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Optical dichroism of nickel in diamond 
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Abstract. Recent optical measurementsofa 1.4 evdoubletindiamond have revealeddistinct 
opticalpolatizationfeatureswhichareassociatedwithanickeldefect. Amodelforthedefect 
is investigated taking into amunt the large electronic hybridization that will take plan 
about the metal ion. Relative spectroscopic intensities and estimates of the spin-orbit 
interaction are considered within the LUO approximation. Finally, a cluster model cal- 
culation is made specifically to investigate the electronic structure of the nickel defect and 
estimate the LUO coefficients. From the results, suggestions are made about the oossible 
charge states and lattice locations of nickel in diamond. 

1. Introduction 

When nickel is incorporated into synthetic diamond distinct optical features around 1.4, 
1.88,2.51 and 3.1 eV are observed in absorption spectra, with the 1.4 eV feature and a 
2.56 feature observed in cathodoluminescence (Collins er a1 1983, Davies et a1 1989, 
Collins el a1 1990). The spectra are tentatively associated with nickel-although at 
present there is no firm indication that the 1.4eV system and the 1.88/2.51/3.1 eV 
systems arise from the same form of defect. The 1.4eV feature, which we shall be 
primarily concerned with here, consists of a zero phonon doublet which is separated by 
2.7 meV, and it has been shown (Collins et a1 1983, Davies eta1 1989) that the transition 
is associated with a nickel defect with the doublet arising from a slight splitting of 
the ground state. A unique feature of the 1.4eV transition is its strong polarization 
properties which are visible in both cathodoluminescence and optical absorption spectra 
(Collins 1989). The higher energy component of the doublet (at 1.4035 eV) is observed 
only under a n  polarization whereas the lower energy component (at 1.4008 eV) is seen 
in both uand npolarizations with Collinsexplicitlyreporting that the ut0 npolarizations 
in the low energy component differ by roughly 30%. More recently Nazare eta1 (1991) 
using high resolution piezospectr6scopy have deduced the orbital character of the two 
states involved in the 1.4eV transition. They find, in addition to the energy levels 
changing with application of stress, that each line is split with application of an external 
magnetic field. It was concluded that the states involved have 'E and 'A symmetry in 
the point group C3,. 

The electronic origin of the doublet though is not clear. Collins (1989) suggest that 
the doublet arises because of some kind of dimer pairing mechanism across nickel atoms 
.which are stacked along the (111) crystallographic planes. Alternatively Nazare et a1 
(1991) speculate that the splittingis due to a spin-orbit interaction. In this paper we shall 
explore the latter idea. 
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2. Electron states of transition metal ions in covalent solids 

Although much experimental knowledge is available about transition metal ions in 
covalent solids, the origin of the levels is complicated because of the possibility of 
a strong covalent hybridization with the host lattice and associated change in ionic 
configuration of the metal. In early work concerning transition metal ions in silicon 
Ludwig and Woodbury (1962) put forward the suggestion that the metal ion would 
hybridize with the host lattice to the extent that on a substitutional site an ionic con- 
figuration of the form 3deMp3 would result, the 4s4d configuration then being typical 
of the directedcovalent bondingin the host. In the caseof the interstitial transition metal 
ionimpurity it wassuggested that hybridization wouldstabilize the ion at thesite through 
a strengthening of the back bonds on adjacent atoms. On the basis of such models 
Ludwig and Woodbury were able to analyse details of the ESR spectra due to several 
transition metal ions in silicon. 

Along with the experimental effort, there has also been much theoretical work and 
this has been reviewed recently by Zunger (1986). As Zunger points out, the details of 
the electronicstructure oftransition metal ions in solids arecomplicated not only because 
of the strong electron correlation at the ion but also because transition metal ions could 
induce quite a considerable relaxation of the lattice. Such a relaxation could extend over 
quite somedistanceinthe lattice and thereforeisextremely difficult tocalculate. Despite 
these complexities, some time earlier Haldane and Anderson (1976) in their theoretical 
study of transition metals in silicon deduced that several gap levels could be associated 
with a metal ion, these levels being closely spaced in energy and associated with the 
different charge states of the ion. From a molecular orbital viewpoint, the Haldane and 
Anderson concept reflects the importance of one-electron gap states and the associated 
large hybridization effects. Thus, when considering the electronic states of transition 
metals in semiconductors and, in particular, diamond we must describe the electron 
states to incorporate large hybridization-especially including metal 4s and 4p ionic 
configurations. 

2.1. LCAO description ut C,, sites 

We shall use the one-electron description initially to describe the state of the defect in 
diamond. From Group Theory (Grifliths 1964, Bates 1968) the transition metal ion 
states give rise to one-electron levels with tz( 5, q ,  5)  and e(& E )  symmetries, both of 
which contain varying contributions of metal 3d, 4s or 4p as well as ligand carbon states. 
In the case of a C,, symmetry, the t and e state will split into a&) and e(x ,y )  states 
respectively as discussed in the Appendiu. Relating the Gv states to those of the group 
Td from symmetry (see Griffiths 1964) we have, for their description in terms of atomic 
orbitals, 
x = %do - at((d; + d ,  - 2 d ; ) / v 6 )  + - P y ) / v 2 )  ] C3de) (1) 
Y = 4 + Ut((d& - d n ) / l / z )  + up(@, + P y  - 2 P m 4  

2 = b t ( ( 4  + d ,  + d W 3 )  + b,(@, + P., + ~ z ) / v 3 )  + b h )  G ( a , )  (20) 

where the LCAO coefficients will have to be obtained from some numerical calculation. 
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Table 1. Relative transition probabilities from the t2 derived spin-orbit states of qv to the 
two e derived spin orbit states of C, as indicated in figure 2(c). E, is measured along the 
cubic(1-lO)direction, E,along(ll-Z)andE,along(lll). 

2.2. Inclusion of spin-orbit coupling 

An additional perturbation to the system brought about by spin-orbit coupling causes 
splitting of these states. To evaluate the magnitude of this in the (r, + r,) and Ts system 
we consider inclusion of spin-orbit coupling by means of the usual Hamiltonian X = 
U .  S. Expressed in terms of the LCAO coefficients of (1) we find that the spin-orbit 
splitting in the upper e state, as shown in figure A2 of the appendix, is 

Q = 2A(L/Za,n, + .f/2). (3) 
Here we assume that the spin-orbit coupling interaction is primarily on the metal atom 
and we use the valued = 40 meV for atomic nickel (Dum 1961). This can be justified 
first that the spin-orbit interaction is of a short range (ar-3) and second, especially in 
the case of diamond, that spin-orbit coupling about carbon is very small. 

2.3. Optical transition probabilities 

The relative optical dipole polarization matrix elements can also be obtained in terms 
of the LCAO coefficients given in (1) and (2). Particularly for transitions to the e derived 
spin-orbit states indicated in figure A2, these polarization elements are given in table 1 
where the parameters employed are expressed in terms of the LCAO coefficients of (1) 
and (2) and are 

P = [t/Z(a,c, - u,c,)R, - (atcp - u , c , ) R I ] ~  

Q = [(aecp + apce)Ri + fi(atcp + apct)R1I2 (4) 
S = [ ( f i a e b p  - aPb,)Ril2 + [(a,b,)Rz - ( a p W R i l 2 .  

Here R ,  and R,  contain details of the radial components of the LCAO atomic functions 
and other constant terms. As seen from table 1, there is a considerable difference of 
polarizations between the states. 

It is to be noted that although the LCAO coefficients need to be evaluated when 
discussing a specific system, the relative polarizations may be derived when there is a 
weak trigonal distortion and then mixing of the 3d and 4p states is dominated by the 
tetrahedral component of the potential. In this situation the LCAO coefficients would 
take the limiting value 

a, = a p  = 0 c ,  = o  6 ,  = cp b,=O (5) 

S = P = A = 2 ( ~ , c , R ~ ) ~  Q = A/2. (6) 

and (4) then simplify to 

We can approximately characterize the polarizations still further by using the vectors a 
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Table 2. Relative transition probabilities from the t l  derived spin-xbit state of C,, to the 
ovoedcrivedspin-orbitstatesof~".~e trigonalinteractionis thesamemagnitudeasspin- 
orbit interaction (6 = A) .  

-TI % - - 4  zp U & 
Y 

U 
5 Y - ...- 

0 
Nii. Nio Ni" Ni2. 

Figure 1. Energies of highest occupied gap slates as calculated relative to the top of the 
valence band for ( U )  substitutional nickel and ( b )  interstitial nickel. The dots indicate the 
electron occupancy of the energy levels in the gap, 

and @ which are obtained from (A3) of the Appendix. As a specific example we consider 
the case where 6 = A which then results in the polarizations shown in table 2. 

3. LCAO cluster calculation 

To estimate explicitly values of the LCAO coefficients appearing in (3) and (4) we have 
employed afiniteclustermodel approach using the CNDOSeiIIi-empiriCal parametrization 
that has proved suitable to account for several diamond and silicon characteristics (see, 
for example, Harker and Larkins 1979, Mainwood 1978, Mainwood and Stoneham 1982, 
Deak el a1 1987, Lowther 1984). The semi-empirical parameters for transition metals 
have been obtained from the Clack er a1 (1972) scheme and have been slightly modified 
(Paslovsky and Lowther 1991) so as to fit known structural properties of nickel oxide 
molecules (Huber and Herzberg 1979). CNDO parameters employed for carbon were 
those appropriate to diamond (Harker and Larkins 1979). such a choice being known 
to predict accurately known structural properties as well asessential detailsof the energy 
band structure. 

The nickel ion was placed at both substitutional and interstitial tetrahedral locations 
in clusters NiC,,C& and NiC,,C&, where C* and sp'hybrids that act to saturate the 
cluster surfaces in the usual way (see Mainwood 1978). In figure 1 we indicate occupied 
gap states resulting from the calculations, with various cluster charge states being 
considered for both substitutional and interstitial configurations. Emerging gap states 
are recognized by comparison with electronic spectra calculated from pure diamond 
clusters, and Fermi levels obtained from a direct count of the number of electrons in the 
cluster. The gap states are labelled according to the irreducible representations of the 
tetrahedral point group Td and are indicated in the figures as measured from the top of 
the cluster valence bands, these bands being defined by states that appear virtually 
unchanged with the inclusion of the nickel impurity-those of symmetry a,, a2 or t,. 
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Figure 2. Change in total energy as a function of the nickel (111) displacement for (a) 
substirutional nickel and (b)  interstitial nickel. (-) Nil-, (---) Nil+, (--) NiO. The 
+ve displacement is towards the nearest carbon atom, snd arrows indicate locations of the 
energy minima. 
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Figure 3. Change in total energy as a function of nickel (111) displacement for (a) sub- 
stitutional Nil-; and (b) interstitial Ni". (-) without trigonal relaxation of the carbon 
atoms, (---) with trigonal relaxation. The + Y e  displacement is towards nearest carbon 
atom. 

Guided by the piezospectroscopic results (Nazare ef ai 1991) that indicate a centre 
with GV symmetry for the 1.4 eV lines, we have displaced the nickel defect along a (1 11) 
direction in the cluster. In figure 2 we show the behaviour of the cluster total energy with 
this (111) displacement for several cluster charges and with the nickel located on both 
the substitutional and interstitial sites. The depth of the potential wells could be taken 
as some measure of displacement of the ion from the associated sites, however, this 
point, andespecially within the present calculation, should beviewedwithsomecaution. 
This is because the lattice relaxations are quite large and the potentials appear rather 
complex with associated secondary relaxations very likely. In fact we have considered 
such secondary relaxations in which the four surrounding carbon atoms ahout the 
defect were allowed to relax both symmetrically outward and also trigonally at each 
displacement of the nickel defect. 

In figure 3 we show the effect of including secondary relaxation on total energies, 
such total energy curves being typical of the behaviour of other nickel charge states. As 
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Fiyre4. Gapstalesasmcasured from lopdvalence 
band for intersfilial Ni" in (a)T,rymmetry, (b )  C;, 
symmetr). the 'E state; (c) C,, symmetry the 'A, 
state. The splitting of the I: state is eslimalcd 10 be 
- lWmeV. Levels for the energy minima are indi- 
cated by in figure 3(b). 

~isp~ocement  ( 8 1  
Figure5.Spin-orbitsplittingofthe'Estate asa func- 
tion of the (1 11) displacement. (-) without trigonal 
relaxation, (---) with trigonal relaxation. Arrow 
indicates location of minima in the total energy cal- 
culations. 

our main point is to investigate the symmetry of the defect with respect to (111) 
movement, we see that our calculations indicate that the nickel be situated in Td sym- 
metry on a substitutional site and in C,, symmetry on an interstitial site. The former 
assignment isconsistent with the centre observed byIsoyaetal(l990) and thelatter with 
the 1.4 eV centre reported by Nazare et al(1991). 

We now consider specifically the interstitial site, and in figure 4 display gap states 
developing from Nil+. First, in figure 4(a) we show states for the perfect tetrahedral 
position and then in figure 4(b) how these slates are split when there is a (11 1) movement 
of the ion and the symmetry descends to C3\.. We note that the many-electron state 
displayed by the one-electron configurations is *E. Upon excitation of one of the elec- 
trons from the lower a state to the upper e state as depicted in figure 4(c), a 2Al many- 
electron state arises. The calculated value of the excitation energy is 2.33 eV which is in 
fair agreement with the observed value of 1.4 eV considering the qualitative nature of 
the calculation method used. It is also noted that the states involved in the transition 
that are derived using this method are of orbital A and E character which is consistent 
with that recently deduced using piezospectroscopy on the 1.4 eV zero phonon lines 
(Nazare et ~11991) .  

Using (3) we estimate the magnitude of the spin-orbit splitting, and this is shown in 
figure 5 for varying values of the (111) distortion of the nickel centre. The value for the 
interstitial site is considerably higher than the observed splitting of 2.7 meV. The high 
calculated values must be considered with some caution since we must take into account 
the approximate nature of the model and, more importantly, that we have neglected 
any Jahn-Teller quenching interactions. In fact, a measure of the quenching factor has 
been calculated by Lowther and Stoneham (1978) and was found to be -0.153. Including 
this factor. our calculated values now fall well within the range of the observed value. 

To obtain the optical polarizations we considered several relative cases of spin-orbit 
and trigonal interaction as measured by the ratio (6/A)  and here show results for 
(6/A) = 1 and ( & / A )  = 2. The LCAO coefficients are again taken from our cluster cal- 
culation corresponding to the different amounts of displacement of the nickel ion along 
the (111) direction. The magnitude of the calculated relative transition probabilities of 
the two energy components are illustrated in figure 6 .  We see that the relative intensities 
depend strongly upon the ratio (6/A)  with the absolute value upon the extent of trigonal 
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Energy 

Figure6. Intensitiesof the transitions ry, and Vacor- 
responding to (111) displacements of (a )  0.05 A: (b)  
O.lO.&;and(c)0.15.&.6/A= Iand6/A=Ziscon- 
sidered in each case, ( - - - ) E ,  polarization and (-) 
E ,  or E? polarizntions. 

distortion. This feature corresponds to the degree of localization of the metal wave- 
functions at the ion site and therefore the depth of the defect level in the energy gap of 
thediamond host. All intensitesdepend strongly upon the (111) atom displacement with 
an increase in intensity corresponding to larger trigonal relaxation. This relates to the 
strong build up of 4p character in the lower one-electron t2 derived states as the metal 
defect levels become more localized. 

4. Discussion 

Our calculations support the suggestion that the 1.4 eVdoublet in diamond arises from 
opticaltransitionsatanickeldefect andat which thereisasubstantialdegreeofelectronic 
hybridization as well as lattice deformation. We have shown that the relative intensities 
of the two doublet components are readily accounted for in a theory which attributes 
the doublet to a spin-orbit mechanism. The polarization in one of the 1.4eV 
components, which is observed to differ by less than 30% in nor  U orientation, is also 
consistent with a model in which the spin-orbit perturbation of the electron statesvery 
nearly equals the trigonal perturbation. Although it had not been necessary to make 
recourse to numerical computation to arrive at these conclusions we found that a LCAO 
cluster model calculation gave a further understanding of states of the nickel defect, and 
again quantitatively supported the spin-orbit model for the origin of the 1.4 eV doublet. 
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The cluster model calculation strongly suggested that the doublet arises from an Nilt 
interstitial defect at which there is a significant degree of lattice relaxation. 

Recent experimental evidence could support our suggestion that the 1.4 eV lines are 
due to Nil+. Collins et a1 (1990) showed that the intensity of the 1.4eV lines decreases 
when increasing amounts of nitrogen are present in the diamond. As nitrogen is usually 
a donor in diamond,the implication of such an observation is that the donor electron is 
being transferred to the Nil+ centre and, in doing so, lowering the concentration of 
optially active Nil' ions. 

L Paslousky and J E Lowther 
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Appendix 

In analysing the inclusion of the spin-orbit interaction it proves convenient to represent 
the tz (da, d,,, dE) d-electron states as follows 

d,, =1+1}= -i(dl + i d q ) / q 2  
do E 10) = idg 

d-I  1-1) = i(d, - id,,)/d2. 

Table Al. Spin orbit wave-functions: tetrahedral point symmeq.  

r,: - V 3 I O ) *  tv31*1)= 

rB: 

I A 
la1 l b l  

Figure A l .  Energy level scheme of d states for tetra. 
hedral environment Td (a) without spin-orbit coup- 
Ling;and(b)withspirbit coupling. Selectionrules 
included. ~~~ ~~~~ ~ ~~~ ~ ~ ~~ 
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Recalling that in the tetrahedral environment the spin-orbit interaction does not split 
the e state and neglecting any second order terms (A B A), the spin-orbit matrix associ- 
ated with the t, electrons is given by 

/+l)-  1-1)- IO)' 

ThematrixdescribingtheotherKramerssetofstatesmaybesimilarlyderived. Asimple 
unitary transformation diagonalizes (A2) leading to the states listed in table Al.  The 
allowed optical transitions between those states are indicated in figure Al.  

Lowering in point symmetry of the tetrahedral environment from that of Td to C& 
produces a splitting of the t2(rs) degenerate state into trigonal states al(Tl) and e (r,), 
as illustrated in figure A2. In the presence of spin-orbit coupling, the orbital trigonal e 
state is further split into a series of Kramers doublets. If second-order effects are 

I 

r, - r, II c 
r, c r, I c 
r, r, itc 
r, - r, I 
r6- r, l C . i  

F l p e  A2. Energy Icwl scheme old states lor (4) tetrahedral environment T,; (6) for trigonal 
environment Cjb withour spiwrbii  coupling; and ( E )  with spiwrbit couplinl: Selection 
rules lor mgonal environment C, are included 

Table A2. Spin-orbit wave-functions: trigonal point symmetry. The x .  y .  and I functions 
would be directed along (1-lo), (11-2) and (111) axes of the tetrahedron. Vectors ( E ,  j3) 
are obtained numerically from (A3). 

rs: T E Z *  + j 3 a ( x '  i: iy') &(a,) 
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neglected (6 
are obtained as follows 

A) the resultingspin-orbit states derived from the orbital trigonal states 

2- x +  y' 

A i l  [" 0 -;I 
-U il 

where the x ,  y and z functions would be directed along the (1 -lo}, (1 1 -2), and (111) 
axes respectively of the tetrahedron. 

Wave-functions corresponding to the states illustrated in figure A2 are listed in table 
A2. Valuesof cuandpare obtained numerically from (A3) andessentiallyare dependent 
on the ratio 6/A.  Optical (electric dipole) selection rules derived through group theoretic 
arguments are indicated in figure A2, and are in agreement with the results derived by 
Birman (1960). 
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