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Abstract: 

We present a first-principles density functional theory study of nickel impurities in diamond. The 

atomic structures, formation and transition energies, and hyperfine parameters of nickel substitutional were 

computed using ab initio total energy methods. Based upon Local density functional theory, our calculations 

were in excellent agreement with one interpretation of electron paramagnetic resonance of nickel in diamond. 

1. Introduction: 

By using high pressure, high temperature, and transition metal alloys (TM) 

containing manganese, iron, nickel, and cobalt as catalysts, high quality synthetic diamond 

can be created from graphite [1]. However, transition metals may be added to the resultant 

crystal [2–5], often produce active centers with observable spectral absorption bands. The 

only TM that has been clearly detected as being present in the final synthetic material is 

nickel. Measurements of optical absorption and electron paramagnetic resonance, or EPR, 

have revealed active centers connected to isolated Ni [4, 5] and Ni-related complexes with 

intrinsic defects or dopants [6]. The microscopic make-up of those centers, however, is a 

subject of great debate. 

By using EPR [4] and optical measurements [7], isolated nickel in diamond has 

been shown to have a tetrahedral symmetry and a spin (3/2). The solitary substitutional 

nickel in the negative charge state (Nis
-1

) with a 3d
7
 configuration has been theorized to 

create this center, designated W8 [4]. The NIRIM-1 and NIRIM-2 centers were discovered 

by EPR examinations to be two more significant active diamond centers [5]. At low 

temperatures (T=25 K), the NIRIM-1 core has been identified as having a spin (1/2) in a 

trigonal symmetry, and at higher temperatures, in a tetrahedral symmetry. According to 

one interpretation, this center is the consequence of a single nickel interstitial particle in 

the positive charge state (Nii
+
) with a 3d

9 
configuration. With a spin 1/2 and trigonal 

symmetry, the NIRIM-2 center has been found by EPR [5] and optical   [8, 9] 

observations. For this center’s a number of microscopic models have been suggested. It has 
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been hypothesized that the configuration might involve an interstitial nickel in a strong 

trigonal field, induced by a neighboring vacancy or impurity, taking into consideration the 

g values (g=2.32 and g =0) found for this center [5]. 

2. Method: 

Calculations are based upon density functional theory using the AIMPRO package 

[10, 11]. Defects are simulated by the use of large super-cells and periodic boundary 

conditions. The cells are repeats of the primitive fcc unit cell containing eight atoms of 

carbon. The calculated values for constant lattice is 3.53 Å. We have analysed Ni-centers 

in super-cells containing 64 atoms, comprised from (2 × 2 × 2) primitive cells. Table (1) 

presents the theoretical results of crystalline diamond compared to the experimental data 

[12]. 

The Brillouin-zone is sampled using the Monkhorst-Pack [13] scheme generally 

with a mesh of 2×2×2 k-points. Structures are optimized via a conjugate-gradients scheme 

until the change in energy between iterations is less than 10
−5

 Ha. 

Atoms are simulated using ab initio pseudo-potentials [14] and the total  energies 

and forces are obtained with a local density approximation for the  exchange-correlation 

[15]. The wave functions and charge density are expanded in terms of Gaussian orbitals 

and plane-waves, respectively [16]. 

For the C and Ni we include s, p and d functions, with a total of 28 and 32 

functions per atom, respectively. Plane waves up to 150 Ha are used to expand the charge 

density. We calculate the formation energy of a defect X using  

                     E
f (X, q) = E

tot
(X, q) − ∑μi+ q(Ev (X, q) + μe ) + ζ(X, q)     (1) 

       Where E
tot

(X, q) is the total energy calculated of the system X containing the defect  in 

charge state q, μi denotes the chemical potential of species (i = C and Ni) , Ev(X, q) is the 

Fermi energy at the valance-band top, μe is the electron chemical potential, which defined 

as zero at the valence band top. The chemical potential for Ni is taken Ni metal. 

 For the electrical characteristics of the defect centers, we calculate the transition 

levels, E(q;q') defined as the electron chemical potential where the formation energies for 
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two charge states, q and q', are equal. For example, the donor level is the value of μe for 

which E
f
(X;0)=E

f
(X;+1), and E

f 
(X;0)=E

f
(X;-1) for acceptor level. 

Tab. 1: Theoretical structural and electronic properties of diamond: lattice constant (a), 

bulk modulus (B), and energy band gap (Eg ). 

 A (Å) B (Mbar) Eg ( eV) 

This work 3.53 4.48 4.5 

Expt.[12] 3.567 4.42 5.48 

 

3. Result and Discussion: 

Substitutional Nickels ( Nis) 

 Relaxation of Nickel impurity substitute diamond has been examined. In the final 

relaxed configuration, the structure obtained for neutral Nis
0 is shown in (Fig 1). The nickel 

atom remains on-site and is a tetrahedral symmetry with four neighbor carbon atoms, the 

distance between Nis
0 and the first neighbor is 1.75 Å  moving outward on its by 0.22 Å , 

in excellent agreement with previous calculation [17–19, 22]. 

 

                                 Fig. 1: Schematic structures of (NiC) 

However, for neutral charge state the different energies between spin S=1 and spin 

S=0 is small at 0.13 eV where they have Td symmetry. Further-more the different energies 

between Td symmetry and C3v for Nis
+1

 are small at 0.01 eV. 
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By calculating the formation energy as a function of charge state and μe, we can 

estimate the electrical levels of Nis. The charge-dependent formation energies yield both 

donor and acceptor levels in the band-gap which are summarized in (Fig 2). 

The donor levels are calculated at around Ev+1.6 eV and Ev+0.7 eV for (0/+) and 

(+1/+2) transitions, respectively. The acceptor transition energy (0/-) of the Nis is Ev+3.0 

eV where Ev defines the valance band top. 

This value is in excellent agreement with the experimental value of Ev+3.0 eV [20, 

21], and theoretical value of Ev+2.9 eV [17, 18]. 

 

Fig. 2: Plot of E
f
 vs. µe for (Ni) defects in diamond calculated using the 64 atom super-cell 

with different charge state. 

The negative substitutional nickel center (Nis
-1

 ) has a Td symmetry as well and 

presents an affective spin S=3/2, while in the positive charge state (Nis
+1

) it has C3v 

symmetry and presents an effective spin S=1/2. The   electric level properties of nickel 

impurity substitutional diamond are further illustrated in (Fig 3), which shows the band-

structure along high-symmetry directions in the Brillouin-Zone. 

 



    2023يونيو 
 

   

  

 290 

 

 مجلة كلية التربية طرابلس    17

 

Fig. 3: Plot of the band structure of Nis in (a) the Neutral charge state (b) the positive 

charge state (c) the negative charge state. where the zero of energy is set to be the valance 

band top for bulk diamond. Red and blue crosses indicate filled and empty bands, 

respectively, while black lines indicates the comparable bands of defect free diamond. 

Combining the formation energy and band structure data strongly suggests that 

nickel substitutional diamond is thermodynamically stable at neutral, positive and negative 

charge state. Table 2 shows the symmetry, spin, and transition energies for all the centers 

nickel substitutional diamond. 

Tab. 2: Results for substitutional Ni in different charge states. The table presents the 

symmetry, spin (S), and transition energies (Et with relation to Ev) 

 Symmetry. Spin Et ( eV) 

Nis
0
 Td 0  

Nis
+1

 C3v 1/2 1.6 (0/+) 

Nis
+2

 C3v 0 0.7(+1/+2) 

Nis
−1

 Td 3/2 3.0(-/0) 

 

The hyperfine interactions between the unpaired electron and nuclear of the C
13

 in 

the defect are modeled [23]. Table (3) presents the hyperfine parameters in the nickel 

impurity and in its neighbors for all the centers studied here. 

Tab. 3: Calculated hyperfine parameters (A), given in MHz, in the Ni
61

 nucleus, in the NN 

and in the NNN C
13

 nuclei for the Nis
+1           and Nis−1 centers. The table also presents 

the experimental A values for the W8 center. For the centers there are nonequivalent NNs 

and NNNs, which lead to different A values. 
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 Ni NN NNN 

A׀׀ A┴ A׀׀ A┴ A1 A2 A3 

Nis
+1

 23.34 23.34 45.67 14.46 13.22 13.34 15.42 

Nis
−1

 -18.42 -18.42 38.88 8.79 10.48 7.66 7.65 

W8( Nis
−1

) 18.2 18.2 37.5 9.5 10.7 7.6 7.5 

 

 

4. Summary: 

We investigated the electrical and structural characteristics of isolated nickel 

impurities in diamond using total energy ab initio methods. The EPR results of the W8 

center are completely compatible with our results for the nickel substitutional center. We 

suggest that a solitary substitutional nickel in the positive charge state might constitute the 

microscopic structure of the NIRIM-1 core. The NIRIM-2 center’s EPR results also reveal 

a potent trigonal field. A neighboring vacancy or impurity and an interstitial nickel atom 

were previously proposed as the components of this center. We demonstrated that the 

microscopic structure of the NIRIM-2 center could not be a complex made up of an 

interstitial nickel and a vacancy because it is unstable and turns into a nickel substitute. 

However, without any crystallographic deformation caused by a vacancy or impurity, 

isolated interstitial nickel in the positive charge state alone was unable to explain the 

experimental results for the NIRIM-2 center. 
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