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EPR spectra of separated pairs of substitutional nitrogen atoms in diamond
with a high concentration of nitrogen
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Electron paramagnetic resonance~EPR! measurements are reported in synthetic diamonds grown in an
Fe-Ni-C solvent/catalyst system at 1750 K, under stabilizing pressure, by the temperature gradient method.
Such diamonds are known to have high concentrations of nitrogen. EPR spectra have been found in three
well-separated regions. The first of these spectra consists of a family of lines around the EPR spectrum of the
P1 center~isolated Ns). The second spectrum consists of a family of weak lines at about one-half of theP1
magnetic field. The third consists of a family of weak lines at about twice theP1 magnetic field. The first
spectrum is attributed to three defect centers, named NOC1, NOC2, and NOC3~NOC stands for the
Novosibirsk-Oxford collaboration! ; each one of the centers corresponds to a pair of Ns atoms with different
separations. The second spectrum, named NOC4, is also attributed to separated pairs of Ns atoms, but is a
superposition of spectra from all pairs with separation greater than about 0.7 nm. The third spectrum is
attributed to isolatedP1 centers which were resonated by a two microwave photon transition.
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I. INTRODUCTION

There is interest in defects and impurities in diamond
cause of the influence they have upon material properties
the information their presence provides on growth con
tions. Substitutional nitrogen atoms, Ns , are known to be a
constituent of many defect centers in diamond, with co
plexity varying from theP1 center~isolated Ns),

1 to centers
involving up to at least five Ns atoms.2–4 Synthetic diamonds
usually contain nitrogen in the form of isolated, parama
netic Ns ; but for the majority of natural diamonds the mo
common nitrogen forms areA centers~nearest-neighbor pair
Ns-Ns! or B centers~four Ns arranged around a vacanc!
both of which are diamagnetic,5,6 and the paramagneticP2
center~three Ns around a vacancy!.3 Several other complexe
of Ns have been identified involving vacancies, and a
formed following radiation damage and annealing.2,6

The aggregation of isolated Ns atoms to formA centers,
and of A centers to formB centers, has been extensive
studied at temperatures between 1800 and 2500 K7–9

Chrenko et al.7 found that the aggregation of isolated Ns
atoms to formA centers followed second-order kinetics. Su
sequent studies have shown that the presence of vacanc10

and impurities, such as nickel and cobalt,11,12 can dramati-
cally increase the rate of aggregation. Vacancy-enhanced
PRB 600163-1829/99/60~8!/5392~12!/$15.00
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gregation at 1800 K was studied by Collins,10 who proposed
that the aggregation process can involve the multiple rele
and retrapping of vacancies. Fisher and Lawson12 have
shown that the preferential incorporation of nickel and cob
in $111% growth sectors enhances the aggregation of isola
Ns to form A centers in these sectors, with the degree
enhancement increasing with increasing nickel/cobalt c
tent. A marked deviation from simple second-order kinet
was observed in these sectors. Synthetic diamonds grow
an Fe-Ni-C solvent/catalyst system contain substitutio
nickel (Nis) as well as Ns . Annealing under stabilizing pres
sure results in aggregation of Ns with Nis to form a range of
complexesNE1 –7.13–16

This study reports new measurements on synthetic
monds grown in an Fe-Ni-C solvent/catalyst system at 17
K, under stabilizing pressure, by the temperature grad
method. EPR spectra have been found in three w
separated regions of magnetic field. They are much wea
than the EPR spectrum of theP1 center~known to be an
isolated Ns atom withg52.0024), but they are shown to b
related to Ns atoms. All but one of the new spectra are fro
pairs of Ns atoms and the other arises from a transition ins
driven by two photons. The models for these centers
discussed in Secs. III–V.
5392 ©1999 The American Physical Society
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II. EXPERIMENT

A. Synthetic diamond samples

The synthetic diamonds used in this work were grown
an iron-nickel solvent/catalyst system at temperatures
pressures in the region of 1750 K and 5.5 GPa, respectiv
using a multianvil split-sphere ultrahigh pressu
apparatus.17,18 The diamond crystals showed an octahed
growth habit, and were light yellow in color. Infrared
absorption measurements, which sample about 50% of
diamond surface, indicate that the samples contain bothP1
and A centers; the samples were therefore characterize
mixed Ib/IaA. The concentration ofP1 andA centers was
somewhat inhomogeneous, both within one sample and
tween samples. Decomposition of the measured infra
absorption spectra into its component spectra indicated
between samples the concentration ofP1 centers ranged be
tween 80 and 200 parts per million~ppm! carbon atoms~in
accord with EPR intensity measurements!, and the concen-
tration of A centers ranged between 20 and 120 ppm. E
measurements indicated that the typical concentration ofs
(W8) ~Refs. 19–21! was 2–10 ppm, and of defect
NE1 –NE13 was 0.01–1 ppm.

The line width of the EPR ofP1 (;0.3 mT! indicated
that the local concentration of Ns in the region contributing
to the EPR spectrum was about 300 ppm.22,23 This indicates
that the local density of Ns in some regions was larger tha
indicated by the EPR intensity and IR absorption. The h
concentration ofA centers showed that the distribution f
very close neighbors was clearly not statistical.

B. Equipment

EPR spectra were recorded at temperatures ranging
4.2 to 300 K with Varian and Bruker spectrometers operat
at anX band~nominally;9.6 GHz!. Low temperatures were
achieved using an Oxford Instruments ESR900 cryos
Measurements were made with the appliedB field rotated in
a $110% plane, where all principal high-symmetry direction
can be accessed. The precise orientation of the crystal in
applied magnetic fieldB was determined using the wel
documentedP1 spectrum.1,24

C. Spectrum

The measured spectrum has three distinct parts:~a! a fam-
ily of weak lines centered atg52.0024(1) in the wings of
P1 which has a strong three line spectrum with the samg
value ~see Fig. 1!. We identify three centers~see Sec. IV!
which we label NOC1, NOC2, and NOC3, where NO
stands for the Novosibirsk-Oxford collaboration, in the sp
of the convention for labeling EPR centers in diamond;2 ~b!
a spectrum at about half of the magnetic field needed
spectrum~a!, which we label NOC4~see Fig. 2!; and ~c! a
replica of the spectrum ofP1 at approximately twice the
magnetic field needed for spectrum~a! ~see Fig. 3!, which we
label the high-field spectrum since we believe that the
center is responsible for it, rather than some new cen
More details of these spectra and their interpretation are
sented in Secs. III–V.
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D. EPR spectrum ofP1

Since we believe that all of the spectra we obtain
related to theP1 center, which is the paramagnetic defe
with by far the largest concentration in the samples,
briefly summarize its properties. The spin Hamiltonian d
scribing theP1 EPR spectrum is well known:1

H5gmBB•S1S•A•I , ~1!

whereS51/2, the second term describes the hyperfine in
action with the14N nucleus withI 51, andA is axially sym-
metric about â111& axis. We have assumed the electronicg
value to be isotropic~a reanalysis of published data25 indi-
cates that anisotropy is less than 0.000 03!, and we have
ignored the nuclear Zeeman interactiongNmNB•I and the
quadrupole interactionI•P•I , which to first order do not in-
fluence the EPR spectrum. The separation of hyperfine l

FIG. 1. The EPR spectrum of theP1 center and the weak new
spectra in its wings forB along thê 001& crystallographic axis. The
microwave frequency was approximately 9.6 GHz, and the m
surements were made at room temperature. The outermost13C hy-
perfine lines from the unique carbon atom in theP1 center are
labeled13C1, and shown at 1003 magnification relative to the three
central lines. The new spectra are shown at 10003 magnification
relative to the three central lines.

FIG. 2. The EPR spectra for NOC4 near half of the magne
field shown in Fig. 1 forB along ^100&, ^111&, and^011& crystal-
lographic directions. The experimental data~upper spectra! can be
compared with simulated spectra~lower spectra!. The microwave
frequency was approximately 9.7 GHz, and the measurements
made at approximately 5 K.
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FIG. 3. The EPR spectra near twice the magnetic field show
Fig. 1. Experimental data are shown forB along the^100&, ^111&,
and ^011& crystallographic directions. The microwave frequen
was approximately 9.5 GHz, and the measurements were ma
5K.
for various directions of the applied magnetic fieldB are
given in Table I, and the spin Hamiltonian parameters
given in Table II. There are also weak lines due to hyperfi
interaction with neighboring13C nuclei (I 5 1

2 ) of 1.1% natu-
ral abundance~shown and labeled in Fig. 1!.

The observed EPR spectrum comprises a superpositio
spectra for four symmetry-related sites. The separation of
hyperfine lines for these differently oriented sites is shown
Table I. The separation listed first under^111& and ^110&
corresponds to parallel and perpendicular to the axis, res
tively. For the separations at listed anglesu in the $110%
plane, those which are nondegenerate correspond to
which lie in the plane, and the doubly degenerate ones h
axes which lie out of the plane.

The site is axially symmetric because the unpaired e
tron goes preferentially into one of the N-C antibonding o
bitals, which causes this orbital to be elongated by ab
30%.26–28 The hyperfine interaction with its constituent14N
and 13C nuclei shows that 67% of the unpaired electron d
sity in centered on C and 25% on N.1

E. EPR spectra of pairs of paramagnetic centers

Interactions between paramagnetic centers in a solid g
rise to shifts in the line positions which, when summed ov
the interacting centers, contribute to the linewidth.30,31 For
example, the relationship between the EPR linewidth in d
mond and the concentrationc of P1 centers has bee
studied.22 However, there are circumstances in which the
teractions between specific pair sites produce shifts wh
are larger than the linewidth due to interaction with all of t
other sites, in which case the EPR lines from these pairs h
been resolved as weak satellites.31–34The satellites are weak

in

at
r, and
s

NOC3

number
TABLE I. The separation of hyperfine lines, in mT, measured in the centers described in this pape
those calculated from the known spin Hamiltonian parameters for theP1 center for comparison, for variou
directions~Dir.! of the applied magnetic fieldB. The experimental uncertainty is about 0.02 mT. ForP1, the
high-field spectrum, and NOC4, all symmetry-related sites are included; but for NOC1, NOC2, and
only one site is described. For the centers involving pairs of atoms~NOC1–NOC4! there are two columns
representing the hyperfine separations for each component nucleus. Square brackets indicates the
@no.# of sites with coincident lines. * indicates the angle between the direction ofB and^001& in the $110%
plane.

Dir. P1 @no.# High-field spectrum NOC4 NOC1 NOC2 NOC3

^001& 3.337@4# 3.34 1.68 1.68 1.68 1.68 1.68 1.68 1.68 1.68
^111& 4.070@1# 4.08 2.04 2.04

3.054@3# 3.14 1.57 1.57 1.58 1.58
2.04 1.57 2.00 1.58

^110& 2.903@2# 2.92 1.46 1.46 1.44 1.44
3.722@2# 3.72 1.86 1.86

1.86 1.46
20°* 3.730@1# 1.80 1.60

3.289@1#

3.180@2#

35°* 3.954@1# 1.90 1.44
3.200@1#

2.902@2#

78.5°* 3.927@1#

3.498@1#

2.920@2# 1.48 1.48
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TABLE II. Spin Hamiltonian parameters for the centers discussed in the paper.A/h andD/h are in MHz.
Q is the angle between the principal direction ofD and^001& in the $110% plane. The axes ofA1 andA2 are

specified for one particular set of sites with principal axes in the (110) plane and along@110#. The two or
more sets of parameters for each center are discussed in the text;the lowest line for each center gives th
correct interpretation.

Axes of
Center Model S gvalue Ai /h A'/h A1 A2 D/h Q

P1 1
2 2.0024~1! 114.034 81.325

High-field simple spin1
2

1
2 1.0025~1! 57 41

spectrum two photon 1
2 2.0038~2! 114 82

NOC4 simple spin1
2

1
2 4.0085~1! 114 82

DM52 1 2.0043~1! 57 41 0
coupled pair 1

2 1
1
2 2.0043~1! 114 82

NOC1 simple spin 1 1 2.0024~1! 57 41 @111# @ 1̄11̄# 31.3~1! 0.0~5!

coupled pair 1
2 1

1
2 2.0024~1! 114 82

NOC2 simple spin 1 1 2.0024~1! 57 41 @111# @ 1̄1̄1# 40.8~1! 35.0~5!

coupled pair 1
2 1

1
2 2.0024~1! 114 82

NOC3 simple spin 1 1 2.0024~1! 57 41 @ 1̄11̄# @ 1̄11̄# 31.7~1! 78.5~5!

coupled pair 1
2 1

1
2 2.0024~1! 114 82 or @ 1̄11̄# @11̄1̄#
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since, for a concentrationc per atomic site of a paramagnet
center, there is a probabilityc that any neighboring atomic
site is occupied by another paramagnetic center; so the p
ability of occupation of that pair site is12 c2. Hence the rela-
tive intensity of the EPR line of the pair is about a factoc
lower than that of an isolated center.

III. HALF-FIELD SPECTRUM: NOC4

A. Spectrum

At ;9.7 GHz, this spectrum consists of a group of lin
centered at about 172 mT, whose central field position w
isotropic. The structure of the group had a complex angu
variation, but is simpler in the high-symmetry directions~see
Fig. 2!. The spectrum is actually a superposition of seve
spectra, each of which is a convolution of two, equa
spaced three line hyperfine structures of equal intensity.
separation of these three line groups is listed in Table I. T
angular variation of the spectrum can be adequately
scribed by a spin Hamiltonian withS51/2 (g;4) and I 1
5I 251,

H5gmBB•S1S•~A1•I 11A2•I 2!, ~2!

whereA1 andA2 are axially symmetric with the same prin
cipal valuesA' andAi , whose principal directions are alon
^111& directions. The spin Hamiltonian parameters whi
correspond to this description are given in Table II und
NOC4. The spectrum is a superposition ofsiteswith all pos-
sible orientations ofA1i andA2i along^111& directions with
random probability. The clearest signature of two similar n
clei is when the external magnetic field~B! is along^100&,
when all sites are equivalent, and the spectrum compr
five equally spaced lines with relative intensity 1:2:3:2
shown in Fig. 2. For a general direction, the position of t
hyperfine line corresponding to nuclear spin quantum nu
bersm1 andm2 is shifted from the center of the spectrum b
b-
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(A1m11A2m2)/gmB , whereAi5(Ai
2 cos2 fi1A'

2 sin2 fi)
1/2,

andf i is the angle betweenB and the principal direction of
A i . For the simple case whenf15f2 andA15A25A, the
hyperfine shift equal toA(m11m2)/gmB leads to the simple
structure shown in Fig. 2 forB along ^100&. The relative
intensities depend upon the number of permutations for m
ing a particular value of (m11m2) from equally probable
values ofmi511,0,21. For B along ^100&, all sites have
the samef i . For B along ^111&, one site~type X! hasf i
50 and the other three sites~type Y) all have f i
5cos21(1/3). The spectrum is more complicated because1

16

of the pairs have both typesX, 9
16 of the pairs have both type

Y, and 6
16 have mixed types withA1 not equal toA2. The

situation forB along ^110& can be deduced similarly. How
ever, the spectra all correspond to patterns expected f
random distribution over the possible orientations. Figur
shows both observed and simulated spectra for compari
For other directions ofB the spectrum is more complicate
because the sites become inequivalent.

The intensity of the spectrum followed Curie’s law, i.e
was proportional to 1/T asT increased, and decreased wit
out change in linewidth until it became too small to meas
at about 40 K. The total spectral intensity was independen
the orientation of the crystal in the magnetic field. Figure
shows the intensity dependence of the spectrum of NO
together with that ofP1, as a function of microwave powe
for B parallel to^100&. The microwave power used strong
saturated theP1 spectrum, but the transitions of NOC4 we
recorded near the turning point of the saturation curve.

B. Model for NOC4

Nitrogen is one of the few elements with an isotope
nearly 100% natural abundance withI 51, and is the only
element likely to be at a significant stable impurity site
diamond. The center responsible for this spectrum clea
has two equivalent nitrogen atoms at sites of axial symme
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about^111& directions, with the two axes randomly distrib
uted among the possiblê111& directions.

It is unlikely that one could find a model for a system wi
a genuineg value which is isotropic and;4 involving a
defect with just two N atoms. However, it is possible
account for the observed spectrum in another way wit
system described by the same spin Hamiltonian as Eq.~1!,
but with S51 ~and basis statesuMS&), and with halvedg and
A values, as shown in the second line of Table II und
NOC4. Suppose that the observed transition correspond
u11&↔u21&. No u61&↔u0& transitions are observed, bu
they could be obscured by the strong spectrum ofP1. This
indicates a system with two unpaired electrons. There
difficulties with this model, as generally one would expec
term S•D•S in the spin Hamiltonian. If the central field o
the hyperfine lines were truly isotropic, this would imply th
D50. Then there would be zero transition probability f
u11&↔u21& transitions. However, ifD were nonzero, both
the line position and its intensity should be dependent u
the direction ofB.31

The principal clue to the origin of the center is that t
hyperfine structure parameters for the nitrogen atoms lis
in Table I are identical to those of14N in theP1 center. This
strongly suggests a model in which twoP1 centers are
loosely coupled by mutual interaction, expected to be dipo
dipole interaction@S1•J(R)•S2# at large distances and po
sibly with additional exchange interaction at shorter d
tances~with R the relative position of the two centers!. If one
could ignore the hyperfine interaction, the coupling of tw
identical systems withS51/2 would lead to eigenstatesS

FIG. 4. EPR signal intensity as a function of microwave pow
for ~A! the spectrum ofP1 ~squares!, ~B! the spectrum of NOC4
~triangles!, and ~C! the high-field spectrum~circles!. The micro-
wave frequency was approximately 9.6 GHz, and the measurem
were made at room temperature using a TE104 rectangular cavity.
a

r
to

re

n

d

-

-

5S11S251 or 0, with no transitions betweenS51 and S
50.31,32 Hence there would be a system withS51, such as
we observe. The hyperfine interaction mixesS50 and 1
states.33–35 The theory of such a model is discussed in t
Appendix, where it has been assumed that the interac
between the twoP1 centers does not modify the hyperfin
parameters of the individualP1 centers, and that there is n
significant interaction between the electron of oneP1 center
and the14N nucleus of the other.

The spin Hamiltonian for this system is

H5gmBB–~S11S2!1S1–A1–I 1

1S2–A2–I 21J0S1–S21S1–J–S2, ~3!

where the first term represents the electronic Zeeman in
action, and the next two terms the hyperfine interaction
each unpaired electron with its own nitrogen nucleus.
should be remembered thatA1 andA2 may be oriented along
the same or different̂111& directions.J0 represents isotropic
exchange, and the term inJ represents the magnetic dipole
dipole interaction, but may also have a contribution fro
anisotropic exchange. For the moment, we will assume
we are concerned with fairly well-separatedP1 centers, so
that we can treat the term inJ as purely dipolar, which
means that the term inJ depends upon a parameterJ
5(m0/4p)(mB

2g2/R3), whereR is the separation of the two
P1 centers, and functions of the angleu betweenB and R
@see Eq.~A3!#. We will discuss the justification of this as
sumption in the light of the results obtained. The detai
algebra for the derivation of energy levels and transitions
developed in the Appendix.

The electronic basis states for such a system
uMs1 ,Ms2&, and the half-field transition is between stat
u11& and u22&, where for brevity we have written
u1 1

2 ,1 1
2 & as u11& etc. In the Appendix we show that th

u11& and u22& states do behave like theu11& and u21&
states of anS51 system, even when the hyperfine intera
tion is larger than the spin-spin interaction. The position a
transition probability for this half-field transition are given
Eqs.~A14! and ~A17!. Both of these show a marked depe
dence on the angleu between the applied magnetic fieldB
and the directionR. No such angular dependence is o
served. Nor is there a great multiplicity of lines observe
which one might expect from the range of possible values
R. The structure observed corresponds just to the hyper
structure, with no structure due to different values ofJ.

Equations~A14! and ~A17! show that sites with smal
values ofR should have larger intensities and larger displa
ments. AsR becomes larger, the displacements should
come smaller and the lines should merge into a single l
When so merged, there would be no angular variation
intensity, since all values ofu contribute. It should be re-
membered that the hyperfine structure depends only upof,
the relative orientation ofB, and the four̂ 111& directions, so
that for large values ofR all orientations ofR contribute to
the same hyperfine line, and summation overu averages out
the angular variation. Equation~A10! shows that the hyper
fine structure of such a pair is given by1

2 (A1m11A2m2), so,

r

nts
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for such a description, the spin Hamiltonian parameters
give by the third line in Table II under NOC4.

This we believe is the explanation for the properties of
NOC4 spectrum. It corresponds to the summation of inte
ties of u11&↔u22& transitions for all possible pairs ofP1
centers at greater separation than some limiting value oR
where the lines lie outside the composite line for dist
neighbors.

All of the components of this composite line are displac
to lower magnetic fields by the second order effects ofJ, so
the aggregate line suffers a shift from the true half-fie
value. This accounts for the difference between theg value
for P1 and that given for NOC4 in Table I. Experimental
this shift was found to be about 0.2 mT, which is consist
with the displacement lying within the composite linewid
of 0.3 mT. The observed linewidth puts an upper limit on t
value ofJ for neighbors which are included in the compos
line. The value of smallestR5R0 is about 0.7 nm. No sepa
rate lines are observed for smaller values ofR. This could be
because the intensities of these individual pair lines are
too small. Note that this theory has been based on the
sumption thatR represents the distance between point
poles. If the pair ofP1 centers are oriented with their N-
bonds directed outwards, the separation of the constituens
could be considerably smaller thanR.

As the angular function to be averaged is the same for
values ofR ~provided that we ignore the real structure of t
diamond lattice!, the line shape for each shell of neighbors
the same, but is scaled in displacement as (J2/G) ~where
G5gmBB) and in intensity as (J/G)2. The maximum inten-
sity I (J)max53.25(J/G)2 corresponds approximately to
maximum displacementS(J)max50.375(J2/G). So for any
value of J, I (J)max5aS(J)max, wherea58.67. For a con-
centrationc of P1 sites, the probability that a neighbor has
value of R betweenR and R1dR is P(R)dR54pcR2dR.
The corresponding expression, regardingS as the variable
and takingJ5AR23, is

P~S!dS52S 2pa1c

3 D S 0.372A2

G D 1/2

S23/2dS. ~4!

So the total line intensity goes as

I ~S!P~S!dS52S 4pa1c

3 D S 0.372A2

G D 1/2

S21/2dS. ~5!

This gives an intensity which decreases with shift, beca
the increase inI (S)max is dominated by the fall in probability
P(S). P(S) must be cut off when the shift ceases to
continuous or there are no more paramagnetic neighb
The integrated intensity is

67S J~R0!2

G D 2

~R0 /a0!3c, ~6!

whereR0 is the smallest radius. The intensity of this line
thus about 0.7c, which compares reasonably with the me
sured value. Note that individual pair lines at distanceR0
re
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st
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would have intensity@J(R0)2/G#2c50.006c, so resolved
lines would be difficult to observe.

For these pair sites, one would expect transitions neag
52, corresponding to the transitions described by Eqs~A8!
and~A9!. However, pairs withR.0.7 nm would lie so close
to the strong lines of theP1 spectrum that they would b
unresolved in the wings of the lines ofP1, and simply con-
tribute to the linewidth.

IV. SPECTRA NEAR g52: NOC1, NOC2, AND NOC3

A. Spectrum

The spectrum nearg52 ~see Fig. 1! comprises the norma
EPR fromP1, and smaller signals forW8, NE1, andNE4.
In addition to these four centers there are even weaker l
with about 1023 of the peak-to-peak signal of P1. They o
cur in groups which have complicated angular dependen
but for B along^100& they simplify into a pattern of lines o
relative intensity 1:2:3:2:1 and equally spaced with a sepa
tion equal to half of the separation of the hyperfine lines
the P1 center. For other directions ofB the patterns have
lines which have separations which approximately cor
spond to half of the separation of the hyperfine lines ofP1 in
that direction~see Table I!. Spectra from three distinctly dif-
ferent pair configurations have been identified and labe
NOC1, NOC2, and NOC3. The hyperfine structure is illu
trated for salient directions in Fig. 5, and the complicat
angular variation of the middle of the hyperfine structure
the many symmetry-related sites is shown in Fig. 6.

Although the portion of the angular variation which ca
be studied is too small for a complete fitting to a spin Ham
tonian, these spectra can be fitted to a spin Hamiltonian, w
S51, I 15I 251,

H5gmBB•S1D$SZ
22 1

3 S~S11!%1S•~A1•I 11A2•I 2!,
~7!

where the observed spectra correspond to transit
u61&↔u0&. The spin Hamiltonian parameters for the thr
sites are listed in Table II, as well as the angleQ between the
z axis for the term inD and ^100& and the principal direc-
tions of the axially symmetricA matrices.

B. Models for NOC1, NOC2, and NOC3

As for the NOC4 spectrum, the centers responsible
these spectra clearly have two equivalent nitrogen ato
and, although it has been possible to measure only ov
limited range of directions ofB, they are consistent with
nitrogen atom sites of axial symmetry about^111& axes, but
with each center corresponding to a different pair of^111&
axes. The observed hyperfine structure separations and
Hamiltonian parameters are again nearly identical to th
for 14N in the P1 center. The intensities of the lines relativ
to those ofP1 are about equal toc, the local concentration o
P1.

This suggests that the centers also comprise pairs o
teractingP1 centers~see Sec. II E!. Again the measured hy
perfine parameters suggest that the wave functions of
constituentP1 centers are not greatly perturbed by the int
action with one another. We can therefore describe them
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FIG. 5. EPR spectra of NOC1, NOC2, and NOC3 forB in the $011% plane, showing hyperfine structure:~a! for B along^100&, ~b! NOC2
and NOC3 forB along ^111&, ~c! NOC3 for B at 11.5° from^110&, and ~d! NOC3 for B along ^110&. The microwave frequency wa
approximately 9.7 GHz, and the measurements were made at room temperature.
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the spin Hamiltonian in Eq.~3!. In the Appendix, we differ-
entiate between two different types of transition in the p
spectra:~a! type A, corresponding to transitionsu11&↔
u12&, u21& andu12&, u21&↔u22&, described by Eqs
~A6!–~A10!; and ~b! type B, corresponding to transition
u11&↔u22&, described by Eqs.~A11!–~A14!. We sup-
pose that for NOC1-3, we are observing type-A transitions
described by Eq.~A10!. The measured parameterD is related
to the coupling parameterJ @see Eq.~A3!#: D5 3

2 J.
On the assumption~to be discussed below! that the inter-

action is purely dipole-dipole, the separationR between the
pairs can be calculated using Eq.~A3!, andQ gives the angle
betweenR and ^100&. There are undoubtedly spectra fro
more distant pairs which cannot be recognized, as they h
smaller values ofD(J) and so lie within the dense pattern
lines. The pairs which give rise to the NOC4 spectrum fall
this class.

The intensity of transitions in NOC1–NOC3 are indepe
dent of the value ofu, but unlike NOC4 the line positions ar
affected to first order inJ, and so have large angular depe
dence. Therefore, the spectrum has a complicated ang
dependence, and as the lines lie close to the spectrum o
much stronger lines fromP1, it is difficult to follow their
complete angular variation. The spectrum simplifies forB
along high-symmetry directions, because the symme
equivalence of related pair sites causes their lines to ove
This both reduces the number of lines to be resolved,
also increases their intensity.

The criteria~a! and~b! described by Eqs.~A8! and~A9!,
and~A7!, respectively, correspond roughly to spectra who
displacements are large or small relative to the hyper
r

ve

-

-
lar
the

ry
p.
d

e
e

structure ofP1. As those which are smaller are unlikely
be detectable among the13C hyperfine lines ofP1, it is only
type ~b! we need to consider.

A crude identification of the observed pair species may
made from the value ofJ( 2

3 D) and the angleQ between the
direction of maximum separation and^100&, given in Table
III, by assuming that it corresponds to dipole-dipole intera
tion between just the 67% electron density on the uniqu
atoms of the twoP1 units, which we label Ca and Cb . This
gives the separationR between these atoms in the four
column of Table III. The fifth column gives the relative po
sitions of undistorted lattice sites for Ca and Cb which is
closest to the values ofR andQ: the sixth and seventh col
umns give the values ofR and Q for these sites. To refine
this calculation requires taking into account the 25% elect
density on the N atoms, and the elongation of the uniq
N-C bond in theP1 center.

The hyperfine interaction is related to the directions of
bonds Ca-Na and Cb-Nb . The hyperfine interaction for eac
of the centers indicates that they do not correspond to a
tistical distribution of all possible orientations of Ca-Na and
Cb-Nb , but to a special pair of directions for each observ
pair center. The hyperfine structure shows whether Ca-Na
and Cb-Nb for an observed pair site with principal axes in th
~110! plane lie in that plane or in the normal$110% plane.
Neither NOC1 nor NOC2 has itsP1 components oriented
parallel to one another. Unfortunately, the hyperfine struct
in the accessible region of the angular variation for NO
does not allow us to determine whether theP1 components
are parallel or not, but only that they lie in a (110̄) plane.
Hence we have considered both possibilities.
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Starting with the assumption that the fifth column
Table III correctly sites the atoms Ca and Cb , a next-order
corrected value ofJ has been calculated for the possible p
sitions of Ns atoms, consistent with the known directions
Ca-Na and Cb-Nb , assuming that 25% of an unpaired ele
tron is located on these Ns atoms at undistorted lattice site
and the eigth column of Table III give the relative positio
of Na and Nb which gives the value ofJ closest to that
observed, and this calculated value ofJ is given in the ninth
column.

It should be remembered that this is a very crude ca
lation, which does not take account of lattice distortion, n
the distributed nature of the magnetic moments, and it

FIG. 6. Angular plot showing the position of the EPR transitio
for NOC1, NOC2, and NOC3, when the magnetic field is rotated
a (110) plane away from@001#. The experimental data point
~NOC1, squares; NOC2, circles; NOC3, triangles! are plotted at the
central field of the nitrogen hyperfine structure on each allow
electronic transition. The broken curve shows the best fit to
NOC1 data, the solid curve shows the best fit to the NOC2 data,
the dotted curve shows the best fit to the NOC3 data. The simul
microwave frequency was 9.58 GHz.
-

-

-
r
-

nores any nondipolar interactions; so one would not exp
close correlation between calculated and experimental va
of J. However, all of this evidence points to the identificatio
of the measured nearby pair sites as shown in Table III. T
only ambiguity is in the identification of NOC3. These sit
are illustrated in Fig. 7.

One would expect such pair sites to give rise to we
type-B lines near the NOC4 spectrum, and from the kno
parameters one can calculate that they would be reso
from that spectrum for certain directions ofB. Certainly no
resolved lines are observed at positions predicted from
parameters determined from allowed pair spectra for clo
neighbors. This is probably because the intensity of the li
is just too small.

The measured hyperfine structure splittings for these s
are not quite the same as half of those for theP1 center,
indicating that the proximity of a secondP1 center does
slightly modify the distribution of spin density.

It should be emphasized that this interpretationassumes
that the anisotropic part of the interaction between theP1
components is dipolar~any isotropic component would b
undetected in the EPR measurements, unlessJ0 were posi-
tive and large enough for the EPR active states to be t
mally depopulated!. However, observation of only thre
sites, and the measured orientation of the Ca-Na and Cb-Nb

n

d
e
nd
ed

FIG. 7. Models of theP1 pair defects:~a! NOC1, ~b! NOC2,
and~c! and~d! the alternatives for NOC3. Heavily shaded atoms a
nitrogen and lightly shaded atoms are carbon in the unique N1

bond ofP1.
of the
TABLE III. Parameters for the measured nearby pair spectra. See Sec. IV B for an explanation
parameters.

Name Experimentally determined parameters Nearest Ca-Cb site Best Na-Nb site CalculatedJ

J Q R ~C-C! Q R ~N-N!

~mT! ~deg! ~nm! (a0/4) ~deg! ~nm! (a0/4) ~mT!

NOC1 31.0 0 0.342 ~0,0,4! 0 0.354 ~2,0,6! 38.5
NOC2 40.7 35 0.312 ~2,2,4! 35.3 0.433 ~0,0,4! 42.1
NOC3 31.4 78.5 0.341 ~3,3,1! 76.7 0.385 ~3,3,3! 34.9

~5,1,3! 34.4
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5400 PRB 60V. A. NADOLINNY et al.
bonds, is independent of this assumption. The linkages
tween the nearest N or C atom of the twoP1 constituents is
at least three bonds long, which makes it unlikely that ani
tropic exchange is significant.

C. Discussion of neighbor sites

Even though the tetrahedrally bonded crystal structure
diamond is basically very simple~it is face-centered-cubic
with a two-atom basis!, it is difficult to visualize the relative
positions of the atoms. Since the principal spectra we wis
discuss involve pairs of nitrogen atoms in substitutional s
at different distances, Fig. 8 and Table IV enable the rea
to visualize the pair structure. In Fig. 8 the atoms are labe
with a number indicating their ranking as neighbors of t
atom labeled 0 in order of increasing distanceR from the
atom labeled 0. Table IV gives, for each rank of neighb
the relative coordinates in the cubic crystal axes in units
a0/4, the value ofR, and the number of symmetry-relate
copies of each pair site in the undistorted lattice.

As each paramagnetic constituent of the pairs obser
comprises two atomic sites, Ns and one neighboring C atom
the principal constituents of the centers we observe invo

FIG. 8. A view of the diamond lattice from slightly off the
@11̄0̄# direction with the (110) direction almost in the plane of t
paper, which shows the relative positions of atom 0 and
nth-nearest neighbors, labeledn.

TABLE IV. Neighbor sites, ranked in order of distanceR, show-
ing relative coordinates in the cubic crystal axis system in units
a0/4, the value ofR, and the number of symmetry related sites. S
Fig. 8 and text for further details.

n Coordinates R ~nm! Number of sites

1 ~1,1,1! 0.154 4
2 ~2,2,0! 0.252 12
3 ~3,1,1! 0.296 12
4 ~4,0,0! 0.357 6
5 ~3,3,1! 0.389 12
6 ~4,2,2! 0.437 24
7a ~3,3,3! 0.464 4
7b ~5,1,1! 0.464 12
8 ~4,4,0! 0.505 12
9 ~5,3,1! 0.528 24
10 ~6,2,0! 0.565 24
11 ~5,3,3! 0.585 12
12 ~4,4,4! 0.618 8
e-

-

f

to
s
er
d

,
f

d

e

four atoms: i.e., two distinct N-C fragments. This leads to
larger number of symmetry-related pair sites than would
obtained if only the relative positions of the Ns atoms were
relevant.

The concentration of NOC4 appears to correspond t
statistical occupation of pairs of carbon atom sites by Ns ,
and we argue below that it is possible to explain the conc
tration of NOC1 and NOC3 on the same assumption. D
this indicate that all possible sites for Ns pairs in the crystal
are equally probable? At the temperature of incorporati
the extra antibonding electron is free to tunnel between
N-C orbitals, and so will take up whatever orbital is favor
by electrostatic or strain energy. The data for NOC4 sugg
that at large distances all orientations of N-C occur, but
data for P1 pairs at smaller distances suggest that uniq
orientations are favored.

The concentration ofA centers is much higher than th
statistical occupation of nearest neighbor sites, so consi
able aggregation has occurred. Calculations29 for second-
and third-neighbor pairs show that electrons occupy orbi
which have some overlap and are spin paired to give aS
50 ground state. Hence we have no measure of the den
of Ns at second- and third-neighbor positions, so we do
know whether they have suffered collapse intoA centers,
which reduces their population. The concentration we m
sure for NOC2, corresponding to fourth-neighbor Ns at
~0,0,4!, is much smaller than one would expect for a rando
distribution, which may suggest erosion of their concent
tion due to partial coalescence to formA centers. The situa-
tion for fifth neighbors~planar N-C-C-N! is different, since
the C-C bond lies between the two N atoms, but overlap
again maximized by the electrons occupying the two para
N-C bonds, for which calculations29 predict thatS50, so we
have no information about these sites since we cannot de
them.

It is unfortunate that the accessible data does not en
us to say whether the site NOC3 is due to seventh or n
neighbors. However, as there are only four seventh-neigh
sites and 24 ninth-neighbor sites, the large intensity of
lines makes it much more likely that it is ninth neighbor
when the intensity would be consistent with a statistical d
tribution of Ns : the low relative concentration of seven
neighbors and the almost identical value ofD makes it pos-
sible that both sites exist, but that the latter is too weak for
to resolve.

The concentration of tenth-neighbor sites, which giv
rise to NOC2, is very much less than would be expec
statistically, if they formed a special site. However, if at th
distance all orientations of Ca-Na and Cb-Nb are possible, the
intensity of the observed NOC2 site is credible. All oth
sites formed by this position of Ns pairs, including two
which correspond to nearest Ca-Cb atoms at~2,2,4!, have too
small a value ofD to be observed.

We should try to explain why we do not observe oth
sites. It is difficult to understand why sites at sixth neighb
and beyond should correspond toS50 if fourth-neighbor
sites do not. That we do not observe the spectra from s
sites must indicate that Ca and Cb must be further apart than
they are in the sites we do observe. To be clearly recogn
and distinguished, among the complicated angular dep
dence of those pair lines we do observe, any other wo
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f
e
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have to correspond to a separation between Ca and Cb of less
thanR50.34 nm, which puts a lower limit on the observab
separation between Ns components of about 0.6 nm~11th
neighbors!. It is possible that for the pair sites for Ns we do
not see in this range Ca and Cb have greater separation tha
the Na and Nb atoms, but it is difficult to formulate any
principle for deciding why. What is the reason for there b
ing specificP1 sites for these near neighbors, rather tha
random distribution? At close distance this could be due
both strain around the elongated N-C bond and electros
interaction between theP1 electric dipoles. For particula
relative positions of the two Ns atoms, this would influence
the direction taken up by the unique N-C bonds. Howev
we have not been able to find any principle of calculat
which consistently predicts the pair sites we find, and th
we do not find, at close distance. As the Ns atoms become
more separated, the effects of strain and electrostatic inte
tions become less important, and so all orientations will
cur.

V. HIGH-FIELD SPECTRUM

The high-field spectrum~see Fig. 3! can be described by
the spin Hamiltionian@Eq. ~1!# with S51/2, I 51, and pa-
rameters listed in Table I. The three line hyperfine struct
is again indicative of14N. However this would require ag
value of 1 which is unlikely for a center involving one nitro
gen atom. The high-field spectrum is an exact replica of
spectrum ofP1 having identical hyperfine structure, but di
placed to be centered at nearly double the magnetic fi
This suggests that theP1 center is responsible for this spe
trum.

One explanation for this spectrum is that it is a two ph
ton transition excited between the energy levels, which
sults in flipping the spin ofP1. However, this spectrum ha
not been thoroughly examined, and its properties will be d
cussed in a later publication.

VI. CONCLUSIONS

EPR measurements in diamonds with high concentra
of Ns have shown two types of spectra due to interact
pairs of Ns : one spectrum close to that of theP1 center near
g52, and the other at about half theP1 resonant magnetic
field. The former shows three different pair sites~NOC1,
NOC2, and NOC3!, and the closest distance at which t
pairs behave like spinS51 is for the Ns atoms separated b
a0 ~0.357 nm! in NOC2. The low-field center~NOC4! cor-
responds to a superposition of pairs with all possible ori
tations of the constituentP1 centers, at many different site
of separation greater than about 0.7 nm.

The synthetic diamonds studied have an unusually h
concentration ofA centers, which may have been produc
by aggregation of nitrogen atoms diffusing on the surface
the growing crystal.

EPR spectra have also been observed at high field, w
probably corresponds to two photon transitions in isola
Ns .
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APPENDIX: THEORY OF THE PAIR SPECTRA

The spin Hamiltonian we have proposed to describe a
of loosely interactingP1 centers is given in Eq.~3!. The last
two terms may be expanded:

J0S1–S25J0S1ZS2Z1 1
2 J0~S11S221S12S21!, ~A1!

S1–J–S25JZZS1ZS2Z1J12~S11S221S12S21!

1J11~S11S211S12S22!

1JZ1~S11S2Z1S1ZS211S12S2Z1S1ZS22!.

~A2!

If J is purely dipolar, we can expressJ in terms of the sepa-
rationR between the dipoles and the angleu betweenR and
B as follows:

JZZ5~123 cos2 u!J, J125
1

4
~3 cos2 u21!J52

1

4
JZZ ,

J1152
3

4
sin2 uJ, JZ152

3

2
cosu sinuJ,

where

J5
m0

4p

mB
2g2

R3 . ~A3!

The axis of quantization ofS has been chosen to be alongB,
so that the first term in Eq.~3! becomesgmB(S1Z1S2Z)B.

Formally, we should diagonalize the 36336 matrix span-
ning (S1 ,S2 ,I 1 ,I 2). However, becauseA!gmBB we can
simplify the calculation. By an appropriate choice of quan
zation axis forI i, the terms inSiZI i 1 andSiZI i 2 can be made
zero. Then one has a diagonal termAiSiZI iZ , where Ai

5(Ai
2 cos2 fi1A'

2 sin2 fi)
1/2, andf i is the angle betweenB

and the principal direction ofAi. All of the other hyperfine
terms couple states which are separated bygmBB, and so
produce only small admixtures of states of orderA/gmBB
and energy shifts of orderA2/gmBB, which can be ignored
Note that this may involve choosing different axes of qua
tization for I 1 and I 2. This solution means that the hyperfin
terms reduce to diagonal matrix elementsA1M1m1
1A2M2m2, and the matrix can be factorized into 434 ma-
trices for each value of (m1 ,m2):
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u11& u12& u21& u22&

u11& G1
1

2
A111Z

1

2
JZ1

1

2
JZ1 J11

u12& 2
1

2
JZ1

1

2
A122Z

1

2
J02

1

4
JZZ

1

2
JZ1

u21& 2
1

2
JZ1

1

2
J02

1

4
JZZ 2

1

2
A122Z

1

2
JZ1

u22& J11 2
1

2
JZ1 2

1

2
JZ1 2G2

1

2
A111Z,
f
n

f

e

um

-

-
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where G5gmBB, A115(A1m11A2m2), A125(A1m1
2A2m2), andZ5 1

4 (J01JZZ).
For P1 pairs,J!gmBB, so the central 232 matrix can

be solved exactly, and perturbation theory can be used
the remaining part of the problem. The eigenstates and e
gies of the central two states are:

cosau12&1 sinau21&, E152 1
4 ~J01JZZ!1X,

~A4!

sinau12&2 cosau21&, E252 1
4 ~J01JZZ!2X,

~A5!

where tan(2a)5(J02 1
2 JZZ)/(A1m12A2m2) and X

5 1
2 @(A1m12A2m2)21(J02 1

2 JZZ)2#1/2. To first order, the
transitionsu11&↔u12&, u21&, which we label typeA,
occur when

hn5G1 1
2 ~J01JZZ!1 1

2 ~A1m11A2m2!7X, ~A6!

hn5G2 1
2 ~J01JZZ!1 1

2 ~A1m11A2m2!6X, ~A7!

with intensities for a microwave magnetic fieldB1 applied
perpendicular to B given by matrix elements o
1
2 gmBB1(S111S121S211S22). This term is proportional
to cos2 2a for the upper sign and to sin2 2a for the lower
sign. It is interesting to consider two extreme cases.

~a! When (A1m12A2m2)@(J02 1
2 JZZ), cos 2a50,

hn5G6 1
2 ~J01JZZ!1A1m1 ~A8!

or

hn5G6 1
2 ~J01JZZ!1A2m2• ~A9!

~b! When (A1m12A2m2)!(J02 1
2 JZZ), cos 2a51,

hn5G6 3
4 JZZ1 1

2 ~A1m11A2m2!. ~A10!

These equations will be changed by the relatively small s
ond order effects of off-diagonal elements ofJ, and, since
or
er-

c-

there is a considerable angular variation of the spectr
throughJZZ , these changes can be ignored.

The hyperfine coupling term appearing in Eq.~A6! is ex-
actly the same as for an isolatedP1 center. When the spin
spin coupling is strong, a factor of1

2 appears in front of the
(A1m11A2m2) term @see Eq.~A7!#. This factor appears be
cause the electron spins are strongly coupled and the nu
spin vector moment must be projected onto the resul
electron spin vector.

To this order, transitionsu11&↔u22&, which we label
typeB, have zero intensity. IfG@J0 or J, the effects ofJ on
the relevant states (u11& and u22&), calculated using per-
turbation theory, do not depend upon the value ofa. The
energies of the states are

E115G1
1

2
~A1m11A2m2!

1
1

4
~J01JZZ!1

~JZ1!2

2G
1

~J11!2

2G
, ~A11!

E2252G2
1

2
~A1m11A2m2!

1
1

4
~J01JZZ!2

~JZ1!2

2G
2

~J11!2

2G
. ~A12!

Thus the transition occurs when

hn52G1~A1m11A2m2!1
~JZ1!2

G
1

~J11!2

G
.

~A13!

The position of the line is given by

G5
1

2
hn2

1

2
~A1m11A2m2!

2
9

8

J2

G
cos2 u sin2 u2

9

32

J2

G
sin4 u. ~A14!

at approximately half the field for the transitions describ
by Eqs.~A5!–~A7!.
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The states are, to first order of perturbation theory,

u11&* ⇒u11&1
JZ1

2G
u12&1

JZ1

2G
u21&1

J11

2G
u22&,

~A15!

u22&* ⇒u22&1
JZ1

2G
u12&1

JZ1

2G
u21&2

J22

2G
u22&,

~A16!

with the transition probability

F * ^11u
1

2
gmBB1~S111S121S211S22!u22&* G2

5F1

2
gmBB1

3 cosu sinuJ

G G2

. ~A17!
e

n

J

d

i-

-

Type-A transitions have probabilities proportional

@ 1
2 gmBB1#2, so relative to the type-A transitions, the prob-

ability of type-B transitions is

F3 cosu sinuJ

G G2

. ~A18!

Thus both the intensity and position of the type-B lines
depend upon the angleu, betweenB andR. The intensity has
a maximum of 3.25(J/G)2 at u5p/4 near where the dis
placement reaches a maximum value of 0.375J2/G. In con-
trast, the hyperfine structure does not depend uponu, but
only upon the anglesf1 andf2.
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