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Pulsed, Fourier-transform, and continuous-wave electron paramagnetic resonance methods are

used to study the g=2.0319 EPR signal in synthetic diamond crystals. This signal is from Ni which

is found to be located at a substitutional site in the diamond lattice without detectable nearby

charge compensation. The effective spin state of S =
z is determined from Fourier-transform nuta-

tional EPR spectroscopy. It is proposed that the center is a Ni ion with electronic configuration
3d7.

I. INTRODUCTION

The synthesis of large diamond crystals with dimen-
sions exceeding 1.0 cm is now possible with recent deve1-

opments in techniques and in apparatus for gro~ing sin-

gle crystals at high temperatures and pressures. The pos-
sibilities have opened up for the use of the unique proper-
ties of synthetic diamond single crystals in electronic de-
vices, ' since silicon lies directly below carbon on the
Periodic Table and has crystals isostructural with dia-
mond (bond length: C—C 1.S4 A, Si—Si 2.35 A). Transi-
tion metals of the 3d group, Ti, V, Cr, Mn, Fe, and Ni are
easily doped into silicon, introducing deep-acceptor or
deep-donor levels. ' These metal ions diffuse easily into
silicon near its melting point. In diamond, however,
nickel seems to be the only transition-metal ion which
gives a well-established electron paramagnetic resonance
(EPR) signal from dispersed impurities. This is true even
of synthetic diamonds which are grown from a molten
metal solvent typically containing Fe, Ni, Co, and Mn.
Loubser and van Rynevald found an EPR line with a g
value of 2.0310+0.0005 in synthetic polycrystalline dia-
mond grown from a metal melt containing Ni. Since the
signal was absent in samples grown from a melt without
Ni, it was assigned to Ni. The assignment was confirmed
by Samoilovich et al. , who observed a 0.65+0.05 mT
hyperfine splitting frotn 'Ni (I =—'„natural abundance
1.2%) in isotopically enriched (86%%uo) powdered samples.

The Ni EPR signal remains isotropic at temperatures

as low as 4 K, ' suggesting that it occupies a high-
symmetry site and is not associated with a nearby impuri-
ty or vacancy. It has not been established whether the Ni
occupies a substitutional or an interstitial site in the dia-
mond crystals. In silicon, Ni is present as Ni+ (electronic
configuration 3d, S =

—,'), occupying an interstitial site
while in germanium, it is proposed that Ni (3d with a
bound hole in the valence shell, S =

—,') is present in a sub-

stitutional site. In both silicon and germanium, the Ni
spin state can be verified from the absence of fine struc-
ture in the anisotropic EPR spectra from distorted
configurations observed at low temperatures. At higher
temperatures, reorientation among the distorted
configurations is sufficiently rapid to produce an isotropic
EPR spectrum.

In single-crystal diamond, it has not been possible to
determine by conventional cw-EPR measurements either
the location or the effective spin of the Ni impurity since
only isotropic EPR spectra are observed. Tetrahedral
sites (either substitutional or interstitial) have sufficiently
high symmetry that no fine structure is expected for all
spin states with S~ —,'. However, pulsed or Fourier-
transform (FT) EPR has made it possible to measure the
effective spin of the Ni impurity and determine its loca-
tion within the diamond crystal.

II. EXPERIMENT

Four synthetic diamond crystals were used for this
study. Three crystals, denoted A, 8, and C were grown
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in —16 h at 6 GPa and 1700 K by the temperature gra-
dient method. ' Sample A (9 mg, green, [N]=1 ppm,
[Ni] =0.4 ppm) was grown from an alloy of Ni with 2 wt.
% Ti, using a powdered mixture of diamonds and graph-
ite as the carbon source. The carbon source was wrapped
in aluminum foil to decrease the nitrogen concentration
in the crystal. Sample 8 (20 mg, green, [N]=2.8 ppm,
[Ni]=0.8 ppm), 10% enriched in ' C (I =

—,', natural
abundance 1.1%) was prepared in the same manner as
sample A except that the ' C was supplied as amorphous
carbon. Sample C (20 mg, yellow green, [N]=60 ppm,
[Ni]=70 ppm) was grown from an alloy of Ni and Zr.
The fourth crystal, sample D (45 mg, yellow, [N]=17
ppm, [Ni]=0.5 ppm), was supplied by Itami Laboratory,
Sumitomo Electric Industries. The concentrations of Ni
and N, denoted [Ni] and [N], respectively, were estimated
from the EPR signal intensities for those impurities.

The FT-EPR measurements were made using spec-
trometers described previously " to measure the tran-
sients induced by 1 kW microwave pulses of about 9.2
GHz. Sample temperature was controlled using an Ox-
ford Instruments ESR-900. The cw-EPR measurements
were made using a Bruker ESP300 X-band spectrometer.
The cw-EPR spectra were measured at 77 K using an in-

sertion Dewar filled with liquid nitrogen and other tem-
peratures were reached using a Bruker ER411VT vari-
able temperature unit.
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FIG. 1. Temperature dependence of the cw-EPR linewidth of
the Ni impurity in synthetic diamond crystal A with the mag-
netic field BD parallel to the [001]axis.

III. RESULTS AND DISCUSSION

A. Ni site

The EPR linewidth of the Ni impurity in diamond is
very temperature dependent above 150 K. The spin-
lattice relaxation of the Ni is responsible for the rapid in-
crease of the cw-EPR linewidth from 0.10 mT at 150 K
to 2.40mT by 225 K, Fig. 1. However, at 77 K, the EPR
linewidth is no longer determined by spin-lattice relaxa-
tion but rather by dipolar interactions with the paramag-
netic impurities. In synthetic diamonds, the major
paramagnetic impurities are dispersed nitrogens substi-
tuting for single carbon atoms in the lattice. The nitro-
gen impurity was first identified in natural diamonds. '

At 77 K, the major contributions to the Ni EPR
linewidth in most synthetic diamonds are dipole-dipole
interactions between nitrogen and Ni and between Ni and
Ni. ' Sample A, with its low [Ni] and [N], has a peak-
to-peak cw-EPR linewidth of only 0.025 mT at 77 K, al-
lowing observation of not only the 'Ni hyperfine lines in
natural abundance but also the ' C superhyperfine lines
of the nearest-neighbor carbons in natural abundance,
Fig. 2.

As the diamond crystal is rotated in the magnetic field
of the EPR spectrometer, the center of the Ni spectrum
does not vary and the 'Ni hyperfine splitting does not
change, g =2.0319 and A ( 'Ni) =0.65 mT. On the other
hand, the superhyperfine splittings from the nearest-
neighbor ' C do vary. A plot of the ' C superhyperfine
lines as the crystal is rotated about an axis perpendicular
to the magnetic field, Fig. 3, is useful for identifying the
local symmetry of the impurity site. In the diamond lat-

tice, there are many sets of equivalent carbons around
both the substitutional and the interstitial sites of
tetrahedral symmetry. Each set of equivalent carbons
can be classified as nearest neighbors, next-nearest neigh-
bors, etc. based on the distance from the center of the
site. Each set also belongs to one of four symmetry
classes. ' ' From the pattern of the rotationa1 plots and
the maximum number of observable lines, the symmetry
class for each set of surrounding carbons can be assigned
and the location of the tetrahedral site identified. This
method has been applied for determination of impurity
sites in silicon, usually using rotations about the [110]
axis. '"'

The pattern in Fig. 3 shows three pairs of lines evenly
split around the central Ni EPR line and connected by
the solid curves. These EPR lines have relatively large
anisotropy and are assigned to the nearest-neighbor car-
bons. The three sets of EPR lines have identical split-
tings along the [001] axis while only two of the splittings
are identical along the [111] and [110] axes. The ' C
hyperfine tensor is axially symmetric around the [111]
axis. These properties are characteristic of four carbons
belonging to the 111 class. In this rotation, two carbons
are magnetically equivalent and the pattern of the rota-
tional plots consists of three sets of lines. Both the substi-
tutional and the interstitial site are surrounded
tetrahedrally by four nearest-neighbor, carbon atoms 1.54
A distant. Each of the four carbons at the corners of the
tetrahedron is on a threefold rotational symmetry axis
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through the central ion and belongs to the 111 class.
Thus the Ni must occupy a tetrahedral site although it is
not-possible to determine from the nearest-neighbor car-
bons whether that site is interstitial or substitutional.
The ' C hyperfine couplings for the nearest-neighbor car-
bons are given in Table I.

The substitutional site has 12 next-nearest neighbors
2.52 A distant belonging to the 110 class while the inter-
stitial site has only six next-nearest neighbors 1.78 A dis-
tant belonging to the 100 class. Thus a definitive assign-
ment of the Ni site can be made based on superhyperfine
couplings of these next-nearest-neighbor carbons.

The cw-EPR spectra resolve at most only two sets of
next-nearest-neighbor superhyperfine lines. The splitting
is nearly isotropic (0.317 mT along the [001] axis, 0.374
and 0.290 mT along the [111]axis, 0.348 and 0.263 mT
along the [110] axis), Fig. 3. Even with the EPR
linewidth of 0.025 mT, it is not possible to resolve all
three sets (interstitial site) or seven sets (substitutional
site) of superhyperfine lines from the next-nearest neigh-
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FIG. 3. Rotational dependence of the "C splittings of the
nearest-neighbor carbons for the Ni impurity in synthetic dia-

mond sample A at 77 K. The line positions of the "C
superhyperfine lines are shown relative to that of the main line.
The line positions of the partially resolved ' C superhyperfine
lines of the next-nearest-neighbor carbons are also shown in

some orientations. The crystal was rotated with the magnetic
field in the (110)plane.
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FIG. 2. cw-EPR spectra of the nickel center at 77 K in dia-
mond sample A showing 'Ni and ' C lines in natural abun-
dance. (a) B parallel to [001]. (b) B parallel to [111]. Spectra
recorded with 100-KHz modulation and 0.01-mT modulation
amplitude, with 0.2 mW at 9.533 GHz.

bors. Conventional electron nuclear double resonance
(ENDOR) has been used in similar cases to measure the
hyperfine couplings from the ' C directly. However,
ENDOR is complicated in the present case by the possi-
bility of cross relaxation (which is known to occur) be-
tween the Ni and the major paramagnetic center, nitro-
gen. It is possible for the ENDOR spectrum of the Ni to
contain ' C ENDOR lines of the nitrogen center. This
potential problem is avoided entirely by the use of a FT-
EPR technique we introduced in a study of Li
superhyperfine couplings with Ti + in u-quartz. ' We
use electron spin-nuclear spin coherences produced by an
electron spin echo envelope modulation (ESEEM) experi-
ment to measure the same couplings measured by EN-
DOR. ' Superhyperfine couplings of the Ni are
recorded by selectively detecting only those coherences
involving the electron spin of the Ni. ' A three-pulse,
time-domain signal from the ' C coupled with Ni in sam-
ple 8 is shown in Fig. 4.

The Fourier transform of this time-domain spectrum
yields a frequency-domain spectrum containing the nu-
clear resonance frequencies for every set of C coupled13

to the Ni. We are interested in the next-nearest neigh-
bors of the Ni and initial analysis showed that all the
necessary information needed to determine the Ni site
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TABLE I. "C hyperfine couplings for the Ni impurity in synthetic diamond.

Nearest neighbor

Next-nearest neighbor

A
~I
/gopg

1.339 mT
~ l ~goP~
0.382 mT

~i ~gopa
0.340 mT
~2 ~gopa
0.272 mT

~3~gopa
0.269 mT

lies between 7.0 and 9.0 MHz. Assuming a positive sign
for the superhyperfine couplings since g„of ' C is posi-
tive, the modulation frequencies appearing in this region
correspond to the ENDOR frequencies of the m, = —

—,
'

level. We therefore used the LP-ZOOM linear-prediction
method ' to examine that region of the spectrum. The
frequency-domain spectrum generated between 7.0 and
8.0 MHz, Fig. 5, contains two sharp lines at this orienta-
tion. The lines have a full width half height of about 20
kHz while the best cw-EPR spectra have a linewidth of
0.025 mT or 700 kHz. The better resolution in the FT-
EPR experiment not only allows better resolution of the
spectrum, but also allows accurate measurement of the
small anisotropy of the next-nearest-neighbor couplings.
The orientational dependences of the frequencies are
plotted in Fig. 6. There are seven sets of frequencies ob-
served. With the magnetic field parallel to the [001]axis,
only two distinct frequencies are observed while along
[111]only three are observed. These observations are ex-
pected for the next-nearest neighbors in a substitutional
site (110 symmetry class) but not in an interstitial site
(100 symmetry class). Thus Ni substitutes for carbon in
the diamond lattice to produce the paramagnetic Ni
center studied here.

The ' C frequencies in Fig. 6 are consistent with the
partially resolved, ' C superhyperfine lines assigned to
the next-nearest neighbors in Fig. 3. Each of the 12 car-
bons belonging to the 110 symmetry class is located in a

(110) plane of reflection symmetry through the central
ion. We shall describe the superhyperfine tensor using
one assignable to the symmetry-related sites located in a
(110) plane through the central ion. One of the principal
axes of the superhyperfine tensor lies along the [110]axis
and the other two are in the (110) plane. ' ' The prin-
cipal axis with the largest principal value is 120' from the
[001] axis in the (110) plane. The principal values of the
superhyperfine matrix were calculated from'the angular
dependence in Fig. 6 using the first-order equation
hv=~rn, A,&

—g„p„8~ and are given in Table I. The
principal value A3 is associated with the principal axis
along the [110]axis.

The cw-EPR spectra of sample A recorded with the
magnetic field parallel to the [001] axis has the
superhyperfine lines from all four nearest neighbors su-

perirnposed by symmetry. At that orientation, only one
set of lines is resolved for the next-nearest neighbors.
The intensity of the superhyperfine lines from the next-
nearest neighbors is 2.8 times the intensity from the
nearest neighbors. Our measurements predict that at this
orientation, the superhyperfine lines from the 12 next-
nearest neighbors in a substitutional site will overlap, giv-

ing an intensity ratio of —", or 3 as observed. For an inter-

stitial site, there are only six next-nearest neighbors, lim-

iting the intensity ratio to —, or 1.5 at most. Thus the ex-

perimental intensity ratios agree with the substitutional
model for Ni.
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FIG. 4. Three-pulse echo modulation from the ' C coupled
to Ni in diamond sample B, doped with 10% ' C. The magnetic
field was parallel to the [111]axis at 45 K with the microwave

frequency 9.2277 GHz, pulse power 200 W, and the spacing be-

tween the first and second pulses 0.40 ps. The spectrum consists
of 512 points spaced 20 ns apart.
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FIG. 5. A portion of the frequency-domain spectrum, ob-
tained from the time-domain spectrum in Fig. 4, generated by
LP-ZOOM showing two lines from ' C coupled to Ni in dia-
mond sample B (10% "C).
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F001] [111] $110) s& ~ The amplitude of the FT-EPR signal from Ni in sam-
ple D at 77 K shows a clear sinusoidal pattern, Fig. 7(a),
with co„ /2m =~, /2m = 16 MHz. This measurement is not
very indicative of spin state for the Ni since any center
with S ~

—,
' in a perfect tetrahedral environment would

give this result. However, when the sample temperature
was decreased below 40 K, a second nutational frequency
appears at co„=2'„Fig.7(b). The relative amount of the
new component increases as the temperature decreases
until at 25 K, it accounts for about 30%%uo of the total sig-
nal. This new component has the same resonant frequen-
cy, g factor, and linewidth as the normal Ni signal and
has the co„expected for an S =

—,
' center in a site with

lower symmetry than tetrahedral. This component has
been observed in other samples at even higher tempera-
tures.

We believe that at low temperature, Ni can adopt a
slightly distorted configuration in the diamond lattice.
The distortion is sufficient to produce fine-structure split-
tings larger than cu~, but small enough that the second-
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FIG. 6. Orientation dependence of the next-nearest-neighbor
"C ENDOR frequencies of the m, = —

—,
' manifold as diamond

sample 8 (10% ' C) is rotated about the [110]axis at 45 K.
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B. Ni spin

The effective, electron-spin state of the Ni is difficult to
determine from cw-EPR spectra because the tetrahedral
symmetry of the substitutional site makes the fine-
structure splittings vanish for spin states with S ~ —,'. In
principle, the spin state could be determined by careful
analysis of the ' C ESEEM frequencies measured above
since they depend in part on the values of m, . Unfor-
tunately, a definitive theoretical analysis of ESEEM for
S & —,

' has not been made for small or vanishing fine-

structure splittings. The approach we use here is to mea-
sure S+ from the nutation of the magnetization by the
microwave magnetic field, B, .

The free-induction decay (FID) following a single mi-
crowave pulse is proportional to si ( ntcu), where cu„ is
the nutational frequency. If all EPR transitions for the
spin are excited by the microwave pulse, then
~„=co&=yB,. However, if B& is sufficiently small that
only a single line in the spectrum is excited by the pulse,
cu„depends on the matrix element of S+ operator for
that transition. When only the m, =+—,

' to —
—,
' transition

of a half-integral spin is excited, co„=(S+—,
' )co, (Refs. 22

and 23) and if only one of the two transitions for an S = 1

spin is excited, co„=2' co, .
We recorded the nutational frequency for the Ni by

monitoring the amplitude of the FT-EPR line as a func-
tion of the pulse duration t . The nitrogen center in dia-
mond (S =

—,') at room temperature was used to calibrate
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FIG. 7. Spin nutation of paramagnetic centers in synthetic
diamond sample D. (a) The nickel center in sample D at 77 K.
The solid line is fit to a single frequency at ~, . (b) The Ni center
at 25 K. The dashed line is a fit to a single frequency at co&, the
solid line to frequencies at co'I and 2col, showing the presence of
the distorted form of an S =

—,
' center.
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order shifts on the m, =+—,
' to —

—,
' transition are less

than the linewidth. If the distortion is induced by ran-
dom strains in the lattice or by distant, charge-
compensating ions, the fine-structure splittings will have
many different amplitudes and directions in the crystal
and the other EPR transitions would be too broad to be
detected.

We have previously measured local concentrations of
nitrogen centers in synthetic diamonds' using instan-
taneous diffusion. The phenomenon of instantaneous
diffusion relates spin relaxation rates to local dipolar
fields (or concentrations) and the turning angle of the
pulses, 49 =co„t . ' ' ' Here we invert that process and
use the variation of spin relaxation rates with 8, to mea-
sure co„ in sample C. Figure 8 shows the results for mea-
surements on nitrogen and Ni centers. The data from the
nitrogen are used to experimentally measure the turning
angle for S=—,

' and agree well with theory. The data
from Ni at 48 K clearly do not fit the predictions for
S =

—,'. Instead, the Ni data are described well by the pre-

2.5

2ONx
X
I 1.5-

1.0-
4j08

o.5-

dictions based on 5 =
—,
' for Ni with a mixture of distorted

and undistorted sites. Thus the instantaneous diffusion
measurements also indicate that Ni has S =

—,'.
Further corroboration for the Ni spin comes from the

' C nuclear frequencies measured above. Although the
complete theory has not been worked out for S =—'„ it is

reasonable to expect that the modulation includes most of
the ENDOR frequencies. To first order, the ENDOR
frequencies are h v= ~m, A, tr g„p—,„B~ where A, tr are the
hyperfine splittings. Using approximate values of A ff

measured from the cw-EPR spectra, the ENDOR fre-
quencies can be estimated. With the magnetic field along
the [001] axis,

~ Adr~ for the next-nearest neighbors is
0.317 mT. To first order, the ENDOR frequency for the
m, = —

—,
' manifold for either S =

—,
' or S =

—,
' is estimated

to be 7.98 MHz assuming A, ff positive and g„=1.4044.
The measured modulation frequencies, 7.74 and 7.89
MHz, at this orientation are consistent with this interpre-
tation. The ENDOR frequencies calculated for S =1 do
not rnatch any of the observed frequencies. Assuming
that the 7.74- and 7.89-MHz frequencies belong to the
m, = —

—,
' manifold of an S =

—,
' ion, the ENDOR frequen-

cies are estimated to be 9.34 and 9.79 MHz for the
m, =+—,

' manifold and 16.28 and 16.73 MHz for the

m, = —
—,
' manifold. Weak lines are observed at 9.38,

9.77, 16.23, and 16.65 MHz. These frequencies are
definitely inconsistent with an S =

—,
' spin state for which

the theory is well developed. Thus the modulation sup-
ports the assignment that S =

—,'. The principal values of
the superhyperfine matrix given in Table I were calculat-
ed using this assignment.

C. Ni electronic con6guration
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FIG. 8. Dependence of the phase memory relaxation rate on

8, produced by instantaneous diffusion in diamond sample C.
(a) Relaxation of the nitrogen center at room temperature pro-
duced by other nitrogen centers, S = —,'. The dashed line is a
least-squares fit of the theoretical dependence to the data. (b)
Relaxation of Ni centers at 48 K produced by Ni. The solid line
is a least-squares fit including instantaneous diffusion from dis-
torted and undistorted forms of Ni with 5= ~.

Transition-metal impurities in semiconductors form
deep states in the energy gap and occur in several charge
states. These semiconductor impurities have provided
some classic examples of EPR spectra of transition-metal
ions in a tetrahedral coordination environment. A simple
model for explaining the EPR spectra of transition-metal
impurities in silicon and germanium was presented by
Ludwig and Woodbury. Substitutional transition-metal
ions in silicon and germanium transfer 3d electrons to the
valence shell in order to complete tetrahedral bonds with
the nearest neighbors. Thus transition-metal ions having
a free-ion configuration of 3d "4s are expected to have an
electronic configuration 3d" . In the substitutional site,
the tetrahedral crystal field splits the 3d orbitals into the
subsets e and t2, with the e lower in energy. In the
tetrahedral interstitial site in silicon and germanium,
transition-metal ions having a free-ion configuration of
3d "4s show an electronic configuration 3d" +, since the
4s electrons are transferred to the 3d shell. At the inter-
stitial site, the 3d states also split into a triplet t2 and a
doublet e, however, the t2 is lower in energy. It is likely
that the octahedral crystal field from the next-nearest
neighbors dominates the tetrahedral field from the
nearest neighbors.

We assume that this simple model should be applicable
to our case of nickel in diamond. With the effective spin
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S =—', and with a g value close to that of the free electron,
the nickel center in diamond is likely to be substitutional
Ni with electronic configuration 3d . The electronic
ground state of a 3d ion in tetrahedral symmetry is an
orbitally nondegenerate A z state (e t 2). With a non-
orbitally-degenerate electronic configuration, the spin-
lattice relaxation of Ni is expected to be slow and to al-
low easy EPR detection even at 77 K.

Nickel at the substitutional site of diamond should be
observable by EPR if the charge state is either Ni+ (3d,
S=—,'), Ni (3d, S=—,'), or Ni (3d, S=—,'). The
determination of the spin multiplicity thus plays a critical
role in determining the charge state. Nickel at the inter-
stitial site in diamond should be easily observable by EPR
if the charge state is either Ni + (3d, S =1) or Ni+
(3d, S=—,'}. At the interstitial site, an effective spin
S =

—,
' with an orbitally nondegenerate ground state re-

quires an extremely high charge state of Ni + (3d ),
which is unlikely to occur. Thus the high spin multiplici-
ty confirms our assignment of the nickel center to the
substitutional site.

The EPR spectrum of a 3d ion with S =
—,
' in

tetrahedral symmetry is usually described by augmenting
the conventional spin Hamiltonian with higher-order
terms:

uP~[S 8 +SyBy+S 8,'(S B)[3S(S+1) 1]

where u is the amplitude of this term in the Hamiltonian.
This term produces an anisotropy in the line position of

I

the I,=+—,
' to —

—,
' transitions as well as producing fine

structure. At 77 K, sample A exhibited a small degree of
anisotropy in linewidth (0.025 mT along the [001] axis,
0.020 mT along the [ill] axis, and 0.024 mT along the
[110] axis), although the line position was isotropic
within 0.008 mT. Since the nutation experiment shows
that at 77 K, the three transitions of the S =

—,
' spin are

not split by a large amount, the coefficient of this high-
order term must be very small.

D. Ni spin delocalization

%e now consider the spin delocalization onto the
nearest-neighbor carbons with a linear combination of
atomic orbitals (LCAO) treatment which takes proper ac-
count of the symmetry and spin multiplicity. This treat-
ment has been used for analysis of ENDOR data of inter-
stitial transition-metal impurities in silicon. ' In the
simple crystal field approach, the three unpaired elec-
trons in the substitutional Ni occupy the d, , d „and
d,„orbitals. The t2 states on the central ion have the
proper symmetry to form cr bonds with the nearest-
neighbor carbons, while the e states do not. Both the t2
and e states may form m bonds with the nearest-neighbor
carbons. By including covalency, these d„, d „and d,„
orbitals are admixed with linear combinations of the 2s
and 2p orbitals of surrounding carbons that transform as
the t2 irreducible representation of Td symmetry. By
neglecting the delocalization onto carbons further than
the nearest neighbors and by neglecting the overlap be-
tween metal d orbitals and carbon orbitals, the wave
functions of the unpaired electrons are

%„=ad, + —,'13(s, —s2 —s3+s4)+ $((T] 02 (T3+(T4)+ 5[( 17/„+172 +173 174 )+3' (17& 172y
—17—3y+174y )]

0', —ad, +—'p(s, —sz+s3 —s4 }+—,
' y(o', o 2+ o 3 o 4)+ —,5[( 17,„+172„173„+17«}3 (17,y

—17zy+773y 174y )],—
(2)

+ —'p(S&+S& —S3 S4)+—$(0']+[7/ (73 (T4)+ 5[(17/ +172 1T3 1T4 )]

The numbers 1, 2, 3, and 4 refer to the four carbons at
the positions 111, 111, 111, and 111, respectively. The
orbitals designated by o are 2p orbitals of the carbons
which have lobes pointing towards the central nickel ion,
while the orbitals designated by ~ are 2p orbitals with
lobes perpendicular to the carbon-nickel bond axis. The
value of P +y +5 gives the sum of the spin densities on
the four nearest-neighbor carbons. For d (e t 2)
configuration, the ground state is an orbital singlet and it
is possible to sum the separate contributions to the
hyperfine interaction from the individual, singly occupied
orbitals. We obtain the ' C superhyperfine tensor of the
nearest neighbors as

A, = 1/(2S) —,'P gp~ao,

Ad =1 (/2S)3a gp~bdd,

A =1/(2S) ,'y2g p~bo, —

=1/(2S)-,'5'g psbo,

~o =-,'S e.~.~'P(0) l~„

bo =
—,'Po/(417 )g„P„(7 )2

bdd =pol(4m)g p R

A, +2(A„+ A —A„)

A1=A, —(Ad+A —A ),
with

(3)

where the total spin S =
—,', ql(0) is the wave function at

the nucleus, and r is the electron-nuclear separation dis-
tance.

The unpaired electron localized 100% in a carbon 2s
orbital produces an isotropic hyperfine interaction
a0=111.9 mT and in a carbon 2p orbital an anisotropic
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hyperfine interaction b0=3. 19 mT. The isotropic part
A, is the contribution from the 2s orbital. From the ob-
served value of the isotropic part (0.673 mT), p is es-
timated to be 0.0237. Among the contributions to the an-
isotropic part, Ad is the dipolar interaction between the
magnetic moment of the electrons on the central nickel
ion and the magnetic moment of the ' C nucleus. As-
suming a =1, with 100% spin localization on the central
nickel ion and taking the Ni—' C bond distance
R =1.54 A, Ad is estimated to be 0.197 mT using the
point dipole approximation. From the observed value of
the anisotropic part (0.333 mT), 3 —A„ is 0.136 mT.
The hyperfine interactions with carbon 2p orbitals A

and A cannot be separated experimentally. As the con-
tributions from the cr and m. orbitals counteract each oth-
er, only the minimum value of the spin density on carbon
2p orbitals can be estimated. Taking 5 =0, y is estimat-
ed to be 0.168. If we constrain a +p +y +5 =1 in-
stead of taking a =1, we obtain a =0.746, P =0.0237,
) =0.230 with 5 =0. Thus spin delocalization of at
least 25% onto the nearest-neighbor carbons is estimated.
If we allow some structural relaxation to increase the
Ni—' C bond distance to R =1.60 A, we obtain
a =0.721, P =0.0237, y =0.255 with 5 =0.

The LCAO treatment can be extended to the spin delo-
calization on the twelve next-nearest-neighbor carbons.
The deviation from axial symmetry of the ' C
superhyperfine tensor is small and will be ignored. From
the observed value of the isotropic part (0.308 mT), the
total spin density on the 2s orbital of the next-nearest
neighbors is estimated to be 0.033. The LCAO describ-
ing the delocalization onto the next-nearest neighbors
contain several parameters for the admixture of o and ~
orbitals. These parameters cannot be separated experi-
mentally. The total spin density on the 2p orbital of the
next-nearest neighbors depends strongly on the assump-
tions used in their estimation. %e will denote the princi-
pal axis associated with the largest absolute principal
value as the unique axis. Among the twelve next-
nearest-neighbor carbons, two carbons are located in a
(110) plane through the central ion. These two carbons
are on a [110] axis through the central ion. In one car-
bon, bonded to the nearest-neighbor carbon in the [111]
direction relative to the central ion, the C—C bond to the
nearest neighbor is parallel to the [111]axis. In the oth-
er carbon, bonded to the nearest-neighbor carbon of the
[111]direction, the C—C bond to the nearest-neighbor
carbon is parallel to the [111]axis. As shown in Fig. 6,
the unique axis appears 60 from the [001] axis and 120'
from the [001] axis in the (110) plane. We note that the
unique axis is nearly (-5 ) parallel to either the [ill]
axis or the [111]axis. The superhyperfine tensor with
the unique axis nearly parallel to the [111]axis is assign-
able to either one of the two carbons above. From both
assignments, the rotation pattern of the angular depen-
dence shown in Fig. 6 is generated by the symmetry
operation and no unique assignment can be made. The
contribution to the anisotropic part of the dipolar in-
teraction between the spin density on the central nickel
ion and the ' C nucleus of the next-nearest neighbor is es-
timated to be Ad=0. 0337 mT for a distance R=2.52 A

and spin loca1ization on the nickel of a =0.75. The
magnitude of the anisotropic part observed (0.037 mT) is
comparable to this estimation. If we take 0.003 mT
(0.037—0.0337 mT) arising from the admixture of the 2p
orbitals of the next-nearest neighbors, the total spin den-
sity on the 2p orbitals of the next-nearest neighbors is es-
timated to be 0.01. However, the unique axis observed is
30 away from the [110]axis which is the direction con-
necting the central ion and the next-nearest-neighbor car-
bon. Thus the anisotropic part is not dominated by the
dipolar interaction between the spin density on the cen-
tral ion and the ' C nucleus and/or by the spin transfer
to the 2p orbitals involved in metal-carbon o bonding.
The deviation of the unique axis from the [110] axis
might be caused by admixture of the 2p orbitals in the
metal-carbon m bonds.

Another estimate can be obtained assuming that the
anisotropic part of the hyperfine interaction is dominated
by two contributions: (1) spin density in the 2p orbital of
the next-nearest-neighbor carbon with lobes pointing to-
ward the nearest neighbor and (2) the dipolar interaction
between the spin density on the nearest neighbor and the
' C nucleus. Using 25%%u% delocalization to the nearest
neighbors, the dipolar interaction between spin density
on the nearest neighbors and the ' C nucleus of the next-
nearest neighbors is estimated to be 0.012 mT with
R =1.54 A. Taking 0.025 mT (0.037 —0.012 mT) as
arising from the admixture of the 2p orbital of the next-
nearest neighbor, the total spin density on the 2p orbital
of the next-nearest neighbors is estimated to be 0.093.
Thus spin delocalization onto the next-nearest neighbors
is estimated to be between 4% and 13% depending on the
assumptions used. Unless the spin densities on the next-
nearest neighbors are negligibly small, normalization of
the wave function so that the sum of the unpaired spin
densities becomes unity is required. Because of the ambi-
guity in estimating the next-nearest-neighbor spin densi-
ty, we do not attempt the normalization here.

E. Charge compensation

Our assignment of the charge of Ni leaves the prob-
lem of the charge-compensation mechanism. A charged
species in diamond must be compensated by another
charged species in order to maintain charge neutrality of
the lattice. In silicon, the desired charge state of the
transition metal is obtained by adjusting the Fermi level
with the proper concentration of shallow donors or shal-
low acceptors. Because the crystals used in this study are
nonsemiconducting diamond, the extra electron on the
Ni could not be supplied from the conduction electrons.
The donor electron of the N impurity is bound so it could
not provide charge compensation. The high symmetry of
the EPR spectrum of the Ni as well as the ' C hyperfine
with surrounding carbons indicates that there is no near-
by, charge-compensating impurity or defect. However, a
more distant charge-compensating ion could provide a
ready mechanism for the weak distortion of the center
that seems to occur at low temperatures.

Our experiments appear to completely rule out the
model that the g=2.0319 EPR spectrum is a carbon-
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centered defect. ' It is difFicult to envision a carbon-
centered, substitutional defect with tetrahedral local sym-
metry. In addition, cw-EPR spectra on sample 8 (10%
' C) showed no ' C hyperfine splitting from a central car-
bon atom.

IV. CONCLUSION

The g=2.0319 EPR signal in synthetic diamonds arises
from a substitutional Ni (3d ) with efFective spin $ =—', .
It is curious that Ni seems to be the only transition metal
incorporated as a dispersed species into synthetic dia-
monds even though many other transition metals are
used as solvents. Although we have characterized this Ni
defect, the existence of other Ni defects or other
transition-metal defects is by no means excluded. Transi-
tion metals can certainly be incorporated as inclusions;
dispersed, nonparamagnetic defects; or unobserved
paramagnetic defects. Integral-spin species at low-

symmetry sites could well have fine-structure splittings
too large to be observed at the typical 9-6Hz EPR fre-
quency. Species with efficient spin-lattice relaxation
mechanisms may be extremely broadened and undetect-
able except at very low temperatures. Other transition-
metal impurity species may yet be found by EPR in syn-
thetic diamond by searching at low temperatures, by
varying the Fermi level through doping, by irradiation,
and by growing crystals in new metal so1vents or under
different conditions.
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