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Abstract: We have investigated the electronic, magnetic and optical properties of 

hydrogenated diamond nanowires (DNW) with nitrogen-vacancy (NV) centers using 

density functional theory (DFT). The strong localization of defect states results in the 

formation of local magnetic moments with a spin polarization energy that is close to 

those for transition metal atoms. Such spin-polarized defect states are found to be 

stable well above room temperature, in agreement with previous experimental reports. 

In addition, we find that a semiconductor-metal transition can be triggered upon 

applying a transverse electric field. Furthermore, an enhanced optical absorption in 

the visible-light region is predicted in DNW with NV centers. The strength and the 

position of the absorption can be tuned or optimized by an external electric field 

and/or the nanowire diameter.  

PACS: 81.05.uj, 31.15.A-, 75.75.-c, 78.67.-n 
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1. Introduction 

The successful synthesis of diamond nanowires (DNW) using an atmospheric 

pressure chemical vapor deposition (CVD) process 1 adds a brand new member to the 

family of nanocarbon. The electronic structure of DNW is significantly different from 

that of bulk diamond thanks to the quantum confinement and dimensionality effects. 

Barnard et al.2 showed that the band gaps of DNW could be significantly smaller than 

that of bulk diamond due to the introduction of surface states. Recent advances in 

synthesis, characterization, and structural modification techniques have demonstrated 

new promises of DNW, where defects can play an important and often beneficial role. 

Specifically, the nitrogen-vacancy (NV) color center in nanodiamond, consisting of a 

substitutional nitrogen (N) and a carbon vacancy (V) at an adjacent lattice site, has 

been investigated for a wide range of applications in quantum information processing3, 

4. The NV center occurs in several different charged states, with the neutral (NV0) and 

the negatively charged (NV−) states being the most stable ones. NV− is the prevailing 

state for centers buried deep inside bulk diamond. However, they become unstable 

and turn into NV0 near the surface5 as well as in nanodiamonds6, 7. Recently, Bradac et 

al.6 have observed NV centers in 5-nm nanodiamonds at room temperature. 

Hydrogenated DNW of even smaller diameters could also be realized with the 

development of nanowire technology. Therefore, we will focus on NV0 centers in 

ultrasmall-diameter DNWs in this paper. 

In addition to their potential in quantum information processing, NV centers in 

nanodiamonds are also very promising for room temperature magnetic imaging and 
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spectroscopy. Understanding magnetism at the nanoscale is very important for 

fundamental physics as well as for enabling critical ingredients for data storage and 

spintronic devices8. Balasubramanian et al.9 have demonstrated the synthesis and 

application of ultrapure isotopically controlled single-crystal CVD diamond 

nanocrystals with a remarkably low concentration of paramagnetic NV centers. It was 

recognized that the magnetic properties of these defects in nanodiamond can be used 

for novel microscopy 8, 10-13. Compared with other systems used for nanoscale 

magnetic imaging, NV centers based scanning probes stand out owing to their 

excellent photo and chemical stabilities that allow operations at room temperature or 

even under harsh conditions. Despite intensive research, the physics of the unique 

magnetic states of NV in DNW is not yet fully understood. 

In the past few years, electric field has been shown as a promising means to 

modulate the electronic structure and optical properties of nanoscale materials 14-16. 

Tamarat et al.17 find that an external electric field can be used to control the optical 

properties of a single NV center in diamond. Stark shifts at low temperature have 

been demonstrated in the excited triplet states of single defects18 and the ground state 

of NV ensembles19. It is noted that spectral tuning of the spin-selective optical 

transition by an external electric field is a first step toward controlled optical dipole 

coupling between close NV centers in nanodiamond18. The application of finer 

nanometer sized gates and possibly feedback control of the applied voltage will pave 

the way toward optical control of the spin state of NV centers.18. Dolde et al.20 

introduced a quantum-metrology technique demonstrating precision 



 

 4

three-dimensional electric-field (produced by an elementary charge) measurement 

using the spin of a single NV center in diamond. Since the electronic structure and 

optical properties of DNWs can be tuned by either size effect and/or transverse 

electric field, it is thus very important to understand their cooperation as presented in 

our work.   

In this paper, we present a detailed first-principles investigation on the electronic, 

magnetic and optical properties of hydrogenated DNWs with NV centers. We find that 

the properties of NV doped DNW can be controlled/tuned by applying an external 

electric field and/or varying the nanowire diameter. The paper is organized as follows. 

Section 2 describes the computational models and methods. In Section 3, we present 

the electronic, magnetic, and optical properties of NV doped DNWs, focusing on 

size-dependence and the effects of the electric field on the tuning of these properties. 

We conclude and summarize our work in the Section 4.  

 

2. Models and methods 

Experimentally, the {111} nanowires were most commonly observed21, 22. It was 

also observed that under certain growth conditions, the growth rates along the {100} 

and {110} directions may prevail over the {111} ones23. The growth directions of the 

DNWs are affected by several factors including the substrate surface and gas 

pressure23, 24 and energetics is not the sole factor controlling the growth of DNWs. 

Theoretically, heat of formation (Hf) can be used to characterize the relative stability 

of nanostructures25, 26 and to further reveal the preferential growth orientation of 
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nanowires27. For examples, Zhao28 et al found that all DNWs except {110} ones are 

thermodynamically stable with a negative Hf. This was also observed in the 

unpassivated DNWs29. Therefore we focused only on nanowire structures “cleaved” 

from bulk diamond with C{100} dangling bonds on the surfaces. This model is in 

consistent with the previous report29. The dangling bonds are then passivated with 

atomic hydrogen atoms. Experimentally, atomic hydrogen is instrumental in 

enhancing the yield of DNW1. 

The structure of a hydrogenated DNW with C {100} surfaces is shown in Fig. 

1(a). The primitive cells of DNWs of various sizes investigated in this work are 

denoted as C9H12, C16H16, C25H20, C36H24, C49H28, C64H32 and C81H36, with a general 

formula Cn×nH4n (n=3,4,5,6,7,8,9). An NV center is then introduced into the (1×1×2) 

supercell of the nanowire primitive cells. The NV-containing DNWs are denoted as 

NV:C48H40, NV:C70H48, etc., with a general formula C2n×n-2H8n. The three C atoms 

near the substitutional N atom are labeled as A1, A2 and A3, respectively, as shown 

in Fig. 1(b). We find that qualitative features of the electronic structure are not 

sensitive to the diameter of the DNW.  

All calculations are carried out using the VASP code30 with the projector 

augmented wave approach30 to describe the ion-electron interactions. Since the local 

density approximation (LDA) or the generalized gradient approximation (GGA) 

approach usually underestimates the band gap of semiconductors, we use the screened 

hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE) 31 in this work for a more 

accurate description of the electronic structure and optical properties. It is well-known 
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that the long-range Coulomb interaction in unscreened hybrid functionals such as the 

PBE032 functional gives rise to a number of numerical and theoretical difficulties 33 

when they are applied to extended systems. Much of the difficulty is alleviated with 

the use of a screened (therefore short-ranged) Coulomb potential. In this work, we use 

the HSE06 functional 31 with an HF mixing α = 25% and a screening parameter ω = 

0.2Å−1. A plane wave cutoff of 450 eV is used for expanding the wave functions. 

Using this functional, the calculated lattice constant of bulk diamond is 0.3547 nm, 

which compares well with the experimental value of 0.3556 nm34. The calculated 

band gap (5.46 eV) also agrees with experiment (5.5 eV)35. 

The Brillouin-zone (BZ) integration is carried out using the k-point sampling 

method of Monkhorst-Pack 36 with a density of 1×1×6 and 1×1×4 for pure DNW and 

NV doped DNW, respectively. A simple Gaussian smearing scheme with a smearing 

parameter of 0.05 eV is used in all calculations. We have also tested other smearing 

methods such as that of Methfessel and Paxton37 and find that the results are 

consistent with those obtained with the Gaussian smearing. The external electric field 

is introduced by adding a planar dipole layer in the middle of the vacuum part in the 

periodic supercell38 as implemented in VASP. All atoms are fully relaxed without the 

external field until the maximum magnitude of the force acting on the atoms is 

smaller than 0.02 eV/Å.  

The DNW axis is oriented along the z direction and the external electric field is 

along the x direction with an increment of 0.2 V/Å. The effects of the applied electric 

field on the atomic structure are neglected as they are very small. A dipole 
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correction39 is applied in calculations with external field to remove interactions with 

periodic dipole images. 

The imaginary part ε2(ω) of the dielectric function ε(ω) is calculated using the 

standard formulation: ߝଶ ൌ ௏௘మଶగ԰௠మఠమ ׬ ݀ଷܓ∑ ቚർ࢑݊ቚܘቚ݊ܓ′඀ቚଶ ൈ ݂ሺ݊ܓሻ ൬1 − ݂ ቀ݊ܓ′ቁ൰ ߜ ቀܓܧ௡ −௡,௡′݊ܓܧ′−ℎ߱, (1) 

where ωh  is the energy of the incident photon, p is the momentum operator (h

/i)( x∂∂ / ), ( nk ) is the electronic wave function, and f (kn) is the Fermi function. 

The real part ε1(ω) is related to ε2(ω) by the Kramer–Krönig transformation. The 

refractive index n(ω) and absorption coefficient I(ω) can be derived from ε1(ω) and 

ε2(ω) as follows40  

2/)]()()([)( 2/1
1

2
2

2
1 ωεωεωεω ++=n ,                          (2) 

1/2
2 2

1 2 1( ) 2 ( ) ( ) ( )I ω ω ε ω ε ω ε ω⎡ ⎤= + −⎣ ⎦ .                         (3) 

3. Results and discussion 

3.1 Electronic and magnetic properties  

For hydrogenated DNWs without defects, the quasi-1D confinement effect results 

in an increased band gap with reducing nanowire cross-sectional area. Figure 1(c) 

shows the size-dependence of the band gap (blue curve) as well as the axial lattice 

constant (red curve) of DNW. The significant reduction of the band gap of the 

hydrogenated DNW (compared with bulk diamond) is due to surface states and is 

consistent with previous results2, 28. Also we note that due to the HSE06 hybrid 

exchange-correlation functional used in the present study, all the band gaps are 
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systematically larger than previous GGA results2, 28, therefore a better comparison 

with the experimental result can be expected. The overall size-dependence trend, 

however, is unchanged. The lattice constant c of NDW elongates significantly 

compared with the ideal diamond lattice parameter due to surface tension effects. This 

elongation is the largest (about 4.4%) for the smallest DNW and decreases with 

increasing NDW cross-sectional area. Figure 1(d) shows the calculated DOS (black 

solid line) for NV:C160H72, along with the projected DOS (blue dotted line) onto 

carbon p orbitals. Three NV-derived defect states inside the band gap can be easily 

identified. The degeneracy of NV-derived E state in bulk diamond is removed, and 

the unoccupied split-off majority E state, as well as minority E states, merges into low 

energy conduction states. The strong spin polarization results in a large splitting 

between the majority and minority spin states and the formation of a local moment of 

1.0 μB (to be compared with 2.0 μB for negatively charged NV centers41). This is 

because localization of defect states may favor spontaneous spin polarization and the 

formation of local magnetic moments42. Moreover, atomic spin polarization of p 

orbitals is very strong for light atoms such as C, N, and O, for which the spin 

polarization energy is close to those of transition metal atoms43. The spin-polarization 

energy Epol of NV:C160H72, defined as the energy difference between the 

spin-polarized and spin-unpolarized states, is about −0.36 eV. Note that the spin 

polarized state is stable if Epol < 0. Therefore, we conclude that the spin polarized state 

of NV:C160H72 should be stable well above room temperature in agreement with 

previous experimental reports8, 10-12, 44.  
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The localization of the defect states in these systems can also be visualized by 

plotting the charge density of defect states in the real space. Figure 1(b) shows an 

isosurface (with ρ = 0.02 e/Å3) plot of the spin density [ρ(up) − ρ(down)] for 

NV:C160H72. It is evident that these defect states are strongly localized near the three 

C atoms surrounding the C vacancy. It is this strong localization of defect 

wavefunctions that leads to a stable spin-polarized ground state in these systems. 

Similar to the cation vacancy in III-nitrides 45, the extended tails of the defect 

wavefunctions might mediate a long-range magnetic coupling between defect-induced 

local moments. We make use of the Bader topological density analysis46 to calculate 

the contribution to the total magnetic moment from each atom within an extended 

solid. The magnetic moments of NV:C160H72 for A1, A2 and A3 atoms in Fig. 1(b) are 

about −0.54 μB (minority-spin), 0.65 μB (majority-spin) and 0.65 μB (majority-spin), 

respectively.  

3.2 Electronic and magnetic properties with the presence of an external electric 

field 

Now we turn our attention to the effects of a transverse electric field on the 

electronic and magnetic properties of DNW. Figure 2 shows the DOS of NV:C160H72 

under external electric fields E
→

 of 0.1, 0.3, 0.5, and 0.7 V/Å. As the field strength 

increases, the low energy conduction states move from 1.83 eV towards the Fermi 

level at 0 eV. We mention that strong Stark effects have been observed 

experimentally17, 18, 20. The moderate external electric field has minor effects on the 

carbon derived valence states. When the electric field is increased to 0.7 V/Å, the 
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majority spin defect state near the Fermi level merges with conduction states. This 

suggests an interesting electric-field induced insulator-metal transition mechanism in 

these systems.  The electric field induced insulator-metal transition is a result of the 

different electronic polarizability of delocalized surface states (conduction bands) and 

localized defect and valence states. The delocalized states are more polarizable 

therefore are significant affected by the applied field. It is this contrasting response to 

the applied field by delocalized and localized states that is responsible for the 

observed field-induced insulator-metal transition. 

Figure 3 shows the electric-field dependent local magnetic moments of the three 

carbon atoms near the NV center. Below the critical field strength, the magnetic 

property is insensitive to the E
→

 field. When the strength of the electric field is 

increased beyond the critical field of 0.7 V/Å, the total magnetic moment starts to 

decrease. This is because when the conduction band drops (as a result of the applied 

field) to close to defect states, electrons start to occupy conduction bands, thus 

reducing the spin polarization of the defect states. Further increasing the applied 

electric field beyond the critical field (~ 0.7 V/Å) would then drive one of the 

majority-spin defect states to be above the conduction band. When this majority-spin 

defect state is well above the CBM state, it is then completely unoccupied, and the 

total moment disappears since the spin-up and spin-down defect states are now evenly 

occupied.  

3.3. Optical properties of diamond nanowires with and without NV centers 

The size-dependent static refractive n(0) along the [001] direction is show in Fig. 
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4(a). The refractive index increases with the lateral size of the hydrogenated DNW, 

ranging from 1.2 for the smallest and 1.5 for the largest DNW studied. These results 

are in good agreement with the previous experimental reports 47-49 and are consistent 

with the observation that a significant enhancement in the collection efficiency of the 

single-photon emission in the DNW geometry is due to the reduced refractive index in 

these system compared to that of the bulk diamond (n  = 2.4) 50. Similar size effects 

are observed for pure DNW, NV-doped DNW, and NV-DNW under electric field as 

shown in Fig. 4(a). In the following, we investigate the absorption coefficient of 

DNWs with NV doping and under an external electric field. 

In Figure 4(b), we show the absorption coefficients along the [001] direction 

between 0 and 4 eV for C49H28, C64H32, C81H36, NV:C96H56, NV:C128H64 and 

NV:C160H72. The in-gap defect states give rise to a broad absorption from 2.5 to 3.5 

eV. This significantly red-shifted [indicated by a red arrow in Fig. 4(b)] optical 

absorption is a result of optical transitions between defect states and conduction bands, 

and is not sensitive to the diameter of DNW. The absorption coefficient of NV:C96H56 

exhibits one main peak at about 3.31 eV, and those for NV:C128H64 and NV:C160H72 

peak at about 3.26 eV. Doping with NV centers thus has a much stronger effect on the 

optical properties of DNW than the size effect. As a result, the NV doping shall have 

an important impact on the photocatalytic activity of diamond nanowires and might 

make them potential candidates for photoelectrochemical applications. Meanwhile, 

because the ultraviolet (UV) absorption is also substantially enhanced, NV doping in 

diamond nanowires may find their uses in short-wavelength optoelectronic devices, 
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such as UV detectors and UV light emitting diodes (LEDs).  

The calculated absorption coefficients along the [001] direction for NV:C160H72 

under external transverse electric fields E
→

 of 0, 0.1, 0.3, 0.5, 0.7 V/Å are shown in 

Fig. 4(c). As the electric field strength increases, the absorption coefficients in the 

visible light region is enhanced considerably. For E
→

 = 0.7 V/Å, three additional 

peaks appear at 1.81 eV, 2.66 eV, and 2.81 eV. These lower energy absorption peaks 

are a result of the strong Stark effect of the conduction bands discussed earlier. These 

results suggest an interesting and effective mechanism for active-tunings of optical 

absorption via external fields.  

Finally, we investigate the combined size and electric field effects on the optical 

properties of NV-doped DNW. The absorption coefficients of NV:C96H56, 

NV:C128H64 and NV:C160H72 under external electric field E
→

 of 0 and 0.7 V/Å are 

presented in Fig. 4(d). As it is already shown in Fig. 4(b), NV-doping can cause a 

significant red-shift to the optical adsorption edge, thus increasing the absorption in 

the visible light region although the main absorption still locates in the UV region. 

With the application of an external electric field of 0.7 V/Å, absorption peaks are 

moved into visible light region, at 2.77 eV, 2.68 eV, and 2.65 eV for NV:C96H56, 

NV:C128H64 and NV:C160H72, respectively. The magnitude of the absorption peak is 

also dependent on the size of DNW. Therefore, we find that the positions of 

absorption peaks mainly depend on the doping effect and external electric field, while 

the strength of the peak absorption is mainly determined by the size (diameter) effect. 

These results suggest that the optical absorption of DNW can be remarkably 
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modulated by size effect, doping effect and external electric field, thus offering 

multidimensional, combined active and passive tuning and optimization of the optical 

properties of NV-doped DNW for specific applications.  

4. Summary 

In summary, we present a detailed first-principles investigation on the electronic, 

magnetic and optical properties of DNW doped with NV centers. The strong 

localization of defect states results in spontaneous spin polarization and local moment 

formation upon NV doping. The spin-polarized state of the doped system should be 

stable well above room temperature, consistent with previous experimental reports. A 

semiconductor-metal transition is predicted in NV doped DNW systems under a 

moderate external electric field. This is a result of contrasting Stark effects on the 

conduction states and valence and defect states. Our results should be valid provided 

that the size of the nanowire is large enough to confine the defect states, and to 

support delocalized surface states. A strong optical absorption in the visible-light 

region is observed for NV-doped DNWs. Whereas the position of the absorption 

peaks can be actively tuned by the external electric field, the strength of the peak 

absorption can be controlled by the diameter of the DNW. Our results suggest that 

NV-doped diamond nanowires may provide new opportunities for short-wavelength 

optoelectronic devices and photoelectrochemical applications.  
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Fig. 1 (Color online) (a) The cross section of the hydrogenated diamond nanowires with C{100} 

surface. (b) Isosurface charge density plot (with an isovalue ρ = 0.02 e/Å3) of the spin states for 

NV:C160H72, showing the localized nature of defect states. C: gray; N: blue; C vacancy: red circle. 

(c) Lattice constants c (red square) and electronic band gap (blue triangle) v.s. the cross-sectional 

area of hydrogenated diamond nanowires. (d) DOS of NV:C160H72 (black). The upper and lower 

panels of the DOS represent majority- and minority-spin channels, respectively. The blue dotted 

lines represent C-2p states of NV:C160H72. The Fermi level is indicated by the vertical dash line.  
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Fig. 2 (a-d) DOS of NV:C160H72 under external electric fields E
→

 of 0.1, 0.3, 0.5, 0.7 V/Å. The 

blue dotted lines show projections of the DOS onto C-2p states. The upper and lower panels of 

each DOS plot represent the majority- and minority-spin channels, respectively. The Fermi level is 

indicated by the vertical dash line. 
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Fig. 3 Local magnetic moments of A1, A2 and A3 atoms as a function of the external electric field 

E
→

. 



 

 20

 

Fig. 4 (Color online) (a) The refractive index vs nanowire cross section area of the hydrogenated 

DNW under external electric fields E
→

 of 0 and 0.7V/Å. (b) Absorption coefficients of C49H28, 

C64H32, C81H36, NV:C96H56, NV:C128H64 and NV:C160H72 without external electric field. (c)  

Absorption coefficients of NV:C160H72 under external electric fields E
→

 of 0, 0.1, 0.3, 0.5, 0.7 V/Å. 

(d) Absorption coefficients of NV:C96H56, NV:C128H64 and NV:C160H72 under E
→

 = 0 and 0.7 V/Å. 

 


