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Identification of cobalt on a lattice site in diamond
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We report the finding of an electron-paramagnetic-resondB&R center, labeled O4, which contains
cobalt on a site in the diamond lattice. O4 is observed at low temperati@3 (K) in high temperature and
pressure synthetic diamonds grown with a cobalt containing metal-solvent catalyst after a high-temperature
anneal at 1800 °C. The center s 1/2, monoclinicl symmetry and a hyperfine splitting from a nucleus with
I =7/2. Analysis of the measured hyperfine interaction in termsdf Gives the unpaired electronic wave
function on the cobalt atom, and correctly predicts the measgnedtrix. The wide linewidth of the EPR
absorption suggests a small hyperfine interaction arising from a nearby nitrogen atom. Based on this evidence,
a model for O4 is presented in terms of a CoN complex.

Although many elements of the Periodic Table have beemoment. Several isotopes satisfy these criteffSc, >V
found in diamond, only boron, nitrogérand nicket® have  (99.75, 5°%Co, 13%Cs, several lanthanides artTa (where
been shown to occupy sites in the diamond lattice. This pathe natural isotopic abundance is given in brackets if it is less
per describes a defect detected by electron-paramagnetithan 100%. The short length of the C-C bor{@.154 nnj in
resonancéEPR), which comprises a cobalt atom at a site in diamond makes it unlikely that all but the first three are
the lattice of a high temperature and pressure synthetic diancorporated into the diamond lattice. Since the sample was
mond. grown with a solvent catalyst containing a large proportion

The diamond was grown at the De Beers Diamond Reof cobalt, and O4 has not been observed in samples grown in
search Laboratory in Johannesburg using a cobalt containingther conditions, the identification with cobalt is certain.
metal-solvent catalyst. As grown, the sample exhibited a The whole complex spectrum shown in Figs. 1 and 2 can
photoluminescencégPL) system with a zero phonon line be accounted for by 12 equivalent sites of one single type of
(ZPL) at 1.989 eV. The nitrogen concentration of the samplecenter(04) with monoclinic| symmetry, generated by the
measured by Fourier Transform Infrared Spectroscopyymmetry operations of the diamond lattice. The spectrum is
(FTIR) showed that the sample had 820) parts per million  described by the following spin Hamiltonian, where all terms
(ppm) of single substitutional nitrogeP1) and no other have their usual meaning,
aggregatiort. After annealing at 1800° C for 20 h the 1.989
eV system vanished with the appearance of ZPL’s at ener- _ _
gies of 2.135, 2.207, 2.227, and 2.590 eV observable in both H=neS GBS A-I=ungyl-B+1-P @
PL and cathodoluminescentén addition, FTIR and EPR
measurements showed that there had been a 91% conversion
of single substitutional nitrogen centers int&-centers
(nearest-neighbor pairs of substitutional nitrogen ajoms
leaving 2%3) ppm of P1 centers and 3%) ppm of the ion-
ized P1 center N.° In addition a new EPR defect, which in
the tradition of naming EPR centers in diamond we label O4,
is observed at low temperaturesc80 K) with concentra-
tion ~0.2 ppm.

EPR measurements at 9.5 GHalgh K show a spectrum
with an extensive structure and a complicated angular varia-
tion: Fig. 1 shows this angular variation in{410 plane.
When the external Zeeman fieRlis along a symmetry di-
rection:(100), (111), or(110), and also along certain other

direCtionS' the S,peCtrum clearly comprises g,rOUpS Of_ eight FIG. 1. Angular dependence of the EPR transitions from O4
equally intense lines separated by about 7.6(Ffi@. 2). This  centers for rotation about &L10) axis, with 6 measured from a
corresponds to hyperfine structure from a nucleus withogg direction. The circles are experimental data, measured at fre-
nuclear spinl =7/2. As these are the only observed lines,quencies of around 9.59 GHz. The solid lines are calculated at 9.59
this must correspond to an element without isotopes With GHz using they andA matrices determined from fitting the experi-
=0, and where any other isotopes have very low506)  mental points to the spin Hamiltonian described by 3. See text
abundance or also have=7/2 and an almost equal nuclear for further details.
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causes it. With the exception of the P1 cehtand the neu-

tral divacancy, the R4/W6 EPR center, which was found to

haveC,;, symmetry, rather than the expectedy symmetry,
Bll<100> all known defects in diamond have the symmetry of their

site.

We therefore expect that the low symmetry of the site is

Bll<i1i> the result of complexing with other atoms; an association of

a cobalt atom with a vacancy or impurity. A likely impurity
e is nitrogen, since the sample, as grown, contained more than

04
o 300 ppm of nitrogen and under the conditions of the anneal
- T nitrogen is known to be mobiféIn nickel-containing dia-
280 300 820 340 360 380 400 420 monds, a variety of nickel-nitrogen aggregates are found af-
Magnetic Field (mT) ter a similar annedl.Although for 04, no N hyperfine
structure(hfs) is resolved, the unusually wide lines indicates

FIG. 2. First harmonic EPR spectra taken at 5 K, with a micro- yragolyedlN hfs. Microwave saturation measurements at
wave frequency of approximately 9.59 GHz and an incident micro 5 k and comparison with the intrinsic linewidth of P1

m?t\r/weerpgg:lson the Té, resonant cavity of GuW. See text for (~0.1 mT), showed that the large linewidth of O4 is not
' caused by spin-lattice relaxation or spin-spin broadening.

with S=1/2 andl = 7/2. The spin-Hamiltonian parameters of ~ The site symmetry requires that the cobalt atom and any
the first two terms are listed in Table I. The parameters of th@erturbing vacancy or nitrogen atom should lie in {f&0;
final term, describing the quadrupole interaction, have noplane of reflection symmetry. The electronic configuration of
been measured; but the need of this term is indicated by thée cobalt will depend upon the nature of the site. Neutral
presence oforbidden linescorresponding to transitions with cobalt has nine electrons outside its closedadd 3 sub-
AMg=1, AM,=1 or 2, which lie between the eight nearly shells. If the cobalt form& covalent bonds with its neigh-
equally spacedillowed transitionswith AMg=1, AM,=0 bors,n of its electrons will be used up in the bont{sSo for
(Fig. 2). The observed angular variation corresponds to syma charge ofje, the configuration of the unpaired electrons on
metry of C,p, or Cy,,. That the symmetry of the defect is not the cobalt atom will be 8° "9, ForS=1/2, the number of
lower was established by observing that the lines corretinpaired electrons must be odd. The presence in the sample
sponding to a single site in Fig. 1 do not split on rotatlig ©f a large concentration of donor nitrogen and measured con-
out of the{110 plane. The line width of 04 was 0.8 mT,  centration of ionized nitrogen Ngreater than the concentra-
rather wider than the width of the P1 spectral lines in thetion of O4, makes it very likely thed is zero or negative. For
same sample~0.1 mT). a substitutional site=4, so the configuration would prob-

The identification of the defect as an unpaired electrorbly be 31°. The crystal field splits 8 orbitals into the
interacting with a®Co nucleus described by a single-spin subsetse andt,.>*°In a strongly bonded tetrahedral site,
Hamiltonian, shows that the cobalt occupies a specific site idd> would bee’t,, which would be liket, in an octahedral
the diamond lattice. The large hyperfine interaction withsite whereg values are all much less thag, contrary to the
59Co, similar in magnitude to that in cobalt sditsdicates ~observations. For an interstitial site=0, so the configura-
that the paramagnetism arises from 8lectrons located on tion would probably be @°, which at a tetrahedral site
the cobalt atom. The properties of the site so far measured@ould be e’tS, since the octahedral crystal field from the
allow some deductions about its nature, the principal evinext-nearest neighbors is dominant over the tetrahedral field
dence being the symmetry of the site and the difference besf the nearest neighbot8 If this were distorted by an atom
tween the principag values and the free spin valgg. at a third neighbor site, a site diametrically acrossdhair,

The low symmetry of the site is unlikely to arise from a it would produce the observed symmetry.
purely substitutional or interstitial site. Without distortion,  Another possibility is a defect structure like those re-
such sites usually have much higher symmetry; and, alported in nickel containing diamonds, NEX-&here a para-
though for an appropriatedBconfiguration, one might have a magnetic atom takes up a semivacancy position, so that it
Jahn-Teller distortion, it is not necessary for the symmetry tecan form six almost octahedrally coordinated bonds with the
become as low a€,, to raise the orbital degeneracy that carbon neighborsCoGs], whenn=6. For strongly bonded

neutral cobalt that would givel, S=3/2, at a site 0Dgq

TABLE I. The g andA matrices of the O4 center determined at symmetry, andg values very close t@,, contrary to the
X band(9.59 GH2. The angle$ 6, ¢] refer to spherical coordinates ghservations.
expressed in .the crystal cubic axis system. Ir.1 the finayxfii.ndAX. The observed site hagvalues very similar to those ob-
were cqnstr_auned _along tH&0°, 315°] dlrectlgn. Removing this served in strong-bonded octahedral Complexest‘;’of s
constraint did not improve the quality of the fit. =1/2, with a mearg value less tharge.e A way in which
such a configuration with the observed symmetry could be
formed is by incorporating a nitrogen atom into the ligand
|g,|=1.8438(5) [90°, 315°] |A,|=180(2) [90°, 315°] shell, and also accepting an electron from another nitrogen
lg,|=1.7045(5) [61(2)°, 45°] |A,|=163(2) [65(2)°, 45°] donor, so that the site could be regarded [&CGN]~
|g,|=2.3463(5) [151(2)°, 45°] |A,|=248(2) [154(2)°, 45°] (shown in Fig. 3. This is analogous to the NE1-8 defetts,
which have the fornfNiC Ng_,]9. The presence of the N

g matrix A matrix (MHz)
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~0.96. Bleaney and O’Briéh state that there is no clear
correlation between the principal directions of tienatrix

and the crystal field, so it is not clear whether any conclusion
can be drawn from the fact that the measured principal di-
rection ofg, is nearly normal to thé€332) plane defined by
four of the carbon ligands. The parameters represent quite a
small distortion from cubic symmetry,

Bleaney and O’Brien also give expressioisy. (9) in
their papet!] for the principal values of the hyperfine inter-
action with the®°Co nucleus in terms of the same param-

FIG. 3. The model proposed for O4. The Co is sixfold coordi- €ters 6 and «, and a core polarization factot, which
nated at the bond-centered site between two vacancies, with Abragam and Prycé show to have a value of 0.33 for €o
nearby N atom in thg11Q plane of reflection symmetry of the salts, and the parametBr= 29NMN<r73>- Our hyperfine in-
defect. See text for further details. teractions in Table | correspond to valuesPofanging from
) 218 MHz to 173 MHz, which considering the low symmetry
ligand would lower the symmetry frosq to Cypp, and @ of 04 s respectable internal consistency. In principal, one
the hole in the;, shell does notr-bond with the octahedrally should be able to deduce the spin density on the cobalt
placed ligands, one expects any ligand hyperfine interactiofcleus from this value, but it requires extrapolation of the
to be small. If we assume that the wide linewidh8 mT) of  \4jye of P for Co™ in a covalent surrounding from the
O4 is a consequence of nitrogen hyperfine broadening from g o\wn value (675 MH2 for C?* in ionic crystals?
single nitrogen, then using the standard linear combination Ol&bragam and Bleanéytabulates values ofr ~3) for ions
atomic qrbitals treatm_ent, this suggesis% of the unpaired - #+ 1o Co*, which show a fairly consistent fall of 11% per
electronic wave function on the nitrogen. . unit of charge reduction. Using this extrapolation gives 480

Bleaney and O’Brien derive expressions for the principalyy, for Co -, which suggests that our measured hyperfine
g values for the configuratiorﬁ in a strong crystal field of parameters correspond to a charge density of about 40% on
distorted octahedral symmetty Their equations: the cobalt atom.

To conclude,[CoGN]~ appears to be the most likely
model for O4, and it is a type of defect that has precedent in
1 the structures formed by the next atom in the Periodic Table,
z(gx+ 9,) = —2 cogf[ sirfa— J2kcosasine], (3)  nickel. Further experiment, such &% ENDOR, or EPR of

13C hyperfine structure in an isotopically enriched sample,

g,=2 cogd[sirfa—(1+k)coga]+2 sirfg[k—1], (2)

1 will be needed to establish the model beyond doubt. This
Z(g,—gy)=—2sin20[cofa+ (k/\2)sina], (4  Paper has shown that the cobalt atom can be incorporated
275 into a site in the diamond lattice.
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gx=—1.852, g,=-1.712, andg,=—2.402, (5
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