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Abstract Graphdiyne nanotubes were constructed

10 years after their theoretical prediction and many prop-

erties of them have remained unknown until now. In this

investigation, transport properties of new family of carbon

nanotubes, graphdiyne nanotubes, were studied systemati-

cally by using spin-polarized density functional theory

coupled with Boltzmann transport equation with relaxation

time approximation. We have predicted the charge mobil-

ity for tubular forms of graphdiyne (GDNT). The calcu-

lated intrinsic electron mobility for GDNT at room

temperature can reach the order of 104 cm2 V-1 s-1. On

the other hand, the hole mobility magnitude is about an

order of 102 cm2 V-1 s-1. The DFT results also show that

GDNT is direct band-gap semiconductor. The calculated

cohesive and strain energies for GDNT indicate that this

new nanomaterial is more stable than the conventional

carbon nanotubes. Adsorption of a transition metal atom

(Fe) on the external surface of GDNT has been studied by

DFT method as well as density functional theory plus

effective on-site Coulomb repulsion parameters U, Hub-

bard correction. Transition metal (TM)-adsorbed GDNT is

magnetic and shows semimetal property. Charge transfer

between TM adatom and GDNT as well as the electron

redistribution of the TM intra-atomic s, p and d orbitals

indicates that the TM-adsorbed single-walled c-graphdiyne

have a high potential for applications in spintronics and in

future optoelectronics. The single-layer nanostructure of

graphdiyne (pGD) is studied too. The resulted electronic

properties of pGD and TM-absorbed-pGD confirm previ-

ous results for these nanostructures. Also, transport prop-

erties of stable TM-pGD nanostructure as well as TM-

GDNT are notable. Energy gap values for both nano-

structures are found to be strongly sensitive to the local

Coulomb interactions U of the TM d orbitals.

1 Introduction

During recent years, the synthesis of a new allotrope of

carbon, graphyne, or so-called supergraphene, was repor-

ted [1]. This category of carbon-based materials has both

sp2 and sp-hybridized carbon atoms. These materials are

predicted to have excellent electrical properties and

chemical stability [2] and high conductivity [3], with a

wide range of promising potential applications in electrical

devices. In addition, it has been suggested that graphdiy-

nes, other members of the graphyne family, which have

two acetylenic linkages between their nearest-neighbor

hexagonal rings, might be successfully utilized for gas

purification and are mechanically stable for gas separation

without a need for any chemical functionalization [4]. The

graphdiyne (GD) structure was historically designed by

Haley et al. [5]. So far, many unique features of graphdiyne

such as its high-temperature stability and the semicon-

ductive property with conductivity comparable to that of

silicon [6] have been reported. Very recently, the prepa-

ration of GD nanowires with high conductivity and
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mobility [3] and attempts to utilize the planar GD (pGD) as

a component of polymer solar cells [7] were reported.

Besides, the search for now, unknown till now, 0D–3D

forms of graphdiyne such as onions, nanotoroids and

nanotubes seems very desirable. This will lead to the

expansion of the family of the discussed graphdiyne

materials and to the discovery of their new 0D–3D forms

with unexpected properties [8]. The construction of nano-

tubes of graphdiyne was reported few years ago [9].

However, to our knowledge, as yet, theoretical studies on

the graphdiyne nanotube motifs have not been reported.

The graphdiyne nanoribbon has been demonstrated to

possess charge mobility as high as 2 9 105 cm2 V-1 s-1 at

room temperature [10]. It is the primary motivation of this

work to predict the electronic properties and the intrinsic

carrier mobility for graphdiyne single layer as well as

nanotubes.

As there are many different types of graphdiyne struc-

tures, various new families of pure nanotubes can be gen-

erated from graphdiyne sheets that have different electronic

and structural characteristics. Similar to carbon nanotubes

(CNTs), which are formed by rolling up a graphene sheet,

armchair, zigzag or chiral graphdiyne nanotubes (GDNTs)

are possible. In this research, a (3, 3) nanotube of c-

graphdiyne has been studied. This is because c-graphdiyne

is known to have high-temperature stability and shows

mechanical properties similar to graphene [10]. Manipu-

lating the magnetic properties of planar sheets and nano-

tubes through transition metal (TM) adsorption is an

important challenge for realizing their application in

spintronics and nanoelectronics [11]. So we have also

studied the effect of Fe transition metal adsorption on the

selected systems.

2 Computational details

Density functional theory (DFT) calculations were per-

formed using plane waves and ultra-soft pseudopotentials

[12], implemented in Quantum Espresso package [13]. The

electron exchange and correlation effects were considered

through the generalized gradient approximation (GGA)

with Perdew–Burke–Enzerhof (PBE) approach [14], which

is suitable for energy calculations and for estimating

Kohn–Sham band gaps. The energy cutoff for the plane

wave basis set was set to 500 eV.

Two-dimensional structure of single-layer graphdiyne

(pGD) is shown in Fig. 1a. It is defined by two lattice

vectors a1 = ax and a2 = a/2(-x ? 31/2y), with

a = 9.45 Å [15]. The rhombic unit cell of graphdiyne is

drawn with a broken line in Fig. 1a. The unit cell internal

coordinates (bond length and angles) were set according to

Narita et al. [16] optimized structures.

A GDNT can be defined by the chiral vector Ch = na1

- ma2. According to this definition for the chiral vector,

zigzag nanotubes are represented by (n, n) and armchair

ones by (n, 0), which is opposite to carbon nanotubes.

Here, we have studied a (3, 3) zigzag GDNT, Fig. 1b,

which has 108 carbon atoms. A 108-carbon supercell was

also used for pGD calculations, which is shown in Fig. 2

with a rectangle.

The pGD and GDNT systems were placed in ortho-

rhombic and tetragonal boxes, respectively, with the

dimensions given in Table 1. The optimized vacuum

spaces in the z-direction for pGD (15 Å) and x- and y-

directions for GDNT (15 Å) were included to avoid

interactions along the non-periodic dimensions. The posi-

tions of atoms were fully optimized to get the equilibrium

structures, using a convergence threshold of 0.01 eV/Å in

force. The k-point sampling of the Brillouin zone was

performed according to the Monkhorst–Pack scheme [17]

using a 81 9 81 9 1 grid for pGD and a 1 9 1 9 111 grid

for GDNT optimizations.

The mobilities of charge carries (hole and electrons)

along two directions were evaluated by Boltzmann trans-

port approximation with an in-house MATLAB (Matlab

2012) code [18].

3 Results and discussion

3.1 Energetic and structural properties

To evaluate the stability of the systems, cohesive energy

was calculated from Ecoh = Etot - nEC, where Etot denotes

the spin-polarized total energy of fully optimized planar or

tubular graphdiyne. n and EC are the number of carbon

atoms and the total energy of a single carbon atom,

respectively. Both energy terms were evaluated using a

same supercell size. Table 1 shows the results for pGD and

GDNT. The calculated cohesive energy for p-GD is in

agreement with the work of Narita et al. [16]. The cohesive

energy for GDNT is higher than that of a carbon nanotube

with similar radius [19], because of strong C:C bonds.

Table 1 also shows the optimized carbon–carbon bond

lengths for pGD and GDNT. The average length of single

bonds between two triple bonds in both systems is lower

than the value of 1.38 Å for diacetylene [16]. Compared

with a carbon nanotube with the same radius, the bond

length difference between planar and tubular forms is lar-

ger for the GDNT. The strain energy (the difference of

cohesive energies between the sheet and tube) for GDNT

(0.23 eV/atom) indicates that this tubular structure is more

stable than the carbon nanotube with a same radius [20].

This high stability may be originated from inter-atomic

moving electrons and effect of conjugated multiple bonds.
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Consequently, the higher stability of GDNT can make this

structure more interesting for new applications.

In order to study the effect of adsorption of a TM atom

on the surface of pGD/GDNT, various adsorption sites for

a single Fe atom were examined. Figure 2 shows these

sites. The most stable position for adsorption of Fe atom for

both structures is the h2 site above a 18-hexagon. In this

site, Fe forms six bonds with neighboring carbon atoms.

Adsorption energies of Fe on pGD/GDNT are reported in

Table 2. They were calculated from Eads = ETM?GD -

EGD - ETM, where three energy terms are the spin-polar-

ized total energies of TM-adsorbed pGD/GDNT, pure

pGD/GDNT and an isolated TM atom, respectively.

Adsorption of Fe on both structures is exothermic. This is

the result of additional px - pyp/p* states of sp-hybridized

carbons in GD, which allows them to strongly bind the TM

adatom and easily trap in within the alkyne rings.

The minimum distances between Fe and the nearest-

neighbor carbon atom are listed in Table 2. The height

(h) of adatom from the plane of carbon atoms in both cases

is obviously smaller than the value of *1.48 Å for TM–

graphene [21] and TM–CNT [22]. As a result, Fe makes

stronger bonds with pGD/GDNT. According to the results

of Table 2, the adsorption energy of Fe atom on pGD/

GDNT, calculated by DFT ? U method (EU
ads), is consid-

erably different from DFT method (U = 0). On the other

hand, both DFT and DFT ? U methods predict that Fe

atom has larger adsorption energy with GDNT than with

pGD. This is a curvature effect, which causes stronger

interactions between pz orbitals of carbon and 3d orbitals of

Fe.

3.2 Electronic properties

The spin-polarized band structures calculated for GDNT

and pGD are shown in Fig. 3. The minimum gap between

the lowest conduction band and the highest valance band

occurs at the C point for pGD (0.53 eV) and at the C and

Z points for GDNT (0.012 eV). For pGD, the highest

valance band and the lowest conduction band are both

doubly degenerated and consist mainly of 2pz atomic

orbitals. For GDNT, on the other hand, the valence and

Fig. 1 a Chiral and transition

vectors for a (3, 3) graphdiyne

nanotube. Counter plot of

charge density is shown at the

bottom. The rhombus drawn

with dashed lines represents the

primitive cell. b Structure of the

zigzag (3, 3) graphdiyne

nanotube

Fig. 2 Supercell used for pGD calculations, with 108 carbon atoms.

The possible sites for adsorption of Fe on planar graphdiyne are also

shown

Table 1 Structural parameters for pGD and GDNT systems

System asc 9 bsc

9 csc (Å3)

C(sp):
C(sp)

C(sp2)–

C(sp2)

:C–

C:
Ecoh

(eV/

atom)

pGD 57.18 9 9.01 9 1.61 1.23 1.40 1.33 7.78

GDNT 18.10 9 18.10 9 9.01 1.24 1.39 1.30 8.01

The bond lengths are in Å

Table 2 Structural parameters for Fe-adsorbed pGD and GDNT

systems

System dFe–C (Å) h (Å) Eads (eV) EU
ads (eV)

Fe@pGD 1.83 (1.54) 0.99 (0.136) -2.81 -3.07

Fe@GDNT 1.98 (1.75) 1.03 (0.480) -4.93 -5.05

The numbers in parentheses are obtained from DFT ? U calculations
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conduction bands are not degenerated. Similar properties

have been observed for graphyne nanotubes [15, 23]. Both

systems are non-magnetic, i.e., their spin-up and spin-down

bands coincide.

The electron transfer between Fe adatom and pGD/

GDNT strongly affects magnetic properties of TM-adsor-

bed systems. As mentioned above, both pGD and GDNT

systems have zero magnetic moments, but the magnetic

moment is nonzero when Fe adsorbs (Table 3). In agree-

ment with the results of TM adsorption on graphyne and

graphdiyne surfaces [24], the magnetic moments are

mainly contributed by Fe atoms. Spin-resolved band

structures for Fe-adsorbed pGD and GDNT are shown in

Fig. 4. They show semimetallic behavior. Majority spin

channels of both systems are metals, but there is a small

gap in their minority-spin band structures (Table 3).

Since the 3d orbitals of Fe are strongly localized,

Hubbard (?U) correction for the correlation energy was

employed to account for the effect of the on-site Coulomb

repulsion for Fe 3d orbitals. As documented in previous

works [25–27], compared with the standard DFT method,

DFT ? U provides a better representation of the ground-

state properties of correlated systems. The results of the

DFT ? U method sensitively depend on the numerical

value of the effective on-site electronic interaction, Ueff

[28]. In this work, the linear response approach [29] was

used for the calculation of Ueff. For this purpose, localized

perturbations (a) were applied and the interacting (v) and

non-interacting (v0) density response functions were cal-

culated from the following relation:

v ¼ on=oa ð1Þ

where n is the charge density (d occupation). Then,

the parameter Ueff can be obtained from the formula

Ueff = v-1-v0
-1. The calculated values of Ueff for pGD

and GDNT are 5.23 and 3.68 eV, respectively.

The results of DFT ? U calculations are presented in

Table 3. The results in Table 3, together with the band

structures in Fig. 4, indicate that all the magnetic and

electronic properties are very sensitive to the value of

U. The band gap (Eg) is obviously increased by considering

the Ueff parameter. The opening of the band gap due to on-

site Coulomb repulsion has been reported before [30].

Moreover, the charge transferred from Fe to pGD/GDNT

and the net magnetic moments of the system are larger with

the DFT ? U method. In this case, a finite correlation of

delocalization of electrons in d orbitals of Fe atom causes

more splitting in spin-degenerate energy levels, and this

Fig. 3 Band structures of

GDNT (a) and pGD (b). The

corresponding Brillouin zones

and high symmetry points are

illustrated at the left side of

band structures
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splitting of the spin-excitation energy results larger mag-

netic moment. According to the Löwdin charge analysis of

the system, the occupations of 3d atomic orbital for Fe

atom are reduced with DFT ? U calculations, indicating

lower electron injection from Fe to pGD/GDNT. These

results confirm the stability of Fe-adsorbed systems, which

is sensitive to the changes in the U parameter.

To understand the origin of magnetism in Fe-pGD/

GDNT, projected densities of states (PDOS) for Fe atom

and its nearest-neighbor carbon atoms, shown in Fig. 5, can

be used. For the majority spin, the d orbitals of Fe are

strongly coupled with the in-plane px and py and out of

plane pz orbitals of its nearest-neighbor atoms. However,

for the minority spin, there is a large overlap between

d orbitals.

3.3 Charge transport behavior

The band structures shown in Fig. 3 for pGD and GDNT

indicate that they are direct band-gap semiconductors. It is

notable that the band gap of semiconductors is underesti-

mated by the density functional theory calculations due to

neglecting the self-energy term from many-electron inter-

actions. Despite this deficiency, many theories and com-

putational schemes have been applied successfully for the

prediction of intrinsic carrier mobilities of nanostructures

[31–35] and yielded values in reasonable agreement with

the experimentally measured values [36]. In fact, the

dependency of DP constant on relocation of inner energy

bands and approximate independency of DP constant of

magnitude of band gap provides the possibility of

Table 3 Amount of charge transferred from Fe to pGD/GDNT (Te),

the band gap (Eg), the net magnetic moment (lB) and the Fe atom’s

valence electron configuration from Löwdin charge analysis for Fe-

pGD/GDNT systems

Property Fe@pGD Fe@GDNT

Te (e) 0.821 (1.033) 0.923 (1.915)

Eg (eV) 0.011 (1.098) 0.250 (0.981)

lB 2.80 (3.01) 2.01 (2.69)

4s3d4p populations 2.33/6.86/6.39 (2.33/

6.53/6.39)

2.36/6.35/6.86 (2.36/

6.29/6.86)

The values obtained from the DFT ? U method are given in

parentheses

Fig. 4 Spin-polarized band

structures of a Fe@GDNT from

DFT method, b Fe@GDNT

from DFT ? U method,

c Fe@pGD from DFT method

and d Fe@pGD from DFT ? U

method. Red lines represent the

position of the Fermi level
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calculating transport properties in that situation which

band-gap value is calculated by even an error [10, 37].

Boltzmann transport equation (BTE) is among these theo-

ries, as a density-functional-based approach has been used

for predicting the carrier mobilities in single-walled carbon

nanotubes [38] and MoS2 nanotubes [39].

In the BTE method, the carrier mobility l in the relax-

ation time approximation can be written as [40, 41]:

leðhÞ
a ¼ e

kBT

P

i2CBðVBÞ

R
saði; kÞv2

aði; kÞ exp �eiðkÞ=kBT½ �dk

P

i2CBðVBÞ

R
exp �eiðkÞ=kBT½ �dk

ð2Þ

where a is the direction of external field, and ei(k) and va(i,

k) are band energy and the a component of group velocity

at state k of the band i, respectively. The minus (plus) sign

is for electron (hole) and the summations run over con-

duction band (CB) for electrons and valence band (VB) for

holes. The integration of k states is over the first Brillouin

zone (BZ). sa(i, k) is the relaxation time, which is obtained

from the following relation [10]:

1

saði; kÞ
¼ kBT

2pE2
d

�hCb

X

k02BZ

1� vaðk0Þ
vaðkÞ

� �

d eðk0Þ � eðkÞ½ �
� �

ð3Þ

In this equation, Ed is the deformation potential (DP

constant) for the ith band and Cb is the elastic constant

along the direction b.

To obtain accurate carrier mobilities, the energy grids on

a very fine k-mesh are needed. We chose to calculate the

electronic states ei(k) from non-self-consistent calculations

Fig. 5 Spin-polarized density

of states for Fe@pGD (a) and

Fe@GDNT (b). From the top to

the bottom, the plots represent

total density of states, projected

density of states for carbon

atoms near Fe and projected

density of states for Fe atom.

Upper and lower panels are for

spin-up and spin-down states,

respectively, and the Fermi

level is at zero energy
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on a 81 9 81 9 1 grid for pGD and a 1 9 1 9 111 grid

for GDNT. The group velocity of electron and hole carriers

can be obtained from v(i, k) = rei(k)/�h [10]. To calculate

the DP constant Ed and the stretching modulus Cb, the

supercell was uniformly dilated along the directions a and

b (see Fig. 2) and band structure calculation was performed

at different degrees of dilation. The elastic constant of the

system along the transport direction b can be obtained by

fitting the curve of the total energy E of the supercell with

respect to dilation Dl/l0, using the following equation:

A0Cb ¼ 2 E � E0ð Þ=ðDl=l0Þ2 ð4Þ

A0 and E0 are area and total energy of the supercell at the

optimized structure, respectively. Dl is the deformation of

the lattice constant along the direction b, and l0 is its value

at equilibrium geometry. The DP constant is evaluated

from Ed = DE/(Dl/l0), where DE is energy shift of the band

edge position along the direction b.

Figure 6 shows the plots used for the calculation of

elastic and DP constants, and the obtained values are given

in Table 4. According to the data, elastic constants along

two directions are typically very close together for pGD.

On the other hand, for GDNT, the elastic constant along

a direction is lower. Fe adsorption increases the elastic

constant for pGD and the b direction of GDNT. The DP

constant (Ed) characterizes the coupling strength of the

charge carriers with the acoustic phonons. The DP con-

stants of pGD and GDNT for electrons and holes are dif-

ferent because these structures are semiconductors. The DP

constants along two directions are equal for all systems

(Table 4).

Table 4 also shows the relaxation times and carrier

mobilities for different systems. For pGD, the charge car-

riers are delocalized and when the carriers are accelerated

by a perturbation, they are subject to scattering by phonons.

The DP constants of both pGD and GDNT are larger than

the corresponding values for graphene and carbon nanotube

[41, 42]. This can be attributed to the fact that the sp triple

bonds are stronger than the sp2 double bonds. The elastic

and DP constants together can determine the electron–

phonon coupling strength [43]. According to Table 4,

smaller elastic constant and a much smaller DP constant for

GDNT lead to weaker electron–phonon coupling in GDNT

than in pGD. This feature may encourage the researchers to

further study TM-GDNT systems in order to reach an even

smaller Ed (and also higher carrier mobility). In addition,

Fig. 6 Band edge position of

VB and CB with respect to the

lattice dilation along two

directions for pGD (a) and

GDNT (b). The linear fit of the

data gives the DP constant for

electron in VB and for hole in

CB. The total energy of a unit

cell as a function of lattice

deformation along two

directions is given in lower

panels for pGD (c) and GDNT

(d). The quadratic fit of the data

gives the elastic constant
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for all cases, the carrier coupling with acoustic phonons is

higher for holes than for electrons.

According to Eq. (2), the intrinsic carrier mobilities

depend not only to the relaxation times, but also to the

group velocities and the shapes of the Fermi surface. The

results show that the carrier mobility of the GDNT in

a direction is higher than that of pGD for both electrons

and holes. The carrier mobility along a direction is higher

than the mobility along b direction in pGD. However, in

GDNT, the mobilities along both directions have nearly

equal values. Upon the adsorption of Fe, the carrier

mobilities increase significantly. So transport in the Fe-

adsorbed GDNT is more favorable than in pure GDNT.

4 Conclusions

In conclusion, the electronic and structural properties of a

graphdiyne nanotube and a single-layer graphdiyne sheet

have been studied. Adsorption of TM can effectively

modulate the structural and electrical properties of these

structures. High stability in all cases is originated from

carbon–carbon triple bonds. We have calculated the

intrinsic charge carrier mobility of transition metal-adsor-

bed graphdiyne in tubular and planar forms scattered by the

longitudinal acoustic phonons, using density functional

theory and the Boltzmann transport equation with the

relaxation time approximation. Our numerical results

indicate that charge carrier mobility of zigzag (3, 3) GDNT

is larger than pGD. Also, our theoretical results suggest

that GDNT exhibits carrier mobility larger than that of a

carbon nanotube.
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