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Microscopic Structure of Nickel-Dopant Centers in Diamond
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We present a theoretical investigation on the properties of interstitial nickel and its related complexes in
diamond. The atomic configurations, symmetries, spins, and energetics of interstitial nickel, nickel-boron and
nickel-vacancy complexes were investigated by a total engogpitio methodology. Those results are used to
explain certain electrically active centers, commonly found in synthetic diamond.
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. INTRODUCTION Il. METHODOLOGY

We used the spin-polarized full-potential linearized aug-
ented plane wave method [4]. The calculations were per-
ormed within the density functional theory in the general-

|éed gradient approximation [5]. For the 54-atom reference

high pressure-high temperature methods, with transition me
als such as Ni, Fe or Co or their alloys, serving as solven
catalysts. However, those metals end up incorporated in th

resulting material, which may generate electrically active Cengupercell, we used 2x 2 x 2 grid to sample the irreducible

ters. While synthetic diamond has been used for mechanicﬁ”.IIOum zone. Convergence on total energy was achieved

applications, those impurities affected only marginally thoseSINY 7.0/R parameter (number of plane waves describing

applications. More recently, carbon based materials have beéﬂe mterstrl;tlal regg)n%, whe_r et RTO?& |st_the radius of f" d
considered for new applications, such as electronic device§OMIC SPNEres. Sef-consistent interactions were pertorme

for example in radiation detectors. In such cases, active cerlr[ntII convergence on the total energy and the atomic forces

. 4 9 . .
ters may compromise the device performance, so it is impor‘-)f respectivelyl0™* eV and 0.02 eV were achieved. This

tant to understand the role played by those impurities. methodology has been successfully applied to a number of de-
fects in semiconductors [6-8].
Of all the transition metals used as catalysts, only nickel

has been unambiguously identified in the resulting diamond.

Therefore, the nickel-related active centers have received the ll. RESULT

greatest attention. Isolated subtitutional nickel in diamond

in the negative charge state (Niwas identified by electron e glectronic structure of isolated interstitial nickel [9, 10]
paramagnetic resonance (EPR) with spin S=3/2[1]. Two otheg presented in Fig. 1. In the neutral charge statf pésents

major centers, related to interstitial nickel, have also been de; ¢joseq shell configuration, but in the positive charge state,
tected in diamond [2]. The NIRIM-1 center was identified Ni" presents a large trigonal distortion and a spin S=1/2.

with a spin 1/2 and trigonal symmetry at very low tempera-the highest occupied level has a delocalized e representation,
tures, which switches to a tetrahedral one at higher tempergynich came from thetlevel from NP-

tures. This center was tentatively assigned to an isolated inter- g ,ch electronic structure can be compared to the structure
stitial nickel in the positive charge state (Ni The NIRIM- ¢ o complex formed by an interstitial nickel and a substitu-
2 center presents a frigonal symmetry and a spin 1/2. Thigona| horon (NiBs). The complex in a neutral charge state
center carries considerable controversy over its MICroscopig stable in G, symmetry with a spin S=1/2. The highest oc-
structure, it was initially suggested to be formed by an interyieq |evel, with a non-bonding e representation, has a large
stitial nickel with a nearby impurity or vacancy [2]. Other picye| character but a small boron one, as characterized by the

active centers have been identified more recently. The NEgh5| charge of that level inside the respective atomic spheres.
center [3], the precursor to other NE active centers, displays &omparing the structure of thNi{Bs)° and Nj* centers, the

D3 symmetry and spin 1/2. It was tentatively associated 0 aRparacter of the highest occupied levels is considerably dis-
|nterst|t|al_ Ni sitting in the m|ddl_e position of a divacancy in inct For the pair, the electron populating such upper level is
the negative charge state, witiNiV) ™~ aligned along 4111)  gggentially nickel-like, while it is very delocalized in the case

direction. of the isolated Ni impurity.

There is considerable controversy over the microscopic The same complex in a positive charge stéhi;Bs) ™, is
structure of Ni-related centers in diamond. Here, we carriectable in a G, symmetry and presents an effective spin S=1.
out anab initio investigation on those microscopic configu- The interstitial Ni atom relaxes in the trigonal axis, moving
rations suggested to explain such active centers in diamon¢oward the boron atom. In terms of the electronic structure,
Our results allowed to built a microscopic model which couldthe highest occupied level has a non-bonding e representation.
explain most of the experimental data, specially those related Table | summarizes the results for the centers, including
to the NIRIM and NE4 centers. recent results for substitutional nickel [9, 10]. The struc-

Macroscopic diamond samples have been synthesized ?4
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Our calculations show that such configuration is unstable,

Niio Nii+ (NiiBs)O (NiiBs)+ the interstitial nickel relaxes toward the vacancy, with the fi-
nal configuration being a substitutional nickel. On the other
(22Ni,3B) hand, our results for isolated Nare consistent with NIRIM-2
(14Ni,38) EPR data on symmetry, ground state multiplet, and spin. The
— tef (NiiBs)° complex is also consistent with that EPR data. In
a2 terms of the charge distribution, the highest occupied level in
the (Ni;Bs)° pair is considerably more localized than that in
(1) the Ni*, favoring an EPR observation.
(g € It has been recently proposed that NIRIM-2 should involve
Nij with a next nearest neighboring boron atom [11]. The
a (13 - a1 (11) pair of a Nj with a nearest neighboring boron was ruled out
t, —19) . I = S — 8 based on the small experimental trigonal energy splitthg (
(17 ) "—%%3— & 55meV) between the two excited multiplets. It was argued
@ (b) (© (d) that an ionic interaction between two point charges'(bind

B;) as nearest neighbors in diamond would lead to a very
large splitting A ~ 0.5eV), which would be inconsistent with

) i : ‘ : the experimental value [11]. However, as it has been recently
Nii", (¢) (NiiBs)°, and (d)(NiiBs)". Levels with spin up and down  jis ceq [12], an ionic model, based on point charges, is
are represented byand | arrows, respectively. The number of filled ) ’ - S ) o
circles gives the level occupation. The numbers in parenthesis repré‘-Ot reliable to desc”be the .Interactlon between a transition
sent thed-character percentage of charge inside the Ni atomic spherdNetal and a dopant in semiconductors. Therefore, the en-
In the nickel-boron pairs, the-character percentage of charge inside €rgy splitting should be much smaller than that suggested, and
the B atomic sphere is also shown. Gray region represents the vahe results on théNi;Bs)° pair would still be consistent with
lence band. the NIRIM-2 center. Another center has been associated to
nickel-boron pairs. The NOL1 [13] center, probably the same
center as the NIRIM-5 center, has been found in heavily boron
doped diamond. Our results for tfilijBs)* pair are fully
consistent with this center on symmetry and spin.

FIG. 1: 3-related Ni energy levels in the gap region: (af,l\ﬂb)

TABLE I: Results for Ni-related centers in diamond: symmetry, mul-
tiplet ground state?®+11), formation energy (), and transition en-
ergy (& with relation to the valence band top). Hegeis the Fermi

energy.
Center Sym. ' Eg(eV) E(eV) - . o
NiT Ca 2A; 5.9+E 2.6(04) wy” YNV NIVY VNY)
Nid Cay %E 85
Nig Tg %A 11.5-& 3.0(0/-) (18)
Ni0 Ty A 172 @ e
Ni" Cay 2E 16.3+EF 0.9(0/+) o, NZE (25)
(NijBig)® C3y 2E  16.1 a,
(NijBig)t Cay SA 14.8 +Er 1.3(0/+)
(VNiV)* Dag 2Ey 5.2+EF 0.2(0/+) &
(VNiV)? Dgg %A, 5.4 Qi —eo— ey
(VNiV)~ Dgg 2E, 6.2-& 0.8(0/-) — . —ee— &y
) .. 6 _.....:=2= 29
L . ©) (61)
tu.re for. the NIRIM-1 was initially suggested to be;Niwith dg—— 25) @ @ o
Nid being ruled out [2]. However, our results show that both Bu @ ® © )
configurations could in fact explain the NIRIM-1 in terms of

symmetry and spin. Our results favor thejNienter, which FIG. 2: 3d-related Ni levels near the diamond gap region for (a)

. . . L 0 i i\/)0 ) —
is supported by recent experimental investigations [11]. ThéV)" ®)VNIV), (c) (VNiV)?, and (d)(VNiV)~. Energy levels
with spin up and down are representedfbgnd | arrows, respec-

Nig cgnﬁgurauon has a very s.maII trigonal d|stort|on, ,S‘O thattively. The gap level occupations are given by the number of filled
there is a smalll total energy difference between theiNiTa  circles. The numbers in parenthesis represent the d-character per-
and Gy, symmetries. This small difference in energy betweencentage of charge inside the Ni atomic sphere.

those two symmetries could explain the experimental obser-

vation of a symmetry transition at a very low temperature for
the NIRIM-1 center [2].

Figure 2 presents the electronic structure of the nickel-
divacancy Y NiV) complex, and the results are summarized
in table I. In the negative charge state, the center has spin 1/2,

Considering now the NIRIM-2 center, one of the proposedwhich would be fully consistent with the experimental data for
models was an interstitial nickel with a nearby vacancy [2].the NE4 center [3]. On the other hand, the electronic structure
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of the center cannot be associated ltg &li electronic con- ter, consistent with recent investigations [11, 14]. An isolated

figuration, as suggested earlier [3]. Instead, our results showmterstitial nickel in the positive charge state could explain

that the relevant electronic properties of this center should bthe experimental results for the NIRIM-2 center. However,

associated with the divacancy-like orbitals, which appear irthe (Ni;Bs)° pair could also be the microscopic structure for

the bottom of the gap, while the Ni-related orbitals remainNIRIM-2. Additionally, our results for thé€Ni;Bs)™ pair are

resonant in the valence band. fully consistent with the experimental data for the NOL1 cen-
ter.

IV. SUMMARY

In summary, we performed ab-initio investigation onthe  Acknowledgments
properties of nickel-related defects in diamond. Our results
provide a consistent microscopic model for several active cen-
ters in diamond. I\ﬁ or Ni centers could explain the prop-  This work was partially supported by FAPESP and CNPg.
erties of the NIRIM-1 in terms of spin and symmetry. Our The calculations were carried at the LCCA-CCE of the Uni-
results suggest that Niis more likely for the NIRIM-1 cen- versidade de & Paulo.
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