
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry C

www.rsc.org/materialsC

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 

 

Electronic and Transport Properties of (VBz)n@CNT and (VBz)n@BNNT Nanocables 

Xiu Yan Liang,1 Guiling Zhang,1,* Peng Sun,1 Yan Shang,1 Zhao-Di Yang,1 Xiao Cheng Zeng2,* 

1
Innovative Research Team of Green Chemical Technology in University of Heilongjiang Province 

(2014TD007), College of Chemical and Environmental Engineering, Harbin University of Science and 
Technology, Harbin 150080, China. 

2
Department of Chemistry, University of Nebraska-Lincoln, Lincoln, NE 68588, USA 

 
Abstract Electronic structures and transport properties of prototype carbon nanotube (CNT) (10, 

10) and boron-nitride nanotube (BNNT) (10, 10) nanocables, including (VBz)n@CNT and 

(VBz)n@BNNT (where Bz refers as C6H6), are investigated using the density functional theory 

(DFT) and the non-equilibrium Green’s function (NEGF) methods. It is found that (VBz)n@CNT 

shows a metallic character while (VBz)n@BNNT exhibits a half-metallic feature. Both 

(VBz)n@CNT and (VBz)n@BNNT nanocables show spin-polarized transport properties, namely, 

spin-down state gives rise to a higher conductivity than the spin-up state. For (VBz)n@CNT, the 

CNT sheath contributes metallic transport channel in both spin-up and spin down states, while 

the (VBz)n core is an effective transport path only in the spin-down state. For (VBz)n@BNNT, 

the BNNT sheath is an insulator in both spin-up and spin-down states. Hence, the transport 

property of (VBz)n@BNNT nanocable is attributed to the spin-down state of the (VBz)n core. 

The computed spin filter efficiency of (VBz)n@CNT is less than 50% within the bias of -1.0 to 

1.0 V. In contrast, the spin filter efficiency of (VBz)n@BNNT can be greater than 90%, 

suggesting that (VBz)n@BNNT nanocable is a very good candidate for spin filter. Moreover, 

encapsulating (VBz)n nanowire into either CNT or BNNT can introduce magnetism and the 

computed Curie or Neél temperature (VBz)n@BNNT amounts to as high as 2451 K. These novel 

electronic and transport properties of (VBz)n@CNT and (VBz)n@BNNT nanocables render them 

as potential nanoparts for nanoelectronic applications.  
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1 Introduction 

Coaxial nanocables, a novel form of one-dimensional (1D) nanocomposite of a nanowire 

(NW) (core) enclosed inside a single or multi-wall nanotube (NT) (sheath), have been under 

much investigations in recent years.1-5 Various 1D materials with coaxial nanocable-like 

NW@NT structures have been synthesized in laboratory, such as B@SiO2,
6 SiC@SiO2,

7 

TiO2@SiO2,
8 ZnSe@SiO2,

9 Zn@ZnS,10 ZnO@ZnS,11 etc. Functionality of nanocables can be 

broadened compared to that of single-component NW due to the interplay between NW and NT. 

The combination of the two nanostructures may exhibit new electronic, magnetic, and 

conducting properties which could offer more prospects and opportunities for applications in 

nano-devices, magnetic data storage or molecular delivery platforms.12-19 

Carbon nanotubes (CNTs) and boron nitride nanotubes (BNNTs) are two known 1D hollow 

nanostructures for accommodating NWs and making nanocables. Various NWs of metals (Ni, Co, 

Fe, Cu, Se, Te, Ag),20-26 polymers (polyaniline, polythiophene),19,27,28 potassium halide,29 oxide 

(Fe3O4, Ga2O3),
30-32 ZnS,33 or Si34 have already been introduced inside CNTs or BNNTs by using 

various experimental techniques. Typically, CNTs exhibit delocalized valence bonding character 

while BNNTs show localized ionic bonding character. So CNTs can be either metallic or 

semiconducting depending on its diameter and chirality, while BNNTs are insulating regardless 

of its morphology.35-40 This difference in electronic property between CNTs and BNNTs 

inevitably leads to different properties of corresponding nanocables. For example, there exists 

strong coupling between the encapsulated metal (Fe, Co, Ni, or Cu) NW and CNT, which tends 

to have substantial modification of the electronic states. In contrast, the interaction between 

metal NW and BNNT is relatively weak and the original electronic structure of NW is hardly 

changed by the BNNT.41-47 
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Recently, multidecker organometallic sandwich NWs have attracted growing attention 

owing to their potential applications in molecular electronic and magnetic devices.48-57 A number 

of such multidecker organometallic sandwich NWs have been synthesized.58,59 In particular, a 

NW system under intensive investigation is vanadium-benzene multidecker (VBz)n (Bz=C6H6) 

NW.60 The synthesis of (VBz)n NWs can be realized from reaction of laser-vaporized metal 

atoms with C6H6 in He atmosphere.48,49,61 Previous experimental studies have shown that in 

(VBz)n NWs the unpaired electrons on the V atoms are coupled ferromagnetically (FM).62 Later 

theoretical studies of (VBz)n NWs confirm this FM feature, and also suggest that the ground state 

of the (VBz)n NWs exhibits half metallicity (i.e., one spin channel is metallic while the other 

spin channel is insulating) and spin filter effect.63,64 The FM sandwich (VBz)n NWs are therefore 

promising candidates as nanomagnetic building blocks in applications such as recording media 

or spintronic devices.65 Other novel sandwich complexes including (η5-Cp)FeC60R5 (R = Me, Ph; 

Cp = C5H5)
66 and ferrocene67 have also been successfully introduced into CNTs to make a class 

of self-assembled hybrid structures. We recently showed from ab initio calculations that 

encapsulating (C60V)n NW or ferrocene based molecules into CNT or BNNT can result in new 

physical properties.68,69 Here, we show that (VBz)n NWs can be also introduced into CNTs or 

BNNTs to form nanocables with multifunctional properties. Particular attention in this study is 

focused on the electronic and transport properties of (VBz)n@CNT and (VBz)n@BNNT 

nanocables as well as the differences in these properties between the nanocables and their CNT, 

BNNT, and (VBz)n components.  

2 Models and Computational Methods 

Metallic CNT (10, 10) and insulating BNNT (10, 10) are selected as prototype host NTs. 

For computing electronic structures, the infinite (VBz)n@CNT and (VBz)n@BNNT systems are 
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modeled using the periodic condition in the axial direction. For computing transport properties, 

the two-probe devices are adopted. As a benchmark test, we have computed electronic properties 

based on infinite NT systems and transport properties based on the two-probe devices for pure 

CNT (10, 10), BNNT (10, 10), and bare (VBz)n systems. 

For periodic systems, the supercell contains six layers of NT (120 atoms) and two units of 

VBz [i.e., (VBz)2] inside the NT (Fig. 1) because the lattice parameter of the (VBz)2 NW (~7.38 

Å) nearly matches the lattice parameter of the supercell of CNT (10, 10) and BNNT (10, 10) 

(∼7.30 Å). In addition, such a supercell containing two V atoms can be used to study magnetic 

coupling between V atoms. The nanocables are separated by 20.0 Å vacuum to neglect tube-tube 

interaction. All the periodic systems are fully optimized until the maximum absolute force is less 

than 0.02 eV/Å.  

For the two-probe devices, we take six optimized unit cells, i.e., (VBz)6@CNT or 

(VBz)6@BNNT, as the central scatter region, which is long enough (>14.0 Å) to separate the left 

and right electrodes. To compute intrinsic transport properties of the nanocables, we select 1/3 of 

the scatter region as each of the two opposing electrodes (Fig. 1). Transport current is computed 

by changing the applied bias in the step of 0.2 V in the range of -1.0~1.0 V.   

All the computations for both infinitely long and two-probe systems are performed using 

combined DFT/NEGF methods, implemented in the software package Atomistix ToolKit 

(ATK).70-73 A generalized gradient approximation (GGA) within the Perdew-Burke-Ernzerhof 

(PBE) formalism is employed to describe the exchange correlations between electrons. Spin 

polarization of V atom is considered in all calculations. The on-site correlation effects among 3d 

electrons of V atom are accounted for by using the GGA + U scheme,73 where the parameter U–J 

is set to be 3.4. A double-ζ basis with polarization (DZP) is used for all atoms. A (1×1×100) k-
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point in string Brillouin zone (x, y, z directions, respectively) is adopted, and 150 Ry cutoff 

energy is applied to describe the periodic wave function. For the sake of simplification, hereafter, 

we denote CNT as 1a, (VBz)n@CNT as 1b, BNNT as 2a, (VBz)n@BNNT as 2b, and (VBz)n as 

c for the periodic systems. We also denote CNT as D-1a, (VBz)n@CNT as D-1b, BNNT as D-2a, 

(VBz)n@BNNT as D-2b, and (VBz)n as D-c for the two-probe systems.                                                                                                                                    

 

3 Results and Discussions 

Fig. 1 shows optimized structures of nanocables (VBz)n@CNT and (VBz)n@BNNT. First, 

we show results of geometry, magnetism, and band structures of the infinitely long nanocables of 

1b and 2b, followed by transport properties computed based on the two-probe devices of D-1b 

and D-2b.   

3.1 Stability and Geometry 

Computed total energies per supercell for the optimized 1b and 2b are listed in Table 1. The 

antiferromagnetic (AFM) state and the ferromagnetic (FM) state of the two V atoms are both 

considered. It is known that pure (VBz)n nanowire favors FM ground state.62,63 Notably, 

regardless of CNT or BNNT sheath, the neighbor V atoms of the encapsulated (VBz)n still favor 

the FM coupling as reflected from the lower energy of the FM state compared to the AFM state 

in both 1b and 2b. Hereafter, we mainly focus on the FM state of 1b and 2b and discuss 

associated electronic and transport properties.  

Chemical stability for encapsulated (VBz)n is evaluated by computing the reaction energy per 

supercell for the net reaction [NT+ (VBz)2  → (VBz)2@NT - ∆Er] where NT represents the 

nanotube in a supercell. Here, the computed reaction energies ∆Er are -60.9 and -36.3 eV for 1b 
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and 2b, respectively (c.f. Table 1). The negative values indicate exothermic reactions. Hence, 

incorporation of (VBz)n into either CNT or BNNT is energetically quite favorable.    

The optimized supercell length (L) in the axial direction, the radii of NT (R), the face-to-face 

distances between adjacent Bz (r1), the average C-C bond lengths in Bz (r2), and the distances 

between H atom of Bz and the nearest atom on NT (r3) for 1b and 2b are given in Table 2. 

Incorporation of the (VBz)n into NT causes no changes in supercell length as reflected from the 

identical values of L compared to the bare NT. The NT radii R of 1b and 2b are slightly 

expanded compared with bare 1a and 2a, respectively. The distances r1 are 3.692 Å for both 1b 

and 2b, slightly longer than that (3.40 Å) in pure (VBz)n.
74-76 The computed C-C bond lengths in 

Bz r2 range from 1.458 to 1.461 Å, very close to the experimentally measured bond length for 

(VBz)n (1.44 Å).77 The shortest distances between H atom of Bz and the nearest atom of NT (r3) 

are in the range of 4.284 - 4.456 Å.   

3.2 Band Structures 

Fig. 2 displays computed band structure of c, and the corresponding Kohn-Sham orbitals 

near the Fermi level (Ef). It is known that the five 3d orbitals of V atom split into a 3 2d
z

 (a1) 

orbital and two sets of doubly degenerate 3 22,
d

yxxy −
 (e2) and 3 yzxz ,d  (e1) orbitals under the Bz 

ligand field with D6h symmetry. Here, the (VBz)2 supercell contains two V atoms which 

contribute ten 3d orbitals to couple with the Bz π orbitals, thereby resulting in ten bands: a1' and 

a1" bands, two sets of doubly degenerate e2' and e2" bands, and two sets of doubly degenerate e1' 

and e1" bands (c.f. Fig. 2). The a1' and a1" bands are far below the Ef.  In the spin-up state (c.f. 

Fig. 2(a)), the e2" and e1' bands correspond to the valence and conduction band, respectively, 

which give a band gap of ~1.80 eV, suggesting a semiconducting character. In the spin-down 

state, the valence e2' band and the conduction e1' band cross at the Ef (c.f. Fig. 2(b)), showing a 
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metallic character. Thus, the (VBz)n NW is indeed a half metal. This result is consistent with 

experimental observation62 and other theoretical investigation. 63-65 

Fig. 3 displays computed band structures of 1a (CNT) and the nanocable 1b ((VBz)n@CNT) 

as well as the corresponding Kohn-Sham orbitals near the Fermi level Ef. For 1a, the valence 

bands I and II and the conduction bands III and IV cross at the Ef with large dispersion, 

reflecting typical metallic characteristics (c.f. Fig. 3(a)). For 1b, the spin-up state clearly shows 

different features from the spin-down state. The unoccupied V e1' and e1" orbitals are far away 

from the Fermi level Ef and thus not plotted in Fig. 3(b,c). Compared to 1a, one can see that the 

CNT bands III and IV downshift slightly in the spin-up state of 1b (c.f. Fig. 3(b)), and both 

bestride the Ef. As such, the CNT π state in the spin-up state behaves like partial-filled and 

should dominate the electron transport. The occupied (VBz)n e2" states are located just below the 

Ef, serving as valence bands, and cross with the CNT bands III and IV (c.f. Fig. 3(b)). The 

(VBz)n e2" states are mainly originated from V 3 yzxz ,d  states as shown from the plotted Kohn-

Sham orbitals. Hence, the V atom can also contribute to the electron transport via electron 

hopping to the CNT sheath. For the spin-down state, the CNT bands III and IV downshift 

significantly to bestride the Ef (c.f. Fig. 3(c)). Thus, the CNT π state in the spin-down state still 

serves as a major transport pathway. It is noteworthy that the (VBz)n e2' bands upshifted 

significantly to cross the Ef, serving as a half-filled band. This indicates that the core (VBz)n NW 

also offers a notable transport pathway along the axial direction. These results can be reflected 

from the projected density of states (PDOS) as well in Fig. 4. Evidently, the CNT π states of 1a 

and 1b exhibit similar PDOS features, e.g., peaks and broad valleys around the Ef. Thus, the 

CNT π states are still the main transport channels even with the core (VBz)n NW.  For the spin-

up state, a similar V-CNT hopping channel arises as the V 3d PDOS peak appears right below 
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the Ef. For the spin-down state, both the Bz π PDOS and V 3d PDOS cross the Ef with a half-

filled character, again a manifestation of the transport channel along (VBz)n NW. In summary, 

for nanocable 1b, both the CNT sheath and the (VBz)n core can provide metal-like transport 

pathways. Moreover, electron hopping from the core (VBz)n to the CNT sheath may contribute 

to electron transport.  

 In Fig. 5, computed band structures of 2a (BNNT) and nanocable 2b ((VBz)n@BNNT) are 

plotted along with the associated Kohn-Sham orbitals near the Ef. For 2a, as expected, the 

valence band I is separated from the conduction band II by a large band gap of 4.64 eV (c.f. Fig. 

5(a)). By comparing Fig. 5(b) with Fig. 2(a), and Fig. 5(c) with Fig. 2(b), we find that the bands 

originated from the (VBz)n NW are little affected even when inside the BNNT. In the spin-up 

state of 2b, the (VBz)n a1', a1", e2', and e2" bands are located between the BNNT band I and the Ef. 

The (VBz)n e2" state serves as the valence band and the BNNT π state as the conduction band (c.f. 

Fig. 5(b)). As a result, the band gap of 2b is 1.25 eV, reduced from 4.64 eV of 2a, showing a 

semiconducting feature. In the spin-down state, both the valence band e2" and the conduction 

band e1' fall in the band gap region of BNNT and cross at the Ef just as in the case of c (c.f. Fig. 

5(c)). As such, the (VBz)n core can offer a metal-like transport path. Overall, encapsulating 

(VBz)n into BNNT results in the half-metallic property for  2b. This property can be further 

confirmed from the PDOS in Fig. 4. The BNNT retains the insulating property in 2b as the 

BNNT π PDOS are largely separated from the Ef. In the case of spin-up state, a band gap of 

about 1.25 eV can be seen between the valence V 3d PDOS and the conduction BNNT π PDOS, 

showing the semiconducting character. In the case of spin-down state, the Bz π PDOS peak is 

located just across the Ef, indicating a metallic character. Thus, nanocable 2b displays a half-

metallic character just like pure c, different from the metallic character of the nanocable 1b. 
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3.3 Magnetic Properties 

As shown in Table 1, both 1b and 2b nanocables favor the FM ground state. Table 1 also 

gives calculated Mulliken population and magnetic moment S for the FM state of 1b and 2b.  On 

one hand, the spin-up V 4s and 3d orbitals donate electrons to the Bz π-orbitals to form 

coordinate bond. On the other hand, the Bz π-orbitals feedback electrons to the spin-down V 3d 

orbital to form feedback bond. For 1b, the spin-up V 4s orbital entails only 0.05 electron, i.e., 

0.95 electron of the V 4s orbital is transferred to the Bz π-orbital, leading to a negative magnetic 

moment of SV(4s)= -0.95 µB. The electron number in the spin-up V 3d orbital decreases to 2.64 

from 3.0, i.e., 0.36 electron is transferred to the Bz π-orbitals. Meanwhile, the Bz feedback 0.48 

electron to the spin-down V 3d orbital. Therefore, the V 3d state generates a positive magnetic 

moment of SV(3d)=2.16 µB. Overall, each V atom in (VBz)n@CNT possesses 4.17 valence 

electrons (PV(3d)↑+PV(3d)↓+PV(4s)↑+PV(4s)↓ in Table 1). The other 0.83 electron from the V atom is 

distributed over the Bz and the sheath CNT. So the Bz and the CNT bear -0.43e and -0.40e 

charge, respectively.  

Notably, as shown in Table 1, CNT or BNNT in the nanocable does not show FM behavior 

as reflected from the zero value of SNT. The integer magnetic moment STot=1.20 µB for each unit 

cell VBz@CNT mainly arises from the V atom, larger than that for pure c (S=1.0 µB
64). In 2b, 

the V 4s orbital gives rise to a SV(4s) = -0.95 µB magnetic moment, while the V 3d orbital induces 

2.17 µB magnetic moment, leading to a value of SV = 1.22 µB for each V atom in 2b. The V atom 

possesses 4.3 valence electrons. Different from 1b, the donated 0.7 electron from each V in 2b 

distributes over the Bz only. The unit cell of BNNT in 2b transfers 0.02 electron to the Bz. These 

additional electrons given to Bz are partially coupled ferromagnetically, resulting in a magnetic 

moment of SBz = -0.23 µB. Thus, the integer magnetic moment is reduced to 0.99 µB for each unit 
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cell of 2b, less than that in 1b and comparable to that in pure c. The exchange parameter J, which 

can be estimated by the energy difference between FM and AFM configurations, is about -1.6 

meV and -634.1 meV per supercell (containing two V atoms) for 1b and 2b, respectively (c.f. 

Table 1). The J value of 2b is higher than that of 1b. We also estimate the Curie or Neél 

temperatures, TC(N), of the nanocables using the formula 3/2kBTC(N) = J/2 (see Table 1). The 

estimated Curie or Neél temperature for 1b is merely 6.2 K. In contrast, the Curie or Neél 

temperature of 2b is as high as 2450 K, suggesting that the FM state of 2b can be highly stable 

even at elevated temperatures. The magnetic behavior of 1b and 2b nanocables is also reflected 

by uneven PDOS distribution in the spin-up and spin-down states as shown in Fig. 4. The spin 

polarization is mainly due to the V atoms.  

 

3.4 Transport Properties 

To analyze the effect of core (VBz)n on the transport properties of the two nanocables, we 

construct a model system such that three unit cells, i.e., (VBz)6@CNT or (VBz)6@BNNT, are 

sandwiched between two electrodes, forming two-probe device as described in Section 2 (c.f. Fig. 

1). Computation results suggest that electric conductivities of the two-probe devices are 

consistent with the electronic structures of the corresponding infinitely long nanocable systems.    

The computed I-V curves based on the two-probe devices are shown in Fig. 6(a). The 

magnitude of total current of pure D-1a is on the order of 10-4 A, showing good metallic 

property, whereas the magnitude of total current of pure D-c is two orders of magnitude lower 

than that of D-1a. The conductivity of D-1a satisfies the Ohm's law, while D-c gives a 

nonlinear I-V curve in the bias range of -1.0 - 1.0 V. Notably, the conductivity is enhanced 

when (VBz)n is enclosed inside CNT by comparing the total current of D-1a with D-1b. This 
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behavior is consistent with the computed electronic structures. Fig. 6(a) shows that pure D-2a 

exhibits feature of insulator with nearly zero current. Clearly, the nanocable D-2b displays 

almost the same conductivity as pure D-c, indicating the (VBz)n NW plays the main role in 

electron transport in D-2b, again consistent with computed electronic structures.   

For FM D-1b, D-2b, and D-c systems, the spin-up current (
↑I ) and spin-down current (

↓I ) 

are computed. The conductivities are spin-state dependent within the bias range of -1.0~1.0 V. 

The spin-down state gives a higher conductivity than the spin-up state, suggesting that both 

nanocables and D-c can be a spin filter, again consistent with electronic structures of infinitely 

long 1b, 2b, and c systems. Another study also indicates that (VBz)n coupled to Ni or Co 

electrodes can be a nearly perfect spin filter.78 

The spin filter efficiency (SFE) at zero bias voltage can be evaluated from the transmission 

by using the formula  

)()(

)()(
SFE

ff

ff

ETET

ETET

↓↑

↑↓

+

−
=             (1) 

where )( fET
↓

 and )( fET
↑

 are the transmission coefficient of spin-down and spin-up channel at 

Fermi energy EF under zero bias voltage. At a bias voltage, the SFE is defined as  

↓↑

↑↓

+

−
=

II

II
SFE               (2) 

where 
↓I and 

↑I  represent spin-down and spin-up current, respectively.  

The SFE curves under different bias for D-1b, D-2b, and D-c systems are shown in Fig. 

6(b). The SFE values of D-1b are all below 50%, whereas D-2b gives high values of SFE (> 

90%). Evidently, the SFE values of D-2b are higher than those of D-c. So D-2b system exhibits 
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remarkable spin-polarized transport properties, which may be exploited as a new kind of spin 

filter. 

Effects of (VBz)n NW on transport properties of D-1b and D-2b can be also analyzed from 

other aspects such as energy spectra (ES), molecular projected self-consistent Hamiltonian 

(MPSH) states, transmission spectra (TS), and electrostatic potentials (EP). Results together 

with those of D-1a and D-2a are depicted in Figs. 7-10.  

Fig. 7 gives the ES and MPSH states for D-1a and D-1b. For the pure D-1a, ES shows little 

changes at 1.0 V bias. The HOMO and LUMO (I and II in Fig. 7(a.b)) MPSH states of D-1a 

delocalize over the CNT at 0.0 and 1.0 V bias, indicating CNT is effective transport path. For the 

spin-up state of D-1b, at 0.0 V bias, two (VBz)n states (i and ii in Fig. 7(c)) appear just below the 

Ef and exhibits a delocalized character, in line with the band structures of 1b. The CNT π states 

(I and II in Fig. 7(c)) of D-1b are nearly the same as those of D-1a. The external 1.0 V bias 

exerts little effect on the ES and MPSH states of CNT I and II states of D-1b (c.f. Fig. 7(d)). 

However, the MPSH states of i and ii levels of (VBz)n shrink considerably and become localized 

on one side under 1.0 V bias. The (VBz)n states do not appear above the Ef within the bias region 

of -1.0 - 1.0 V. The LUMO is mainly dominated by the CNT II state. Therefore, in the spin-up 

state of D-1b, electron transport is still dominated by the CNT. The (VBz)n NW in D-1b cannot 

offer an effective transport channel; electron hopping from (VBz)n to CNT may contribute to 

electron transport.  

Fig. 8 shows the TS distribution for D-1a and D-1b. Like D-1a, a flat valley feature can be 

seen around Ef at both 0.0 and 1.0 V bias for the spin-up state of D-1b. This again demonstrates 

that CNT dominates electron transport in the spin-up state of D-1b. For the spin-down state of D-

1b, the ES, MPSH states, and TS show clearly different characteristics from the spin-up state. At 

Page 12 of 29Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



13 

 

0.0 V bias, four (VBz)n states (i-iv in Fig. 7(e)) appear between the CNT I and II: i and ii are 

located between Ef and the CNT I, while iii and iv are located above the CNT II. If 1.0 V bias is 

applied, (VBz)n iii and iv levels are downshifted and come close to the CNT II (c.f. Fig. 7(f)). 

The delocalized feature of the MPSH states of CNT I and II demonstrates high efficiency in 

electron transport along CNT. The MPSH states of (VBz)n i and ii are dispersed over the left side 

while those of (VBz)n iii and iv are scattered over the right side. So, electrons can permeate from 

the left to the right of (VBz)n. Thus, in the spin-down state of D-1b, the (VBz)n NW also behaves 

as an effective transport path besides the CNT. This is the reason why the spin-down state of D-

1b exhibits higher conductivity than the spin-up state as shown in Fig. 6(a). The TS in Fig. 8 also 

shows that the spin-down state contributes more peaks around the Ef than the spin-up state.  

 Fig. 9 plots the ES and MPSH states at 0.0 and 1.0 V bias for D-2a and D-2b. The HOMO 

(I) and LUMO (II) of D-2a result in a large energy gap of 4.22 and 3.56 eV at 0.0 and 1.0 V, 

respectively (Fig. 9(a,b)). At 0.0 bias and in the spin-up state of D-2b, the (VBz)n i and ii states 

appear below the Ef and above the BNNT I state (c.f. Fig. 9 (c)). The (VBz)n i and ii states turn 

into the HOMO, and the BNNT II state is still the LUMO in D-2b. This is in line with the band 

structure of periodic 2b. At 1.0 V bias, the (VBz)n states iii and iv are moved toward Ef and 

changed into LUMO (c.f. Fig. 9(d)), that is, both HOMO and LUMO of the spin-up state of D-2b 

stem from the (VBz)n NW under the external bias, giving an energy gap of 0.35 eV. In the case 

of spin-down state of D-2b, both the HOMO and LUMO are contributed by the (VBz)n states 

regardless of the bias voltage (c.f. Fig. 9(e,f)). Evidently, the HOMO-LUMO gap of spin-down 

state of D-2b is narrowed to 0.07 eV at 1.0 V from 0.11 eV at 0.0 V. This 0.07 eV value is much 

smaller than that of the spin-up state at 1.0 V (0.35 eV).  In addition, the MPSH states of the 

(VBz)n i-iv levels in the spin-down state delocalize more strongly than in the spin-up state, 

Page 13 of 29 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



14 

 

leading to a more effective spin-down transport channel. Hence, the transport property of D-2b is 

dominated by the spin-down state of the (VBz)n NW. Further confirmation can be made through 

the TS distributions in Fig. 8. The spin-up state shows no TS contribution whether at 0.0 or 1.0 V 

bias, while the spin-down state shows a peak at the Ef under both 0.0 and 1.0 V. Thus, D-2b 

displays a half-metallic property arisen from the (VBz)n NW and should have a high SFE 

of  >90%. In contrast, D-1b shows a metallic character dominated by CNT, and thus its SFE is < 

50%.  

In addition, we calculate the potential distribution to investigate the barrier in the electron 

transport along the D-2a and D-2b by comparing with D-1a and D-1b. The results are plotted in 

Fig. 10. Clearly, the CNT serves as an effective transport channel in D-1a (blue color). With the 

(VBz)n core, both the CNT and (VBz)n act as effective transport paths in D-1b as reflected by the 

blue color of the whole nanocable. In contrast, the BNNT exhibits insulating behavior (red color). 

The (VBz)n core opens an transport pathway for D-2b nanocable.  

 

4 Conclusions 

We have investigated electronic and transport properties of a novel form of (VBz)n@CNT  

and (VBz)n@BNNT nanocables by means of DFT and NEGF methods. We find that endohedral 

encapsulation of (VBz)n into CNT (10,10) or BNNT (10,10) is energetically favorable. Upon 

encapsulation of (VBz)n both (VBz)n@CNT  and (VBz)n@BNNT nanocables exhibit magnetism. 

More importantly, the ferromagnetic (VBz)n@BNNT is predicted to have a very high Curie or 

Neél temperature of 2451 K, suggesting a potential candidate as magnetic nanopart. 

Conductivities of (VBz)n@CNT and (VBz)n@BNNT nanocables are dependent on the spin state: 

spin-down state gives a higher conductivity than the spin-up state. (VBz)n@CNT shows metallic 
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character while (VBz)n@BNNT exhibits half-metallic feature. In the spin-up state of 

(VBz)n@CNT, the electron transport are dominated by the CNT sheath, while the (VBz)n core 

cannot offer an effective transport channel. In the spin-down state of (VBz)n@CNT, besides the 

CNT, the (VBz)n core also offer another effective transport pathway. For (VBz)n@BNNT, the 

BNNT is essentially an insulator sheath, while the transport property of (VBz)n@BNNT 

nanocable is mainly contributed by the spin-down state of the (VBz)n core. Values of the spin-

filter efficiency of (VBz)n@CNT are less than 50%, whereas those of (VBz)n@BNNT amount to 

more than 90%. This suggests that D-2b nanocable possesses excellent spin-polarized transport 

properties, which may be viewed as a new kind of spin filter. Encapsulating (VBz)n NW into 

either CNT or BNNT can effectively tune electronic and transport properties and both 

nanocables can be potentially used as functional nanodevices.  
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Table 1. Calculation Results for (VBz)n@CNT and (VBz)n@BNNT.a 

Species ETot,FM /eV ETot,AFM/eV ∆EFM-AFM/meV ∆Er,FM/eV J/meV Tc(N)/K 

1b -14118.3915 -14118.3899 -1.6 -60.9 -1.6      6.2 

2b -15523.1864 -15522.5523 -634.1 -36.3    -634.1 2451.1 

Species 
Mulliken Population, P  Charge, q/a.u.  Magnetic Moment, S/µB 

PV(3d)↑ PV(3d)↓ PV(4s)↑ PV(4s)↓  qV qBz qNT  SV(3d) SV(4s) Sv SNT SBz STot 

1b 2.64 0.48 0.05 1.0  0.83 -0.43 -0.4  2.16 -0.95 1.31 0.0 -0.01 1.20 

2b 2.71 0.54 0.05 1.0  0.70 -0.72 0.02  2.17 -0.95 1.22 0.0 -0.23 0.99 
a Computed total energies in the FM or AFM state per supercell (ETot,FM, ETot,AFM), the energy difference per 
supercell between FM and AFM states (∆EFM-AFM),  the reaction energy per supercell in the FM state (∆Er,FM), 
the exchange parameter per supercell (J), the Curie or Neél temperatures (TC(N)), the Mulliken populations of V 
valence orbitals (PV(3d)↑, PV(3d)↓, PV(4s)↑, PV(4s)↓; the ↑ and ↓ denote spin-up and spin-down, respectively), the 
charge distributions on V, Bz, and NT (qV, qBz, qNT), the local magnetic moments corresponding to the V 3d 
and 4s states (SV(3d) and SV(4s)), the magnetic moment of the V atom (Sv), and total magnetic moment per 
supercell (STot).  
 
 
Table 2. Computed Geometric Parameters for (VBz)n@CNT and (VBz)n@BNNT. The Parameters 

for Pure CNT and BNNT are Listed for Comparison.a 

           Species L/Å R/Å r1/Å r2/Å r3/Å 

Pure CNT 1a 7.383 13.568    
(VBz)n@CNT 1b 7.383 13.799 3.692 1.458 4.284 

Pure BNNT 2a 7.384 13.669    
 (VBz)n@BNNT 2b 7.384 14.172 3.692 1.461 4.456 

a 
The supercell length along the axial direction (L), the radii of nanotube (R), the face-to-face distances 

between adjacent Bz (r1), the average C-C bond lengths in Bz (r2), and the distances between H atom of Bz 
and the nearest atom on nanotube (r3). 
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Fig. 1. Optimized structures of (VBz)n@CNT and (VBz)n@BNNT nanocables, and the two-

probe devices for electron transport computation. For the periodic systems, we denote CNT as 1a, 

(VBz)n@CNT as 1b, BNNT as 2a, (VBz)n@BNNT as 2b, and (VBz)n as c, and for the two-

probe devices, we denote CNT as D-1a, (VBz)n@CNT as D-1b, BNNT as D-2a, 

(VBz)n@BNNT as D-2b, and (VBz)n as D-c. 
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Fig. 2. Computed band structures (left panels) of pure (VBz)n and the Kohn-Sham orbitals 

(middle and right panels) corresponding to the energy levels (highlighted in color lines) near Ef 

at the Γ point.  The iso-surface value is 0.05 (e/Å3). 
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Fig. 3. Computed band structures (left panels) of pure CNT and (VBz)n@CNT nanocable and 

the Kohn-Sham orbitals (middle and right panels) corresponding to the energy levels 

(highlighted in color lines) near Ef at the Γ point.  The iso-surface value is 0.05 (e/Å3). 
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Fig. 4. Computed projected density of states (PDOS) of (VBz)n@CNT and (VBz)n@BNNT 

nanocables. For comparison, PDOS of pure CNT and BNNT systems are also presented.  
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Fig. 5. Computed band structures (left panels) of pure BNNT and (VBz)n@BNNT nanocable and 

the Kohn-Sham orbitals (middle and right panels) corresponding to the energy levels 

(highlighted in color lines) near Ef at the Γ point. The iso-surface value is 0.05 (e/Å3). 
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Fig. 6. (a) Computed I−V curves of two-probe devices of D-2a and D-2b. For comparison, the 

I−V curves for pure CNT D-1a and BNNT D-1b two-probe devices are also presented. (b) 

Computed  SFE curves under different V for D-1b, D-2b, and D-c systems. 
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Fig. 7. Computed energy spectra (left panels) of (a), (b) D-1a and (c)-(f) D-1b two-probe devices. 

The MPSH states (middle and right panels) correspond to the energy levels (highlighted in color 

lines) near Ef . The iso-surface value is 0.05 (e/Å3). 
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Fig. 8. Transmission spectra (TS) of D-1a, D-1b, D-2a, and D-2b two-probe devices. 
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Fig. 9. Computed energy spectra (left panels) of (a), (b) D-2a and (c)-(f) D-2b two-probe devices 

and the MPSH states (middle and right panels) corresponding to the energy levels (highlighted in 

color lines) near Ef . The iso-surface value is 0.05 (e/Å3).   
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Fig. 10. Computed contour plot of potential distribution for D-1a, D-1b, D-2a, and D-2b at 0.0 

and 1.0 V. Blue (red) represents low (high) potential.  
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