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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 resonan@PR 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 N). The second spectrum consists of a family of weak lines at about one-half 8flthe
magnetic field. The third consists of a family of weak lines at about twicePthemagnetic field. The first
spectrum is attributed to three defect centers, named NOC1, NOC2, and NK@3 stands for the
Novosibirsk-Oxford collaboration; each one of the centers corresponds to a pair oatdms with different
separations. The second spectrum, named NOC4, is also attributed to separated paiegoofid\ 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.
[S0163-182609)09031-1

I. INTRODUCTION gregation at 1800 K was studied by Collitfsyho proposed
There is interest in defects and impurities in diamond be—that the aggr.egat|on process can .|nvolve the multiple release
) . \ and retrapping of vacancies. Fisher and Law$onave
cause of the influence they have upon material properties ancﬂ 7 . .
. . . . . shown that the preferential incorporation of nickel and cobalt
the information their presence provides on growth condl-in {111} growth sectors enhances the aggregation of isolated
tions. Substitutional nitrogen atomsg Nare known to be a 9 9greg

. M . Ng to form A centers in these sectors, with the degree of
constituent of many defect centers in diamond, with com- : . o . .

. . : 1 enhancement increasing with increasing nickel/cobalt con-
plexity varying from theP1 center(isolated N)," to centers

involving up to at least five Natoms2-4 Synthetic diamonds tent. A marked deviation from simple second-order kinetics

S . : was observed in these sectors. Synthetic diamonds grown in
usually contain nitrogen in the form of isolated, paramag- . ; e

. ) o . an Fe-Ni-C solvent/catalyst system contain substitutional
netic N,; but for the majority of natural diamonds the most

. . .~ nickel (Nis) as well as N. Annealing under stabilizing pres-
common nitrogen forms ark centergnearest-neighbor pairs . . . :
sure results in aggregation of Mith Nig to form a range of
Ng-Ng) or B centers(four Ng arranged around a vacancy complexes\ E1 —7 13-16
both of which are diamagnet’®, and the paramagnetie2 P '

center(three N around a vacangy Several other complexes This study reports new measurements on synthetic dia-
monds grown in an Fe-Ni-C solvent/catalyst system at 1750

of Ng have been identified involving vacancies, and are o .
formed following radiation damage and anneafirig. K, under stabilizing pressure, by the temperature gradient
method. EPR spectra have been found in three well-

The aggregation of isolated;Mitoms to formA centers, ) - "
and of A centers to formB centers, has been extensively separated regions of magnetic field. They are much weaker

studied at temperatures between 1800 and 2500°K. than the EPR spectrum of thel center(known to be an
Chrenkoet al’ found that the aggregation of isolated, N isolated N atom withg=2.0024), but they are shown to be
atoms to formA centers followed second-order kinetics. Sub-related to N atoms. All but one of the new spectra are from
sequent studies have shown that the presence of vac#hciepairs of N, atoms and the other arises from a transition in N
and impurities, such as nickel and cobait? can dramati- driven by two photons. The models for these centers are
cally increase the rate of aggregation. Vacancy-enhanced adiscussed in Secs. llI-V.
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Il. EXPERIMENT ; Pt P1 pq
A. Synthetic diamond samples ‘

The synthetic diamonds used in this work were grown in
an iron-nickel solvent/catalyst system at temperatures and
pressures in the region of 1750 K and 5.5 GPa, respectively,
using a multianvil split-sphere ultrahigh pressure
apparatus/® The diamond crystals showed an octahedral j
growth habit, and were light yellow in color. Infrared- new spectra new spectra
absorption measurements, which sample about 50% of the |
diamond surface, indicate that the samples contain Bdth
and A centers; the samples were therefore characterized as
mixed Ib/laA. The concentration oP1 andA centers was
somewhat inhomogeneous, both within one sample and be- FIG. 1. The EPR spectrum of tHel center and the weak new
tween samples. Decomposition of the measured infraredspectra in its wings foB along the{001) crystallographic axis. The
absorption spectra into its component spectra indicated thaticrowave frequency was approximately 9.6 GHz, and the mea-
between samples the concentratiorPdf centers ranged be- surements were made at room temperature. The outertf@sty-
tween 80 and 200 parts per milligppm) carbon atomgin  perfine lines from the unique carbon atom in thé center are
accord with EPR intensity measurementnd the concen- labeled'®C,, and shown at 100 magnification relative to the three
tration of A centers ranged between 20 and 120 ppm. EPRentral lines. The new spectra are shown at 200@agnification
measurements indicated that the typical concentration of Nirélative to the three central lines.

(W8) (Refs. 19-21 was 2-10 ppm, and of defects
NE1-NE® was 0.01-1 ppm. D. EPR spectrum of P1

The line width of the EPR oP1 (~0.3 mT) indicated Since we believe that all of the spectra we obtain are
that the local concentration of Nn the region contributing related to theP1 center, which is the paramagnetic defect
to the EPR spectrum was about 300 pffifi: This indicates  with by far the largest concentration in the samples, we
that the local density of Nin some regions was larger than briefly summarize its properties. The spin Hamiltonian de-
indicated by the EPR intensity and IR absorption. The highscribing theP1 EPR spectrum is well knowh:
concentration ofA centers showed that the distribution for
very close neighbors was clearly not statistical.

T T T T T T T !
325 330 335 340 345 350 355 360
Magnetic Field (mT)

H=gugB - S+S-A-I, (1)

B. Equipment whereS=1/2, the second term describes the hyperfine inter-
action with the'N nucleus withl =1, andA is axially sym-

EPR spectra were recorded at temperatures ranging fr : : .
Spec ere recorded at temp ©s ranging o etric about §111) axis. We have assumed the electragic

4.2 to 300 K with Varian and Bruker spectrometers operatin alue to be isotropida reanalysis of published dAtandi-

at anX band(nominally ~9.6 GH2. Low temperatures were ) .
achieved using an Oxford Instruments ESR900 cryostat(.:ates that anisotropy is less than 0.000Génd we have

Measurements were made with the applefield rotated in ignored the.nuclea.r Zeeman i-nteract_ign,uNBJ and the
a{110 plane, where all principal high-symmetry directions quadrupttale g;t;ractloll- P-1, )lx_vrr]nch to f|rst,.t ordcferhdo n?t ml_'
can be accessed. The precise orientation of the crystal in tH&'€nCe the spectrum. The separation of hypertine lines
applied magnetic fieldB was determined using the well- y
documentedP1 spectrunt.** <001> <t11> <110>

e 1 |

The measured spectrum has three distinct péats fam-
ily of weak lines centered aj=2.0024(1) in the wings of

P1 which has a strong three line spectrum with the sgme

value (see Fig. 1 We identify three centerésee Sec. IY w w/,_ W

which we label NOC1, NOC2, and NOC3, where NOC [ M
stands for the Novosibirsk-Oxford collaboration, in the spirit

of the convention for labeling EPR centers in diamdr()
a spectrum at about half of the magnetic field needed for
spectrum(a), which we label NOC4see Fig. 2 and(c) a

replica of the spectrum oP1 at approximately twice the FIG. 2. The EPR spectra for NOC4 near half of the magnetic
magnetic field needed for spectrum (see Fig. 3, whichwe  field shown in Fig. 1 forB along(100), (111), and{011) crystal-
label the high-field spectrum since we believe that the Plographic directions. The experimental détsper spectiacan be
center is responsible for it, rather than some new centegompared with simulated specttmwer spectra The microwave
More details of these spectra and their interpretation are préerequency was approximately 9.7 GHz, and the measurements were
sented in Secs. IlI-V. made at approximately 5 K.

r T T T 1 T T T T T 1 r T T T 1
165 170 175 180 165 170 175 180 165 170 175 180
Magnetic Field (mT)
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for various directions of the applied magnetic fidddare
<001> given in Table I, and the spin Hamiltonian parameters are
given in Table Il. There are also weak lines due to hyperfine
interaction with neighborind>C nuclei ( =3) of 1.1% natu-
ral abundancéshown and labeled in Fig.)1

The observed EPR spectrum comprises a superposition of
spectra for four symmetry-related sites. The separation of the
hyperfine lines for these differently oriented sites is shown in
Table I. The separation listed first undgr11) and (110
corresponds to parallel and perpendicular to the axis, respec-
tively. For the separations at listed anglésn the {110}
plane, those which are nondegenerate correspond to axes
which lie in the plane, and the doubly degenerate ones have
axes which lie out of the plane.

The site is axially symmetric because the unpaired elec-
tron goes preferentially into one of the N-C antibonding or-
bitals, which causes this orbital to be elongated by about
30%25-26 The hyperfine interaction with its constituetiN
<110> and *C nuclei shows that 67% of the unpaired electron den-

sity in centered on C and 25% onN.

6700 6725 6750 6775 680.0 6825 685.0

<111>

670.0 672.5 6750 6775 6800 6825 685.0

E. EPR spectra of pairs of paramagnetic centers

Interactions between paramagnetic centers in a solid give
rise to shifts in the line positions which, when summed over
- the interacting centers, contribute to the linewithfi* For

Magnetic Field (mT) example, the relationship between the EPR linewidth in dia-
) L _mond and the concentration of P1 centers has been
_ FIG. 3. Th_e EPR spectra near twice the magnetic field shown iNtudied?? However, there are circumstances in which the in-
Fig. 1. Experimental data are shown Bralong the(100), (111, o5 0tions between specific pair sites produce shifts which
and (011 C.rySta”()graph'C directions. The microwave frequencya e larger than the linewidth due to interaction with all of the
was approximately 9.5 GHz, and the measurements were made a[her sites, in which case the EPR lines from these pairs have

0
5K. . .
been resolved as weak satellifés®* The satellites are weak

670.0 672.5 6750 6775 680.0 6825 685.0

TABLE I. The separation of hyperfine lines, in mT, measured in the centers described in this paper, and
those calculated from the known spin Hamiltonian parameters foPfheenter for comparison, for various
directions(Dir.) of the applied magnetic fielB. The experimental uncertainty is about 0.02 mT. Par, the
high-field spectrum, and NOC4, all symmetry-related sites are included; but for NOC1, NOC2, and NOC3
only one site is described. For the centers involving pairs of att@C1—-NOC4 there are two columns
representing the hyperfine separations for each component nucleus. Square brackets indicates the number
[no] of sites with coincident lines. * indicates the angle between the directi@arid(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 Il. Spin Hamiltonian parameters for the centers discussed in the paffeandD/h are in MHz.
O is the angle between the principal directiondfnd(001) in the{110 plane. The axes ok, andA, are
specified for one particular set of sites with principal axes in the (110) plane and[dl&6 The two or

more sets of parameters for each center are discussed in théhexowest line for each center gives the
correct interpretation.

Axes of
Center Model S gvalue  Al/h  AlL/h Ay A, D/h (0]
P1 1 200241 114.034 81.325
High-field simple spiny 3  1.00281) 57 41
spectrum two photon % 2.00382) 114 82
NOC4 simple spins 3  4.0081) 114 82
AM=2 1 2.00431) 57 41 0
coupled pair 3+3 2.00431) 114 82
NOC1 simple spin 1 1  2.002%) 57 41 (111  [111] 31.31) 0.05)
coupled pair 3+3 2.00241) 114 82
NOC2 simple spin 1 1 2.0021) 57 41 [111] [Hl] 40.81) 35.05)
coupled pair 3+3 2.00241) 114 82
NOC3 simple spin 1 1 2.002%) 57 41 [111] [111] 31.711) 7855
coupled pair 3+3% 2.00241) 114 82  or[111] [111]

since, for a concentrationper atomic site of a paramagnetic (A;m,+A,m,)/gug, whereA;= (Aﬁ cog ¢+A? sir? ¢)*?,
center, there is a probability that any neighboring atomic 54 . is the angle betweeB and the principal direction of
site is occupied by another paramagnetic center; so the progg\-i . For the simple case whep, = ¢, andA,=A,=A, the
ability of occupation of that pair site isc?. Hence the rela- hyperfine shift equal té\(m, +m,)/gug leads to the simple
tive intensity of the EPR line of the pair is about a factor i\ ,cture shown in Fig. 2 foB along (100).. The relative

lower than that of an isolated center. intensities depend upon the number of permutations for mak-

ing a particular value ofrf;+m,) from equally probable
IIl. HALF-FIELD SPECTRUM: NOC4 values ofm;=+1,0—1. For B along (100, all sites have

A. Spectrum the sameg; . For B along (111), one site(type X) has ¢,

. i . =0 and the other three sitegtype Y) all have ¢;

At ~9.7 GHz, this spectrum consists of a group of “”es=cos*1(1/3). The spectrum is more complicated becagise
centered at about 172 mT, whose central field position wags ihe pairs have both type§ < of the pairs have both types
isotropic. The structure of the group had a complex angulag(, and & have mixed types withA, not equal toA,. The
variation, but is simpler in the high-symmetry directidsse g ation forB along(110) can be deduced similarly. How-
Fig. 2). The spectrum is actually a superposition of several, e the spectra all correspond to patterns expected for a
spectra, each of which is a convolution of two, equally anqom distribution over the possible orientations. Figure 2
spaced three line hyperfine structures of equal intensity. Thghows both observed and simulated spectra for comparison.
separation of these three line groups is listed in Table I. The, other directions oB the spectrum is more complicated
angular variation of the spectrum can be adequately desoc4,se the sites become inequivalent.
scribed by a spin Hamiltonian wit=1/2 (g~4) andl, The intensity of the spectrum followed Curie’s law, i.e.,
=l2=1, was proportional to 7 asT increased, and decreased with-

out change in linewidth until it became too small to measure
_ at about 40 K. The total spectral intensity was independent of
H=gpeB-STS (ArlitAzly), @ e orientation of the crystal in the magnetic field. Figure 4
whereA; andA, are axially symmetric with the same prin- shows the intensity dependence of the spectrum of NOC4,
cipal valuesA, andA, whose principal directions are along together with that oP1, as a function of microwave power
(111) directions. The spin Hamiltonian parameters whichfor B parallel to(100. The microwave power used strongly
correspond to this description are given in Table Il undersaturated thé&1 spectrum, but the transitions of NOC4 were
NOCA4. The spectrum is a superpositionsiteswith all pos- ~ recorded near the turning point of the saturation curve.
sible orientations oA, andA, along(111) directions with
random probability. The clearest signature of two similar nu-
clei is when the external magnetic fiefB) is along(100), B. Model for NOC4
when all sites are equivalent, and the spectrum comprises Nitrogen is one of the few elements with an isotope of
five equally spaced lines with relative intensity 1:2:3:2:1,nearly 100% natural abundance with-1, and is the only
shown in Fig. 2. For a general direction, the position of theelement likely to be at a significant stable impurity site in
hyperfine line corresponding to nuclear spin quantum numediamond. The center responsible for this spectrum clearly
bersm; andm, is shifted from the center of the spectrum by has two equivalent nitrogen atoms at sites of axial symmetry
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304 =S,+S,=1 or 0, with no transitions betweeB=1 andS
=023132Hence there would be a system w1, such as

A we observe. The hyperfine interaction mix8s0 and 1
states’>~% The theory of such a model is discussed in the

251 Appendix, where it has been assumed that the interaction

between the twdP1 centers does not modify the hyperfine

1m parameters of the individu&1 centers, and that there is no

significant interaction between the electron of ¢tk center

and the*N nucleus of the other.

The spin Hamiltonian for this system is

N
o
1

\

e . H=gueB-(S;+S)+S;-Asly
+5:Az 1211051 S+ 5,3-S,, )

v e where the first term represents the electronic Zeeman inter-
action, and the next two terms the hyperfine interaction of
each unpaired electron with its own nitrogen nucleus. It
should be remembered th&at andA, may be oriented along

the same or differentl11) directions.J, represents isotropic
_ i exchange, and the term ihrepresents the magnetic dipole-
Square root of microwave power (WW ) dipole interaction, but may also have a contribution from
anisotropic exchange. For the moment, we will assume that
FIG. 4. EPR signal intensity as a function of microwave powere are concerned with fairly well-separat®d. centers, so
for (A) the spectrum oP1 (squarek (B) the spectrum of NOC4 {4t we can treat the term id as purely dipolar, which

(triangles, and (C) the high-field spectrunicircles. The micro- means that the term id depends upon a parametér

wave frequency was approximately 9.6 GHz, and the measurements 2.42/p3 ; ;
were made at room temperature using aghEectangular cavity. (ro/4m)(1p9°/R"), whereR is the separation of the wo

P1 centers, and functions of the anglebetweenB and R
[see Eq.(A3)]. We will discuss the justification of this as-
about(111) directions, with the two axes randomly distrib- sumption in the light of the results obtained. The detailed
uted among the possibl@11) directions. algebra for the derivation of energy levels and transitions is
Itis unlikely that one could find a model for a system with developed in the Appendix.
a genuineg value which is isotropic and-4 involving a The electronic basis states for such a system are
defect with just two N atoms. However, it is possible to|Ms; Ms,), and the half-field transition is between states
account for the observed spectrum in another way with 3+ +) and |——), where for brevity we have written
system described by the same spin Hamiltonian as(Bg. |+ +1) as|++) etc. In the Appendix we show that the
but withS=1 (a.nd baS.iS Stath S>)' an.d with ha.lvecg and | + +> and | — _> states do behave like tHG- 1> and | — 1>
A ValueS, as shown in the second I|ne.9f Table Il Understates of arS=1 System, even when the hyperfine interac-
NOC4. Suppose that the observed transition corresponds tfyn is larger than the spin-spin interaction. The position and
|+1)«|—1). No |+1)«|0) transitions are observed, but transition probability for this half-field transition are given in
they could be obscured by the strong spectrunPdf This  Eqs.(A14) and(A17). Both of these show a marked depen-
indicates a System with two Unpaired electl’ons. Thel’e argence on the ang'é between the app“ed magnetic f|®
difficulties with this model, as generally one would expect agnd the directionR. No such angular dependence is ob-
term S-D- S in the spin Hamiltonian. If the central field of served. Nor is there a great multiplicity of lines observed,
the hyperfine lines were truly isotropic, this would imply that which one might expect from the range of possible values of
D=0. Then there would be zero transition probability for R. The structure observed corresponds just to the hyperfine
|+1)«|—1) transitions. However, iD were nonzero, both structure, with no structure due to different valueslof
the line position and its intensity should be dependent upon Equations(A14) and (A17) show that sites with small
the direction of8.3! values ofR should have larger intensities and larger displace-
The principal clue to the origin of the center is that thements. AsR becomes larger, the displacements should be-
hyperfine structure parameters for the nitrogen atoms listedome smaller and the lines should merge into a single line.
in Table | are identical to those dfN in theP1 center. This When so merged, there would be no angular variation of
strongly suggests a model in which tw®l centers are intensity, since all values of contribute. It should be re-
loosely coupled by mutual interaction, expected to be dipolemembered that the hyperfine structure depends only gpon
dipole interaction S;-J(R) - S,] at large distances and pos- the relative orientation d8, and the fouf111) directions, so
sibly with additional exchange interaction at shorter dis-that for large values oR all orientations ofR contribute to
tancegwith R the relative position of the two centeréf one  the same hyperfine line, and summation ofeaverages out
could ignore the hyperfine interaction, the coupling of twothe angular variation. Equatid@®10) shows that the hyper-
identical systems witt8=1/2 would lead to eigenstates  fine structure of such a pair is given BYyA;m; +A,m,), so,

Intensity (Arb. units)

)
]
(9]

— T —
0 25 50 75 100 125 150 175
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for such a description, the spin Hamiltonian parameters araould have intensity[ J(Ry)%/ G]?>c=0.00&, so resolved
give by the third line in Table Il under NOCA4. lines would be difficult to observe.

This we believe is the explanation for the properties of the For these pair sites, one would expect transitions igear
NOC4 spectrum. It corresponds to the summation of intensi=2, corresponding to the transitions described by &)
ties of |+ + )« |— —) transitions for all possible pairs 1  and(A9). However, pairs witiR>0.7 nm would lie so close
centers at greater separation than some limiting valuR of to the strong lines of th&1 spectrum that they would be
where the lines lie outside the composite line for distantunresolved in the wings of the lines BfL, and simply con-

neighbors. tribute to the linewidth.
All of the components of this composite line are displaced
to lower magnetic fields by the second order effectd,cfo IV. SPECTRA NEAR g=2: NOC1, NOC2, AND NOC3
the aggregate line suffers a shift from the true half-field
value. This accounts for the difference betweendhelue A. Spectrum

for P1 and that given for NOC4 in Table |. Experimentally  The spectrum neay=2 (see Fig. 1 comprises the normal
this shift was found to be about 0.2 mT, which is consistenepRr fromP1, and smaller signals fov8, NE1, andNE4.
with the displacement lying within the composite linewidth |n addition to these four centers there are even weaker lines
of 0.3 mT. The observed linewidth pUtS an upper limit on thev\”th about 103 of the peak-to_peak Signa| of P1. They oc-
value ofJ for neighbors which are included in the CompOSitecur in groups which have Comp"cated angu|ar dependences,
line. The value of smalles®=R is about 0.7 nm. No sepa- but for B along(100) they simplify into a pattern of lines of
rate lines are observed for smaller valuesRoT his could be relative intensity 1:2:3:2:1 and equa”y spaced with a separa-
because the intensities of these individual pair lines are jU&ton equa| to half of the Separation of the hyperﬁne lines of
too small. Note that this theory has been based on the aghe P1 center. For other directions & the patterns have
sumption thatR represents the distance between point di-ines which have separations which approximately corre-
poles. If the pair ofP1 centers are oriented with their N-C spond to half of the separation of the hyperfine line®fin
bonds directed outwards, the separation of the constitugnt Nhat direction(see Table)l Spectra from three distinctly dif-
could be considerably smaller théh ferent pair configurations have been identified and labeled
As the angular function to be averaged is the same for alNoC1, NOC2, and NOC3. The hyperfine structure is illus-
values ofR (provided that we ignore the real structure of thetrated for salient directions in Fig. 5, and the complicated
diamond latticg, the line shape for each shell of neighbors isangular variation of the middle of the hyperfine structure for
the same, but is scaled in displacement 3¥@) (where  the many symmetry-related sites is shown in Fig. 6.
G=gugB) and in intensity asJ/G)?. The maximum inten- Although the portion of the angular variation which can
sity 1(J)max=3.25(/G)? corresponds approximately to a pe studied is too small for a complete fitting to a spin Hamil-
maximum displacemer(J) ma=0.375(0%/G). So for any  tonian, these spectra can be fitted to a spin Hamiltonian, with
value ofJ, 1(J) max= @S(J) max, Wherea=8.67. For a con- S=1, |,=1,=1,
centrationc of P1 sites, the probability that a neighbor has a
value of R betweenR and R+dR is P(R)dR=47cR?dR.
The corresponding expression, regardib@s the variable H=gugB-S+ D{S%—%S(SwL D}I+S (A 11+ A1),
and takingJ=AR 3, is 7

where the observed spectra correspond to transitions
12 |=1)«<|0). The spin Hamiltonian parameters for the three
) s324s, (4)  sitesarelisted in Table II, as well as the an@ldetween the
z axis for the term inD and (100 and the principal direc-
tions of the axially symmetrid matrices.

2m1c> ( 0.372

P(S)dSz—( 2 s

So the total line intensity goes as

B. Models for NOC1, NOC2, and NOC3

As for the NOC4 spectrum, the centers responsible for
these spectra clearly have two equivalent nitrogen atoms,
and, although it has been possible to measure only over a
This gives an intensity which decreases with shift, becausimited range of directions oB, they are consistent with
the increase im(S) max is dominated by the fall in probability nitrogen atom sites of axial symmetry abdatll) axes, but
P(S). P(S) must be cut off when the shift ceases to bewith each center corresponding to a different pair bf1)
continuous or there are no more paramagnetic neighboraxes. The observed hyperfine structure separations and spin
The integrated intensity is Hamiltonian parameters are again nearly identical to those

for N in the P1 center. The intensities of the lines relative
, to those ofP1 are about equal tg the local concentration of
P1.
(Ro/ag)’c, (6) This suggests that the centers also comprise pairs of in-
teractingP1 centergsee Sec. Il E Again the measured hy-
whereR, is the smallest radius. The intensity of this line is perfine parameters suggest that the wave functions of the
thus about 0.¢, which compares reasonably with the mea-constituentP1 centers are not greatly perturbed by the inter-
sured value. Note that individual pair lines at distafige  action with one another. We can therefore describe them by

4770110) ( 0.3720?

1/2
— 1/
3 G ) s Yds (5

I(S)P(S)dS=—<

J(Ry)?

67 G
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(a) <001> Noc (b) <111>

NOC2

NoGa NOC1 NOC3

NOC3
a5 860 865 370 875 380 385 390 360 365 370 375 380

Magnetic Field (mT) Magnetic Field (mT)
(c) 11.5° from <110> (d) <110>
P
NOC3
NOC3
NOC3
370 375 380 385 390 360 365 370 a7s 380 385 390

Magnetic Field (mT) Magnetic Field (mT)

FIG. 5. EPR spectra of NOC1, NOC2, and NOC3oin the{011} plane, showing hyperfine structur@) 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 was
approximately 9.7 GHz, and the measurements were made at room temperature.

the spin Hamiltonian in Eq.3). In the Appendix, we differ-  structure ofP1. As those which are smaller are unlikely to
entiate between two different types of transition in the pairbe detectable among tHéC hyperfine lines oP1, it is only
spectra:(a) type A, corresponding to transitions+ + )«  type(b) we need to consider. _ _

|+—), |—+) and|+—), |- +)«|——), described by Egs. A crude identification of the observed pair species may be
(A6)—(A10); and (b) type B, corresponding to transitions made from the value af(2D) and the angl® between the

|+ +)«|——), described by Eqs(A11)—(A14). We sup- direction of maximum separation agd00), given in Table

pose that for NOC1-3, we are observing tyderansitions Ill, by assuming that it corresponds to dipole-dipole interac-
described by EqIA10). The measured paramef@iis related  tion between just the 67% electron density on the unique C
to the coupling parameter[see Eq(A3)]: D=3J. atoms of the twdP1 units, which we label Cand G,. This

On the assumptiofto be discussed belowhat the inter- ~ 9ives the separatioR between these atoms in the fourth
action is purely dipole-dipole, the separatiBrbetween the ~column of Table IIl. The fifth column gives the relative po-
pairs can be calculated using B43), and® gives the angle sitions of undistorted lattice sites fqramnd G which is
betweenR and(100). There are undoubtedly spectra from closest to the values & and®: the sixth and seventh col-
more distant pairs which cannot be recognized, as they hayéMns give the values dk and @ for these sites. To refine
smaller values oD (J) and so lie within the dense pattern of this c_alculat|on requires taking into account the 25% elec_tron
lines. The pairs which give rise to the NOC4 spectrum fall indensity on the N atoms, and the elongation of the unique
this class. N-C bond in theP1 center.

The intensity of transitions in NOC1-NOC3 are indepen-  The hyperfine interaction is related to the directions of the
dent of the value o, but unlike NOC4 the line positions are P0onds G-N, and G-N,,. The hyperfine interaction for each
affected to first order i, and so have large angular depen-©f the centers indicates that they do not correspond to a sta-
dence. Therefore, the spectrum has a complicated angulfiptical distribution of all possible orientations of®l, and
dependence, and as the lines lie close to the spectrum of te-Nb . but to a special pair of directions for each observed
much stronger lines fronP1, it is difficult to follow their ~ Pair center. The hyperfine structure shows whethgiNg
complete angular variation. The spectrum simplifies Bor and G-N,, for an observed pair site with principal axes in the
along high-symmetry directions, because the symmetry110 plane lie in that plane or in the norm@l10} plane.
equivalence of related pair sites causes their lines to overlapNeither NOC1 nor NOC2 has itB1 components oriented
This both reduces the number of lines to be resolved, angarallel to one another. Unfortunately, the hyperfine structure
also increases their intensity. in the accessible region of the angular variation for NOC3

The criteria(a) and (b) described by Eq9A8) and(A9), does not allow us to determine whether A& components
and (A7), respectively, correspond roughly to spectra whoseare parallel or not, but only that they lie in a (@) plane.
displacements are large or small relative to the hyperfingdence we have considered both possibilities.
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FIG. 7. Models of theP1 pair defects{a) NOC1, (b) NOC2,
and(c) and(d) the alternatives for NOC3. Heavily shaded atoms are
nitrogen and lightly shaded atoms are carbon in the unique N-C
bond of P1.

30"
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Angle from [001] in a (110) plane (Deg.) nores any nondipolar interactions; so one would not expect
close correlation between calculated and experimental values
FIG. 6. Angular plot showing the position of the EPR transitions of J. However, all of this evidence points to the identification
for NOC1, NOC2, and NOC3, when the magnetic field is rotated inof the measured nearby pair sites as shown in Table IIl. The
a (110) plane away fronf001]. The experimental data points only ambiguity is in the identification of NOC3. These sites
(NOC1, squares; NOC2, circles; NOC3, trianglaee plotted at the  are illustrated in Fig. 7.
central field of the nitrogen hyperfine structure on each allowed One would expect such pair sites to give rise to weak
electronic transition. The broken curve shows the best fit to the: peB lines near the NOC4 spectrum, and from the known
NOC1 data, the solid curve shows the best fit to the NOC2 data, ang5rameters one can calculate that they would be resolved
thg dotted curve shows the best fit to the NOC3 data. The simulateflqm, that spectrum for certain directions Bf Certainly no
microwave frequency was 9.58 GHz. resolved lines are observed at positions predicted from the
parameters determined from allowed pair spectra for closer
Starting with the assumption that the fifth column in neighbors. This is probably because the intensity of the lines
Table Il correctly sites the atoms,@nd G,, a next-order is just too small.
corrected value of has been calculated for the possible po- The measured hyperfine structure splittings for these sites
sitions of N, atoms, consistent with the known directions of are not quite the same as half of those for #& center,
C4s-N, and G-Np, assuming that 25% of an unpaired elec-indicating that the proximity of a secondl center does
tron is located on these/Nitoms at undistorted lattice sites; slightly modify the distribution of spin density.
and the eigth column of Table Il give the relative positions It should be emphasized that this interpretatassumes
of N, and N, which gives the value ofl closest to that that the anisotropic part of the interaction between Rrie
observed, and this calculated valueJds given in the ninth components is dipolatany isotropic component would be
column. undetected in the EPR measurements, unlgssere posi-
It should be remembered that this is a very crude calcutive and large enough for the EPR active states to be ther-
lation, which does not take account of lattice distortion, normally depopulated However, observation of only three
the distributed nature of the magnetic moments, and it igsites, and the measured orientation of theNg and G-N,

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

Name  Experimentally determined parameters Neargstsite Best N-Ny, site  Calculated

J (€] R (C-O e R (N-N)
(mT) (deg (nm) (ag/4) (deg (nm) (ap/d) (mT)
NOC1 31.0 0 0.342 (0,0,9 0 0.354 (2,0,6 38.5
NOC2 40.7 35 0.312 (2,2,4 35.3 0.433 (0,0,9 42.1
NOC3 31.4 78.5 0.341 (3,3,) 76.7 0.385 (3,3,3 34.9

(5,1,3 34.4
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four atoms: i.e., two distinct N-C fragments. This leads to a
larger number of symmetry-related pair sites than would be
obtained if only the relative positions of the, ldtoms were
relevant.

The concentration of NOC4 appears to correspond to a
statistical occupation of pairs of carbon atom sites hy N
and we argue below that it is possible to explain the concen-
tration of NOC1 and NOC3 on the same assumption. Does
this indicate that all possible sites for, [gairs in the crystal
are equally probable? At the temperature of incorporation,
the extra antibonding electron is free to tunnel between all
_ _ _ . N-C orbitals, and so will take up whatever orbital is favored

_FIG. 8. A view of the diamond lattice from slightly off the \, ojactrostatic or strain energy. The data for NOC4 suggest
[110] dlre(_:tlon with the (110) d_|rect|0n _a_lmost in the plane of th_e that at large distances all orientations of N-C occur, but the
paper, which shows the relative positions of atom 0 and itSyaia for 1 pairs at smaller distances suggest that unique
nth-nearest neighbors, labeled orientations are favored.

The concentration oA centers is much higher than the
atistical occupation of nearest neighbor sites, so consider-
able aggregation has occurred. Calculatfdrfsr second-
and third-neighbor pairs show that electrons occupy orbitals
which have some overlap and are spin paired to givé&an
=0 ground state. Hence we have no measure of the density
C. Discussion of neighbor sites of N at second- and third-neighbor positions, so we do not

Even though the tetrahedrally bonded crystal structure of"OW whether they have suffered collapse imtacenters,
diamond is basically very simplét is face-centered-cubic which reduces their populat|o_n. The concentration we mea-
with a two-atom basis it is difficult to visualize the relative Suré for NOC2, corresponding to fourth-neighbog it
positions of the atoms. Since the principal spectra we wish t60:0:4, is much smaller than one would expect for a random
discuss involve pairs of nitrogen atoms in substitutional site&listribution, which may suggest erosion of their concentra-

at different distances, Fig. 8 and Table IV enable the readdion due to partial coalescence to forncenters. The situa-

to visualize the pair structure. In Fig. 8 the atoms are labeledon for fifth neighbors(planar N-C-C-N is different, since
with a number indicating their ranking as neighbors of theth® C-C bond lies between the two N atoms, but overlap is
atom labeled 0 in order of increasing distarRdrom the ~ @9ain maximized by the electrons occupying the two parallel
atom labeled 0. Table IV gives, for each rank of neighbor,N-C bonds, for which calculanﬁ%predlc't thatS=0, so we

the relative coordinates in the cubic crystal axes in units of!@ve no information about these sites since we cannot detect

ag/4, the value ofR, and the number of symmetry-related them. _
copies of each pair site in the undistorted lattice. It is unfortunate that the accessible data does not enable

As each paramagnetic constituent of the pairs observellS t0 say whether the site NOC3 is due to seventh or ninth
comprises two atomic sites .Mnd one neighboring C atom, neighbors. However, as there are only four seventh-neighbor

the principal constituents of the centers we observe involvéit€S and 24 ninth-neighbor sites, the large intensity of the
lines makes it much more likely that it is ninth neighbors,

TABLE IV. Neighbor sites, ranked in order of distareshow- when the intensity would be consistent with a statistical dis-
ing relative coordinates in the cubic crystal axis system in units offibution of Ns: the low relative concentration of seventh
ay/4, the value oR, and the number of symmetry related sites. SeeN€ighbors and the almost identical valuelbimakes it pos-

bonds, is independent of this assumption. The linkages bes-t
tween the nearest N or C atom of the t®a& constituents is
at least three bonds long, which makes it unlikely that aniso
tropic exchange is significant.

Fig. 8 and text for further details. sible that both sites exist, but that the latter is too weak for us

to resolve.

n Coordinates R (nm) Number of sites The concentration of tenth-neighbor sites, which gives
rise to NOC2, is very much less than would be expected

1 1,10 0.154 4 statistically, if they formed a special site. However, if at this

2 (2,20 0.252 12 distance all orientations of &N, and G-N, are possible, the

3 @11 0.296 12 intensity of the observed NOC2 site is credible. All other

4 (4,00 0.357 6 sites formed by this position of Npairs, including two

5 (3.3 0.389 12 which correspond to neares}<C, atoms at2,2,4, have too

6 (4,2,2 0.437 24 small a value oD to be observed.

7a (33,3 0.464 4 We should try to explain why we do not observe other

7b (5,1, 0.464 12 sites. It is difficult to understand why sites at sixth neighbor

8 (4,4,0 0.505 12 and beyond should correspond -0 if fourth-neighbor

9 (5,3, 0.528 24 sites do not. That we do not observe the spectra from such

10 (6,2,0 0.565 24 sites must indicate that,Gand G, must be further apart than

11 (5,3,3 0.585 12 they are in the sites we do observe. To be clearly recognized

12 (4,4,9 0.618 8 and distinguished, among the complicated angular depen-

dence of those pair lines we do observe, any other would
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random distribution? At close distance this could be due to

both strain around the elongated N-C bond and electrostatic APPENDIX: THEORY OF THE PAIR SPECTRA

interaction between th®1 electric dipoles. For particular
relative positions of the two Natoms, this would influence
the direction taken up by the unique N-C bonds. However
we have not been able to find any principle of calculation
which consistently predicts the pair sites we find, and those

we do not find, at close dlstance..As the &toms bepo_me J0S1-5=3051,57+ 235(S1.S, +S,-S,4), (AL)
more separated, the effects of strain and electrostatic interac-

tions become less important, and so all orientations will oc-

The spin Hamiltonian we have proposed to describe a pair
of loosely interacting®1 centers is given in Ed3). The last
two terms may be expanded:

cur. $1:3:$=37781757+ 3+ (S1+S,-+5,-S,4)
+3,4(8148:+51-S,)
V. HIGH-FIELD SPECTRUM +35.(S1: S5+ 51554 +S;_ Sy + 51,5, ).
The high-field spectrunisee Fig. 3 can be described by (A2)

the spin HamiltioniafEq. (1)] with S=1/2, =1, and pa- _ ) )

rameters listed in Table I. The three line hyperfine structurdf J is purely dipolar, we can expredsin terms of the sepa-
is again indicative of'“N. However this would require g  rationR between the dipoles and the angl®éetweenR and
value of 1 which is unlikely for a center involving one nitro- B as follows:

gen atom. The high-field spectrum is an exact replica of the

spectrum ofP1 having identical hyperfine structure, but dis-

plqced to be centered at near!y double .the magnetic fieIdJZZ:(1_3 cog 6)J, J+_:1(3 cog §—1)J=— EJZZ’
This suggests that thie1 center is responsible for this spec- 4 4

trum.
One explanation for this spectrum is that it is a two pho- 3 3
ton transition excited between the energy levels, which re- . .
N ) : ’ =— —sir? =—= in
sults in flipping the spin oP1. However, this spectrum has Jer= g sIm o), Jz.==5cosfsing),
not been thoroughly examined, and its properties will be dis- h
cussed in a later publication. where
Mo M%gz
VI. CONCLUSIONS = R (A3)

EPR measurements in diamonds with high concentration
of Ng have shown two types of spectra due to interactingl he axis of quantization d has been chosen to be aloBg
pairs of N,: one spectrum close to that of tRd center near SO that the first term in Eq3) becomegug(S;z+ S;2)B.
g=2, and the other at about half tfRl resonant magnetic =~ Formally, we should diagonalize the 3@6 matrix span-
field. The former shows three different pair sitd¢OC1, Nning (S;,S;,11,15). However, becausé<gugB we can
NOC2, and NOCJB and the closest distance at which the simplify the calculation. By an appropriate choice of quanti-
pairs behave like spiB=1 is for the N, atoms separated by Zzation axis forl;, the terms ir§l;, andS;zl;- can be made
ay (0.357 nm in NOC2. The low-field centefNOC4) cor- ~ zero. Then one has a diagonal temSizliz, where A,
responds to a superposition of pairs with all possible orien= (Af cos’ ¢ +A7 sir? ¢;)"% and ¢; is the angle betweeB
tations of the constituer®1 centers, at many different sites and the principal direction of;. All of the other hyperfine
of separation greater than about 0.7 nm. terms couple states which are separatedgjysB, and so

The synthetic diamonds studied have an unusually higlproduce only small admixtures of states of orddgugB
concentration ofA centers, which may have been producedand energy shifts of ordek?/gugB, which can be ignored.
by aggregation of nitrogen atoms diffusing on the surface ofNote that this may involve choosing different axes of quan-
the growing crystal. tization forl, andl,. This solution means that the hyperfine

EPR spectra have also been observed at high field, whicterms reduce to diagonal matrix elemen#&s; M m;
probably corresponds to two photon transitions in isolated+ A,M,m,, and the matrix can be factorized into<4 ma-
Ns. trices for each value ofn;,m,):
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[++) [+-) |=+) =)
1 1
|++> G+§A+++Z 2J2+ EJz+ Jiy
1 1 1 1
[+-) 5Jz+ SAr-=Z  Sdomgdzz 5z
1 1 1 1
|=+) —5Jz+ 5Jo 72z SA+-—Z 53z
1 1
|__> iy 2~]z+ 2‘]Z+ G §A+++Z,

where G=gugB, A, =(Aim;+A,m,), A,_=(Am there is a considerable angular variation of the spectrum
—A,m,), andZ=3(Jp+J77). throughJ,,, these changes can be ignored.
For P1 pairs,J<gugB, so the central 2 matrix can The hyperfine coupling term appearing in E46) is ex-
be solved exactly, and perturbation theory can be used faactly the same as for an isolat®d center. When the spin-
the remaining part of the problem. The eigenstates and enespin coupling is strong, a factor gf appears in front of the
gies of the central two states are: (A;m;+A,m,) term[see Eq(A7)]. This factor appears be-
cause the electron spins are strongly coupled and the nuclear
spin vector moment must be projected onto the resultant
cosa|+ —)+ sina|—+), E;=—3%(Jo+JIz)+X, electron spin vector.
(A4) To this order, transitions+ + )« | — —), which we label
type B, have zero intensity. I6> J, or J, the effects of] on
the relevant stateg{ +) and|——)), calculated using per-
sinal+—)— cosa|—+), Ex=—7(JotJzz)—X, turbation theory, do not depend upon the valueaofThe
energies of the states are

Where '[al’l(Zz) = (‘]0_ %Jzz)/(Alml_ A2m2) al’ld X
=3[(Aim;—A,m,) 2+ (Jo— 3J52)2]Y2 To first order, the

transitions|+ + )« |+ —), |—+), which we label typeA, E,.=G+ E(AlmlJrAzmz)
occur when 2
+1(J +J )ﬁuﬁnL(J”)2 (A11)
hv=G+1(Jg+Jz0)+ L (A;my+A,mp) TX,  (A6) 47702 26 0 2G
hV:G_%(J0+Jzz)+%(A1m1+A2m2)iX, (A?) E,,:_G_%(Alml‘i'Azmz)
with intensities for a microwave magnetic fieR} applied
perpendicular to B given by matrix elements of + i1 (Jz4)? B (J44)? A12
19ugB1(S;:+S,_-+S,, +S,.). This term is proportional Z( 0ot Jzz) 2G 2G (A12)
to cog2a for the upper sign and to S« for the lower .
sign. It is interesting to consider two extreme cases. Thus the transition occurs when
(a) When (Alml_A2m2)>(\]0_ %Jzz), Ccos 21=O,
J,0% (3,4)?
1 hV:2G+(Alm1+A2m2)+ ( Z+) +( ++) .
hV:Gi E(Jo"l'\]zz)"'Alml (A8) G G
or (A13)
The position of the line is given by
hv=G=* %(Jo'f' Jzz)+A2m2‘ (Ag) 1 1
(b) When (ym; — A;my) < (Jo— 337), cos 2=1, G=ghv= g (AmtAams)
9 J? _ 9 J%
hv=G=* 377+ 3(Aim;+A,my). (A10) 8 €C0§ osinf 6 32 Esm“ 0. (Al4

These equations will be changed by the relatively small secat approximately half the field for the transitions described
ond order effects of off-diagonal elements hfand, since by Eqgs.(A5)—(A7).
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The states are, to first order of perturbation theory,

Jz4 Jz4 Jiy
* = — | — - | = —
|+ +) :>|++>+ZG|+ )+ZG| +>+2G| Y,
(A15)
Jz+ Jz+ J_—
— _—\* —_ _ —_ _ | — —_— | —
(A16)

with the transition probability

1 2
*(+ +|59M351(31++317+52++327)|_ -

;

1

3 cosfsin 6312
Eglu’BBl—

: (A17)
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TypeA transitions have probabilities proportional to

[1gugB;]? so relative to the typé transitions, the prob-
ability of typeB transitions is

3 cosfsin8J]?

c (A18)

Thus both the intensity and position of the tyPdines
depend upon the anglg betweerB andR. The intensity has
a maximum of 3.25{/G)? at 6= m/4 near where the dis-
placement reaches a maximum value of 0B76. In con-
trast, the hyperfine structure does not depend ug@obut
only upon the angleg; and ¢,.
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