibrium lattice forms are in agreement with the
results obtained by other reported studies [10, 13, 43, 44].
Similar to graphene, the electron and hole spectra of a-, f-,
and 6, 6, 12-graphyne structures meet linearly at Dirac points
in the momentum space. For the case of a-graphyne, the
valance and conduction bands cross the Fermi level at K
point; for p-graphyne, they cross on lines from I" to M; and
for 6, 6, 12-graphyne, they meet on the lines from I" to X in
addition to the lines from X' to M as shown in figures 2(a),
(b), and (d), respectively. Different from a- and p-graphyne,
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Figure 2. Electronic band structure of (a) a-, (b) f-, (c) y-, and (d) 6, 6, 12-graphyne structures.

6, 6, 12-graphyne exhibits nonequivalent Dirac points with
different curvatures [10]. This directional anisotropy results in
direction-dependent electronic properties and hence adds a
different potential to 6, 6, 12-graphyne for future applica-
tions. On the other hand, the electronic band structure of
y-graphyne exhibits a direct energy gap in the Brillouin zone
at the M point, as displayed in figure 2(c). The calculated
bandgap energy is around 0.5 eV, which is in accordance with
the values obtained by other researches [11, 24, 43]. The
distinct electronic structure of this form is explained by the
Kekule distortion as a result of Peierls instability [14, 45] and
indicates its potential particularly for optoelectronic
applications.

3.2. Dynamical properties

Table 1 shows the Brillouin-zone-center phonon frequencies
calculated using DFPT for the a-, f-, y-, and 6, 6, 12-gra-
phyne structures. The Raman-active zone-center optic phonon
frequencies calculated using the nonorthogonal tight-binding
(NTB) model [20] are also reported in the table for compar-
ison purposes. Here, the underlined frequencies for a-, -, and
y-graphyne structures represent the same Raman-active modes
with the symmetries A,, and E,, (see Ref. [20] for the

schematic representation of these zone-center modes). As
expected, although the low-frequency values obtained using
the NTB model are in close agreement with the ones that we
calculated by DFPT, there is a deviation with increasing

frequencies. According to the NTB model calculations [20],
the atomic displacements of the Raman-active phonons are in-
plane where a- and y-graphyne show G-mode-like phonons at
30.339 and 45.508 THz, respectively. These values corre-
spond to 30.425 and 42.356 THz, respectively, in our DFT
calculations and lower than the G-band frequency of the
graphene structure, 47.43 THz (1582cm™). In f-graphyne,
the frequency at 35.855 THz indicates motion of the carbon
hexagons, and the frequency at 64.665 THz points to bond-
stretching movements of the triple-bond atoms [20].

Figure 3 shows phonon dispersions for all of the defined
graphyne structures. The calculated frequencies of all the
modes for a-, y-, and 6, 6, 12-graphyne networks are posi-
tive, and therefore there is no sign of low-temperature crystal
instability of these networks. However, f-graphyne, whose
negative modes of about —2 THz exist around the I point,
shows low-temperature crystal instability due to its specific
structure. Here, it is worth noting that systematic analysis of
all the possible numerical and method related effects (plane
wave cut-off energy, k-point grid, and lattice optimization
criteria) that may cause imaginary frequencies at low-lying
phonon modes has been performed. Due to the existence of
imaginary frequencies, f-graphyne is excluded from further
discussion since these imaginary frequency values do not
allow us to apply QHA accurately to this material. All the
graphyne networks exhibit rather flat phonon dispersions,
specifically between 10 and 20 THz, and thus the phonon
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Table 1. Brillouin-zone-center phonon frequencies (in THz) for a-, -, y-, and 6, 6, 12-graphyne. The underlined phonon frequencies indicate
Raman-active phonon frequencies. The corresponding calculated Raman active phonon frequencies based on NTB model [20] are also listed.

a-graphyne p-graphyne y-graphyne 6, 6, 12-graphyne
0 16.590 0 12.504  25.815 0 19.917 0 12.901  29.406
0 16.590 0 12.504 25.815 0 19.917 0 13.541  31.082
0 18.264 0 13.587  30.225 0 22.925 0 14.053  32.606
5482 18863 2960  13.587 33.804 5277 23.085 2.892 14599 35.228
6.663 30425 2960 13.611 34306 5277 27.637 3.142 15498 36.375
6.722 30425 3378 13.870 34306 6.892  27.637 3.716  15.670  39.279
6.722  30.557  3.378 14.042 38.012 6.892 30978 4.624  15.838 40.251
11.938 43222 4257 15772 42756 7492 30978 5950 15974 40517
13.413 43.222 4955 15772 42756 9977 34918  6.513 16.200  42.107
13413  60.287  8.381 16.362  43.604 12.165 39.720 7.342  19.086  43.027
15706  60.287 8456 16362 43.604 12344 42356  8.925 19.838 43416
157706  66.854  8.456  18.394 45888 12.344 42356  9.999 19918  43.702
8.968 19.197  60.562  13.377 42900 10.115 20.147 44.680
9.035 19.838 60.562 14753 43.406 10.675 20.663  63.164
9.035 19.838 62971 14753 43.406 11.401 22.870 63.823
10.291 19919 63.729 16.018 64.880 11.538 23.087 64.716
12.375 23497 66.711 16.018 65977 12350 23.546 65.150
12.375 23497 66.711 19.870 65977 12.644 27.224 67.210

Nonorthogonal tight-binding (NTB) Model [20]
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transport and electron phonon coupling characters of gra-
phyne structures might be rather different from those of
graphene crystal.

The Griineisen parameter is the physical indication of the
shift in phonon frequencies when strain is applied to a
material and can be calculated as follows:

_ a do,(q)
@ = [2w‘,<q>][ da ] “)

For these novel material networks, once the GPs are identi-
fied, phonon monitoring by Raman spectroscopy would allow
the detection of strain as the amount of the shift of phonon
frequencies with strain is proportional to these GPs, which are
also indicative of thermomechanical properties [46—48]. Fig-
ure 4 presents the calculated GPs along the high-symmetry
directions in the Brillouin zone of the materials. The GP
values of three acoustic modes are considerably negative for
all the graphyne forms. Besides, negative GP values as low as
-8 were calculated for low-lying optical modes of all of the
networks. However, the mode GPs of the graphene structure
shows notable negative behavior only for the first acoustic
mode [49]. The zone-center GP values corresponding to the
first acoustic mode of a- and 6, 6, 12-graphyne structures are

comparable with those of graphene [49] (~—80), where this
value for y-graphyne is smaller than —400.

3.3. Thermal properties

The calculated LTECs for graphene and the a-, y-, and 6, 6, 12
-graphyne structures as a function temperature are shown in
figure 5. The LTECs for graphene calculated by Mounet et al
are also included in the figure for comparison. [49]. These
graphene results are in quite good agreement with our calcu-
lations up to high temperatures. While the curves of graphyne
structures follow a similar trend to those of graphene, the
magnitude of the negative coefficients are slightly lower for
temperatures higher than 500 K. For the y- and, specifically,
6, 6, 12-graphyne structures, the LTECs are calculated to be
more negative at low temperatures. Due to the quadratic nature
of 6, 6, 12-graphyne, LTEC in the direction of b is nearly
twice higher in magnitude than the case of a, showing direc-
tion-dependent expansion. However, it is important to mention
that distinctively for this material, QHA calculations are per-
formed with 11 different unit cell areas (b x a) considering the
first principle b/a ratio that we calculated using DFT as an
inset in figure 5. The predicted large thermal contraction for all
the graphyne forms are in correlation with the GPs shown in



Nanotechnology 25 (2014) 185701

N K Perkgdz and C Sevik

(2)

70

60

50

40

30

Frequency (THz)

20

10

70

60

50

40

Frequency (THz)

S\
=
T~
=

p——l

0
K M

r

(b)
70

60

!

50

i

40

30

20

/A

——
10
0
I K M I
(d)
70
e
60 —
50 s
e e e
s —————
<
| 30 — —/'Q
- \/\é
20 —— —a—
10
0 5
r X M X r

Figure 3. Calculated phonon dispersions for (a) a-, (b) f-, (¢) y-, and (d) 6, 6, 12-graphyne.

figure 4. Indeed, the large negative Griineisen parameters of
acoustic modes give rise to negative LTEC [50] in particular at
low temperatures. One other important quantity, particularly
for device application of these materials, is the negative-to-
positive transition of LTEC. Our QHA calculations yield that
the transition temperatures of all the materials are remarkably
higher than the room temperature, 620K for a-graphyne
structures, 1150 K for y-graphyne structures, and 1550 K for
6, 6, 12-graphyne structures.

Finally, Gibbs free energy values per atom are calculated
when pressure is kept constant and the temperature is
changed. Determining the lowest Gibbs free energy as a
function of temperature gives information on which phase
is more stable at a specific temperature. Up to now, there
have been different studies on Gibbs free energy minimiza-
tion for determining phase equilibrium [51-53]. Hence,
it is an important parameter to assess the thermodynamic
phase stability of different networks and allows us to
predict the direction of change for a system under the
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Figure 5. Lattice thermal expansion coefficients for a-, y-, and

6, 6, 12-graphyne and graphene structures. The magenta square dots
shows the LTEC of graphene reported by Mounet et al [49]. The
inset shows the change in the ratio of lattice constants for 6, 6, 12
-graphyne as the area is increased.

constraints of constant temperature and pressure where
eventually these calculations are crucial for simulation and
optimization of chemical processes [54]. Figure 6 displays
the calculated Gibbs free energy (G (T) = Min [F ({a,}T)])
per atom results for graphene and a-, y-, and 6, 6, 12-
graphyne structures. When the excess of binding energies
per atom of the graphynes with respect to graphene is
calculated at 0 K, they are found to be 0.90eV, 0.85, 0.63,
and 0.69 eV for a-, -, y-, and 6, 6, 12-graphyne structures,
respectively. These results are in agreement with the results
determined by Popov er al [20] (0.96, 0.87, and 0.63 eV
for a-, p-, and y-graphyne structures). These differences
remain nearly constant even if we increase the temperature
up to 1500 K. The results could indicate a relatively lower
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-8.20
P
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A T gy .
gal——L I : '
0 300 600 900 1200 1500

Temperature (K)

Figure 6. Gibbs free energy, G(T), for graphene and a-, y-, and
6, 6, 12-graphyne structures.

phase stability for the graphyne networks when compared to
graphene by a difference of at least 500 meV/atom up to
1500 K.

4. Conclusion

In summary, a systematic study of the vibrational and ther-
modynamic properties of the graphene-related structures of
a-, f-, y-, and 6, 6, 12-graphyne are presented. The DFPT
calculations show that no imaginary frequencies exist in a-,
y-, and 6, 6, 12-graphyne networks. However, negative
modes of about —2 THz are predicted around the I” point for
p-graphyne structures, which points out the low-temperature
crystal instability of this network. Furthermore, the obtained
negative GPs particularly for the acoustic and low-laying
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optical modes of these structures reveal the length contraction
in these graphyne networks with increase in temperature.
Indeed, QHA simulations regarding the LTEC calculations
exhibit a higher negative behavior in comparison with gra-
phene. Additionally, the G(T) calculations, which do not take
into account the anharmonic effects, reveal that large-area
growth would not be straightforward for these graphene
allotropes including triple-bonded carbon linkages.
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