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The nearest-neighbor substitutional nitrogen center [N-N1° ( 4 center), is one of the most common de-
fects in natural diamond. [N-N]° is diamagnetic and therefore cannot be studied by electron paramag-
netic resonance (EPR). However, the [N-N]" center is paramagnetic, and we report detailed EPR and
electron-nuclear double-resonance (ENDOR) studies on this center. The '*N and !*C hyperfine coupling
matrices show that approximately 100% of the unpaired electron population is in the lowest-energy anti-
bonding orbital formed between the two nitrogen atoms, which are equivalent. Using orthogonality and
simple geometric considerations the '*N hyperfine interaction is used to make an estimate of the length
of the N-N bond in the [N-N]* center. The result appears consistent with more sophisticated calcula-
tions on the [N-N1° and single substitutional nitrogen centers [N-C]°. For several defects incorporating
substitutional '*N (including [N-N]*) the quadrupole interaction is proportional to the fraction of un-
paired electron population on the nitrogen atom. A simple molecular orbital calculation explains this
finding, and determines that the quadrupole interaction for a single unpaired electron in a 2p orbital on
4N is —6.7(3) MHz. [N-N]* can be created in some natural diamonds by illumination with photons of
energy greater than 3.0 eV. Studies on the number of [N-N] " centers remaining after the optical excita-
tion is switched off indicate that there is a wide distribution of lifetimes, presumably resulting from a
large variation in the separation between a [N-N]* center and its electron trap and/or donor. Below
about 25 K, the decay rate is independent of temperature, indicating tunnelling between the donor
and/or trap and the [N-N]* center; at higher temperatures thermally activated hopping also contributes.
In powered diamond [N-N]* can be observed without illumination whereas in the single crystal it was
only observed after illumination, suggesting that a defect created near the surface could be acting as a
trap and/or donor. It appears that [N-N]™ can be created via electron capture by [N-N]** or by ioniza-
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tion of [N-N1°, or possibly both, depending on the traps and donors available.

I. INTRODUCTION
A. Nitrogen in diamond

Most synthetic diamonds grown at high temperatures
and pressures contain paramagnetic single substitutional
nitrogen atoms ([N-C]°) often referred to as P1 centers. "'
The [N-C1° concentration can be as high as 500 parts ni-
trogen per million carbon atoms (ppm). Diamond grown
by chemical-vapor deposition also often contains [N-C]°
centers: indeed concentrations as high as 300 ppm have
been measured in flame-grown diamond.® Diamonds con-
taining nitrogen predominately in the form of single-atom
substitutional impurities are referred to as type Ib. The
notation [X-Y]? is used for substitutional defects, where
X or Y refer to nitrogen or carbon atoms, and g indicates
the charge state of the cluster. For the single substitu-
tional nitrogen center, approximately 24% of the un-
paired electron population is on the nitrogen and 67% on
one carbon neighbor. '? It is this unique carbon neighbor
which is indicated in the notation [N-C]°.

Nitrogen is the major impurity in most natural dia-
monds; concentrations of several thousand ppm are not
uncommon. The majority of the nitrogen is incorporated
in aggregates rather than in [N-C]° centers, and these di-
amonds are classified as type Ia. Two different dominant
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forms of aggregates have been recognized: The 4 and B
centers. Diamonds containing predominately A4 or B
centers are referred to as type Ia 4 and IaB, respectively.

The aggregation of [N-C]° centers to form A centers
has been studied by many workers.*~7 When thermally
annealing type Ib synthetic diamonds, it has been shown
that the rate of formation of A centers is proportional to
the square of the initial concentration of single substitu-
tional nitrogen atoms, showing that the A center involves
two nitrogen atoms.® It is now accepted that the A
center consists of a pair of adjacent substitutional atoms,
[N-N1° and this is the notation used herein to represent
this center. The model was proposed by Davies,® who
made uniaxial stress measurements on an optical-
absorption line at 3.8 eV, which showed that the defect
has trigonal symmetry. [N-N]° centers give rise to in-
frared absorption at 1282, 1203, 1093, and 480 cm ..’
Recent ab initio calculations by Briddon and Jones'® have
shown that the [N-N ]° model satisfactorily explains these
infrared absorptions, and give a doubly occupied level
around midgap, accounting for the 3.8 eV absorption
edge seen in type Ia A diamonds.

Evans and Qi have shown that the B centers can be
produced by annealing type IaA diamond. However the
reaction kinetics are not well understood, and the struc-
ture of the B center has not been unambiguously deter-
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mined. The current consensus is that the B center prob-
ably consists of four nitrogens around a vacancy, as pro-
posed by Loubser and van Wyk (unpublished). Neither
the A or B centers are paramagnetic.

B. Previous measurements on the [N-N]* center

Vay Wyk and Loubser!! observed electron paramag-
netic resonance (EPR) from a dinitrogen center in gem-
quality Cape Yellow diamonds while illuminating with
ultraviolet light. Their analysis showed that an unpaired
electron is in an orbital on two equivalent neighboring
substitutional nitrogen atoms. They suggested that this
center is a derivative of the diamagnetic [N-N° center,
and labeled it W24. We use the more informative nota-
tion [N-N]*, since the measurements presented here
confirm this model. Other features they observed are as
follows:

(1) The [N-N]* center was not observed in the type
IaB diamonds studied.

(2) The concentration of [N-N]* centers created by il-
lumination is not simply proportional to the concentra-
tion of [N-N1° centers.

(3) The concentration of [N-N]* created by illumina-
tion is larger in diamonds showing strong N3-center
luminescence. (The N3 optical center is the P2 EPR
center, > which is known to consist of three substitutional
nitrogen atoms around a vacancy. It is not the EPR
center elsewhere labeled N3.'3 To avoid confusion we
use the notation [N;V]° for the N3(optical) alias P2(EPR)
center.)

(4) In the majority of diamonds studied, a high concen-
tration of [N-N]t centers was created by illumination
only when the concentration of [N;V]° centers was more
than 30 times that of [N-C1°.

(5) Light of wavelength shorter than 415(5) nm (3.0 eV)
is required to produce [N-N]%.

(6) [N-N]* is not generated uniformly throughout the
diamond.

(7) The lifetime of [N-N]* after switching off the il-
lumination is sample dependent.

II. EXPERIMENTAL

A. Samples

Three diamonds that showed strong N3 ([N,V1°)
luminescence when excited with 366 nm radiation were
selected for study from a collection of natural Cape Yel-
low diamonds. The samples were cut and polished into
cubes, with faces approximately parallel to crystallo-
graphic planes {100} or {110}. In all three diamonds,
[N-N]" centers were observed by EPR when illuminating
with light of wavelength shorter than 415 nm. EPR mea-
surements showed that the concentrations of [N-C]°,
[N3V1° and [N-N]* centers were very similar in all three
specimens. We report on measurements from only one of
the three samples, since all gave essentially the same re-
sults.
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B. Spectrometer used for EPR and electron-nuclear
double-resonance (ENDOR) measurements

EPR measurements were made at temperatures be-
tween 3.7 and 300 K, using a Bruker TE,y, resonant cavi-
ty operating at about 9.65 GHz, in conjunction with an
Oxford Instruments ESR900 continuous-flow cryostat.
Measurements of the electronic g values were made by
comparison with the [N-C]° center. The [N-C]° center
has an isotropic g value of 2.0024(1),! which is tempera-
ture independent between 3.7 and 300 K. Continuous-
wave ENDOR measurements were made at approximate-
ly 9.65 GHz using a TM,, cavity constructed in the
Clarendon Laboratory and described previously. !4

C. Arrangements for optical excitation

For the studies presented in this paper, EPR and EN-
DOR measurements were made at temperatures down to
3.7 K, while illuminating the sample with ultraviolet (uv)
light. The light source was a 100-W mercury arc lamp.
The light was guided to the top of the cryostat by a
uv( 4)/blue liquid light guide, where it was directed onto
the end of a circular quartz rod inserted into a cryostat
cold finger, which had the sample mounted on the other
end. The sample could therefore be illuminated in the
ENDOR/EPR cavity, and held at any desired tempera-
ture between 3.7 and 300 K. Measurements with a light
meter (Photon Control Model 11) showed that a max-
imum of 200 mW of available light power was incident on
the sample. To study the spectral response of the speci-
men under investigation, we used a high-throughput {-m
monochromator (300-600 nm), with an 8 nm bandpass.
When using the monochromator, the incident light power
on the sample was less than 2 mW. For studies of the
lifetime of the [N-N]™ center, a computer controlled
electronic shutter (Melles Griot) was used to switch the
light on and off.

III. RESULTS

A. Concentrations of the [N-N]*, [N-C]°, and [N,V ]° centers

The diamond studied contained the [N-N]*, [N-C]°,
[N,V1° and W21 centers. The W21 center, first observed
by Loubser, van Wyk, and Welbourn, !* is thought to in-
volve three nitrogen atoms in adjacent substitutional
sites. Comparison with a calibrated reference sample in-
dicated that the absolute concentrations on the [N-N]%,
[N-C1°% and [N;V]° centers were 1, 4.5, and 190 ppm, re-
spectively, with uncertainties of about 20%. That of the
W21 was too low to allow accurate measurement. Great
care was taken to allow for the effects of power satura-
tion, which is considered in greater detail in Sec. III B.

B. EPR saturation effects

Absolute and comfarative EPR absorption measure-
ments of the [N-N]¥, [N-C]° and [N,V]° centers are
difficult because of saturation and cross-relaxation effects.
It became clear that at helium temperatures the average
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lifetime of the [N-N]™ centers created by illumination is
very long indeed, and that illumination has a secondary
effect of effectively desaturating the [N-N]*, [N-C]°, and
[N,V]° EPR signals. There are two possible reasons,
firstly the light causes heating of the diamond, reducing
saturation, and secondly it creates the possibility of rapid
saturation transfer via electrons temporarily excited to
the conduction band, as has been observed during studies
in silicon.!® The enhancement technique described by
Newton and Baker!’ (achieved by sweeping rf excitation
rapidly and repeatedly through the ENDOR transitions)
was used to improve the EPR and ENDOR signal-to-
noise ratios. The light and the rf desaturate the EPR via
different pathways, and their effects are additive.

C. EPR measurements of >N and '*C hyperfine structure

15N has a natural abundance of 0.366% so that, in the
[N-N]* center, the probability of having one *N and one
5N is 0.73%, both *N is 99.27%, or both '°N is 0.001%.
The positions of EPR transitions from “N-!N pairs can
be accurately estimated because the N hyperfine param-
eters, electronic g value and ratio of nuclear g factors are
known. Figure 1 shows an experimental EPR spectrum
and a simulation thereof; clearly the lines from “N-’N
pairs are well reproduced. This provides independent
confirmation that the [N-N]* center incorporates two ni-
trogen atoms.

One expects to observe further weak transitions due to
the coupling between the unpaired electron and the *C
nuclei around the nitrogen atoms of the [N-N]* center.
The sets of equivalent neighboring carbon atom sites are
shown shaded in Fig. 2. There are six nearest-neighbor
carbon sites (light shading), and two groups of more dis-
tant equivalent neighbors containing six (medium shad-
ing) and 12 members (dark shading). The natural abun-
dance of 3C is 1.1%, and hence the probability that one
of a group of six equivalent neighbors is a 'C is 0.066,
and that one of the group of 12 equivalent neighbors is a
BC atom is 0.132. Therefore, for an isotropic '*C
hyperfine interaction, we expect satellites around the
main [N-N]7 lines with wth (six equivalent neighbors),
or th (12 equivalent neighbors) of the intensity of the
primary lines they flank.

(G)J
(b)J

il

13q

338 346 348 350
Zeeman field (mT)

FIG. 1. 9.65-GHz EPR spectra: (a) Experimental spectrum,
B|(100) and T=5 K at (b) simulated [N-N]* spectrum,
B||{100), including “N, °N, and '*C lines.

O. D. TUCKER, M. E. NEWTON, AND J. M. BAKER 50

FIG. 2. [N-N]* defect in diamond lattice. The two nitrogen
atoms are shown unshaded, and the various groups of carbon
neighbors are distinguishable by their shading. See text for fur-
ther details.

The 13C satellites flanking the [N-N]* N hyperfine
EPR lines can be clearly seen in Fig. 1(a). The simulation
in Fig. 1(b) is produced by assuming six equivalent neigh-
bors, Lorentzian line shape, and a linewidth (halfwidth at
half height) of 0.042(2) mT; it clearly reproduces the ex-
perimental details accurately. For all orientations of the
applied Zeeman field only one set of '3C satellites were
observed around the main [N-N]" lines. To within the
accuracy of our measurements the separation, 0.44(2)
mT, of the satellites was found to be independent of the
orientation of the magnetic field, and they were always
centered about the main *N hyperfine lines.

D. Infrared and uv/visible optical-absorption measurements

Infrared and uv/visible absorption were measured us-
ing a Perkin-Elmer 1710 infrared Fourier-transform spec-
trometer and a Perkin-Elmer Lambda-9 spectrophotome-
ter, respectively. The infrared absorption in the one-
phonon region is shown in Fig. 3. Simulation of this
spectrum using only a combination of the infrared ab-
sorption spectra from the [N-C]% 4, and B centers (A
and B components) does not satisfactorily reproduce the
experimental data. However, inclusion of the D com-
ponent, '®! which is attributed to platelet stimulated lat-
tice vibrational modes, improves the simulation. Using
the parameters determined by Woods and co-
workers,2%2! the concentrations on the [N-N1° and B



50 EPR AND “N ELECTRON-NUCLEAR DOUBLE-RESONANCE ...

100 5

-1
Absorbance (cm )
> o ©
) =) =)
1 1 L

N
o
Il

0 T T T T T 1
1500 1400 1300 1200 110? 1000 900
Wave number (cm )

FIG. 3. Infrared absorption spectrum of the diamond stud-

ied, measured at 298 K with a resolution of 1 cm™".

centers were estimated at 150 and 750 ppm, respectively
(assuming four nitrogen atoms per B center). There is
clearly a strong platelet peak (B’) at 1370 cm ™! and addi-
tional structure near 1426 cm ™.

Following the notation usually adopted!® for infrared
characterization of diamonds, the specimen studied here
can be characterized as regular, for which the intensity of
the B’ peak is proportional to (a) the strength of the ab-
sorption due to the B nitrogen component; (b) the
strength of the absorption due to the D component; and
(c) the strength of the [N;V]® optical absorption.
Woods!® proposed that [N;V]° centers are formed from
minor side reactions occurring during the transformation
of [N-N1% into B centers.

The room-temperature uv/visible absorption of the
sample studied here is shown in Fig. 4. The [N;V]° opti-
cal absorption between about 3.0 and 3.5 eV is clearly
visible. The absorption increases slowly above 3.7 eV,
but cannot be correlated with any specific diamond type
(i.e., not pure Ia 4 or IaB).

E. “N ENDOR from the [N-C]° and [N-N]* centers

YN ENDOR measurements were made on the [N-C]°
and [N-N1* centers by detecting the changes in the
dispersion EPR signal at temperatures around 5 K. The
enhancement technique described by Newton and Bak-
er!” was used, and the ENDOR signals were detected us-
ing field modulation at 115 KHz, frequency modulation
of the radio frequency at 35 Hz and double phase-

N (2] ~
o [=] o
Lo ! )

Optical Absorbance (arb. units)
o
1

T T T T T 1

2.0 2.5 3.0 3.5 4.0 4.5 5.0
Photon Energy (eV)

FIG. 4. Visible/ultraviolet absorption spectrum of the dia-
mond studied, measured at 298 K with a slit width of 2 nm.
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sensitive detection. Frequency modulation at higher fre-
quencies resulted in smaller ENDOR signals, indicating
that the relaxation times governing the ENDOR response
are very long. Strong cross-relaxation was observed in
the [N-N]* and [N-C]° 1N ENDOR spectra which com-
plicated the assignment of the transitions.

The *N ENDOR transitions from the [N-N]" center
were fitted to the spin Hamiltonian

2
H=gupS'B+ 3 (S-A;"L+1L;-P;-I, —gyuyI;:B), (1)
i=1

where all the terms have their usual meanings. The N
hyperfine and quadrupole coupling matrices of the two
nitrogen nuclei (i=1,2) are axially symmetric (identical in
magnitude), with the principal axes along (111) and
(111), respectively. The electronic g value was taken to
be 2.0025 (consistent with both our EPR measurements
and those of van Wyk and Loubser'!), and the nuclear g
value for both nuclei was taken to be 0.403 760 7, that for
a free '“N atom. Only the hyperfine and nuclear quadru-
pole matrices were varied to optimize the fit to experi-
mental line-position data. The fitting was performed us-
ing EPR.FOR,?? and the parameters determined are given
in Table I. The rms difference between observed and cal-
culated ENDOR line positions for the best fit was 27
KHz, which is less than the peak-to-peak linewidth of 85
KHz.

Relaxing the constraints tying the hyperfine (and quad-
rupole) parameters of the two nuclei to be equal did not
improve the quality of the fit. When the nuclear g factors
were allowed to vary, they always converged back to the
value for free '“N. Nuclear-nuclear interactions (I,-J-I,)
between the two nitrogens were considered but appear to
be far too small to have any significant effect on the
ENDOR transition frequencies. This is unfortunate be-
cause a measurement of a purely dipolar nuclear-nuclear
interaction could have been used to determine accurately
the nitrogen-nitrogen separation.

F. Lifetime of the [N-N]* center

Van Wyk and Loubser!! reported that the lifetime of
the [N-N]* center at room temperature varies from sam-
ple to sample, and ranges from less than a second to
many hours. We have made detailed measurements at
temperatures between 5 and 50 K, on one sample in
which at room temperature the [N-N]* disappeared in-
stantaneously when the light was switched off.

In Sec. III B we discussed the desaturating effect of the
light and rf enhancement. When the light is switched off,
the conditions of saturation change. This effect, com-

TABLE L. N hyperfine and quadrupole parameters for [N-
N]*, measured at 5 K.

Ref. 11 Present study

g =2.0025%0.0005 g =2.0025+0.0005
A4, =154.7(3) MHz||{111) 4;=155.26(2) MHz||{111)
A4,=81.03) MHz A, =81.51(1) MHz

Py=—2.245(5) MHz||(111)
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bined with any sample temperature change, complicates
the interpretation of changes in EPR intensity immedi-
ately after the light is removed. In an attempt to mini-
mize the change in saturation conditions after the light
was switched off, the rf enhancement described in Sec.
III B was used to maximize the signal intensity.

Figure 5 shows the dependence of the intensity of one
of the EPR lines of the [N-N]" center, after the light has
been switched off, at temperatures between 6 and 50 K.
Great care was taken to stabilize the magnetic field and
the EPR spectrometer, so as to ensure that the resonance
condition did not vary. At 6 K the [N-N]* EPR is easily
observable for times longer than 30 min after the light
has been switched off. However at 50 K this signal de-
cays away almost entirely within 30 min. When the light
is switched off the signal height changes markedly over
the first 10—-20 sec; both decreases and increases in the
signal height can be observed, depending on the tempera-
ture. After about 20 sec, the [N-N]* center shows a slow
and steady decrease in intensity. The long-term decay
does not show an exponential dependence in time but (as
can be seen in Fig. 5); at low temperatures the [N-N]*
EPR intensity plotted against the logarithm of time does
produce a straight line. In Fig. 5, the EPR signal intensi-
ty has been corrected assuming a Curie-law variation
with temperature. The rate of decay is approximately
temperature independent for measurements below about
20 K.

G. Excitation energy dependence of the [N-N]* EPR intensity

Van Wyk and Loubser!! reported that photons of ener-
gy greater than 3.0 eV (415 nm) are necessary to produce
the [N-N]* center. The dependence of the intensity of
the EPR spectra of [N-N]" and [N-C]° on the energy of
the incident photons was studied using the Hg lamp and
monochromator. Measurements were made at peaks in
the Hg lamp emission and were corrected for the varia-
tion in incident intensity. It is clear from the results in
Fig. 6 that photons of energy less than 2.3 eV are

Corrected EPR intensity (arb. units)

T
10 100

1000
Time since light off (s)

FIG. 5. Change in the EPR intensity of the low-field
(BJ|{100))"*N hyperfine line of [N-N]*, at several tempera-
tures, with the logarithm of time after the light has been
switched off. The EPR signal intensity has been corrected for
the Curie-law variation with temperature. (a) 6, (b) 10, (c) 27,
and (d) 54 K.
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FIG. 6. The [N-N]* and [N-C]° EPR intensity at 5 K, plot-
ted against the photon energy of the incident radiation.

ineffective for the excitation of [N-N]*, whereas photons
of energy greater than =2.9 eV create more than an or-
der of magnitude more centers. Increasing the energy
above 3.0 eV does not dramatically increase the number
of [N-N]" centers created. The dependence in the inten-
sity of the [N-C]° center on the photon energy is much
weaker.

H. The [N-N]" center in powdered diamond

Loubser?® reported EPR measurements on natural dia-
mond powders, with average particle sizes in the range
0.5 to 30 um. He suggested that the spectra observed in
natural diamond powder, which increased in intensity as
the average particle size was decreased, was from the O1
center (Erchak et al.?* proposed that Ol is a carbon in-
terstitial associated with a vacancy [C; +V]) observed in
radiation-damaged diamond. Some of the features of the
[N-N]%, [N-C]° and O1 powder EPR spectrum occur in
approximately the same positions; confusion is possible if
not all of the lines of the [N-N]" are observed. Loubser
noted that the center he had observed in the natural-
diamond powder did not follow the annealing behavior of
the O1 center in single-crystal diamond.

A reexamination of the data presented by Loubser® in-
dicates that the center observed in the unirradiated natu-
ral diamond power is not O1 but is the [N-N]* center.
To investigate the occurrence of [N-N] in powdered di-
amond, a fraction of a diamond single-crystal (in which
the [N-N]* center could only be observed after illumina-
tion) was ground into a powder. It was estimated that
the average diamond particle size was about 50 um. EPR
of the [N-N]" center was then observed without il-
lumination, Fig. 7, and the signal intensity increased on
illumination with photons of energy greater than 2.9 eV.
To the best of our knowledge the [N-N]" center has not
been observed in synthetic-diamond powders containing
single substitutional nitrogen. However, we speculate
that it might be fairly common in powdered natural dia-
mond containing [N-N1° centers. Identifying the center
observed by Loubser as [N-N]7 indicates that the inten-
sity of this center in diamond powders correlates with the
reciprocal of the particle radius. This implies that a de-
fect created near the surface may be acting as a trap
and/or donor of an electron, transforming [N-N]° or
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FIG. 7. Second-harmonic 9.65 GHz EPR spectra from
powdered Cape Yellow diamond: (a) No illumination, 7=5 K,
(b) With Hg lamp illumination, T=20 K, and (c) simulation for
the [N-N]™ center.

[N-N]?* to the [N-N]* center. It is clear that the
charge state of the [N-N] center depends on the presence
of other defects close to or on the surface of the diamond.

I. The inhomogeneous distribution
of [N-N] centers created by illumination

Vay Wyk and Loubser!! showed that the [N-N]*
center is not created uniformly through a diamond il-
luminated from one side. In order to investigate this
phenomenon we cut the diamond into two pieces of
different thicknesses, but with one face identical so that
equal surface areas could be illuminated. The ratio of the
masses of the two pieces was 5.051(4), whereas the ratio
of the intensity of the [N-N]1 EPR signals excited by il-
lumination with the full spectrum of the Hg lamp was
3.1(3).

IV. DISCUSSION

A. The unpaired-electron molecular wave function

The unpaired-electron wave function can in general be
written as

e=3 i, @)

where the summation is over the various atoms on which
the unpaired-electron probability density is nonzero. For
carbon and nitrogen atoms, ¢; was constructed from 2s
and 2p hydrogenic orbitals:

¢ =a; ¥y +Bi, . (3)
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The parameters a;, B;, 1;, taken to be real, are deduced
from the hyperfine parameters in the usual way (e.g.,
Watkins and Corbett,?* Morton and Preston?). The hy-
bridization ratio is A; =B, /a;. The fraction of unpaired-
electron population in a 2p orbital on a nitrogen or car-
bon atom is (f5,); =7?B2. We consider the unpaired elec-
tron to be in the lowest-energy antibonding orbital o*
composed of 2s-2p hybrids [Eq. (3)] on each of the two ni-
trogen atoms of the [N-N]* center, or on the nitrogen
and unique carbon atom of the [N-C]° center. The pa-
rameters for the principal nuclei of [N-N]* and [N-C]°
are given in Table II. This simple one-electron approach
(ignoring the overlap of the one-electron wave functions)
indicates that for [N-C]° approximately 92% of the
unpaired-electron population is in the orbital o* formed
between N and C atoms. For [N-N]*, approximately
100% of the unpaired-electron population is in the orbit-
al o* between the two N atoms. The larger percentage
for the [N-N]" center may be a consequence of the extra
positive charge, compared to the [N-C]° center. For the
[N-C1° center, most of the unpaired-electron population
is on the unique carbon neighbor (67% on C and 25% on
N, Table II), while for [N-N]* the unpaired-electron
population is shared equally between the two nitrogens.
The distribution of unpaired-electron population on
carbon atoms surrounding [N-C]° has been studied by
BC ENDOR.? For [N-N]* the small isotropic *C
hyperfine interaction [12.3(5) MHz, Sec. IIIC] was as-
signed to a 13C atom in one of the two groups of six
equivalent nearest neighbors. The anisotropic com-
ponent of the hyperfine interaction, for a nearest-
neighbor 3C (light shading, Fig.2 ), arising from the di-
polar interaction between the unpaired electron in the
N-N antibonding orbital and the *C nucleus, would be
expected to be much larger than the uncertainty in the
measured hyperfine coupling. However, a very small an-
isotropic coupling at this site may arise from the cancel-
lation of contributions arising from different mechanisms,
as was the case for a N* atom in this site in the
[N-C-N*] (N1) center.!* By analogy with the [N-C]°
center we might expect a !3C atom at one of the six
equivalent next-nearest-neighbor sites (medium shading,
Fig. 2) to have the largest °C hyperfine interaction, ow-
ing to hyperconjugation. We would expect this to have a
greater anisotropy than that measured. With the infor-
mation available it is difficult to decide between the two
different types of six equivalent neighbors. However, the
small anisotropy and the small magnitude in the mea-
sured 1*C interaction indicate negligible delocalization of
the unpaired electron onto neighboring carbon atoms,
which is consistent with the finding that almost all of the

TABLE II. Hyperfine and quadrupole parameters (measured at 5 K) for [N-N]* and [N-CJ°, togeth-
er with wave function parameters. See text for further details.

A, (MHz) A4, (MHz) 7 A2 S P, (MHz)

[N-C]° 1Ne 92.223(2) 10.905(2) 0.247 3.85 0.196 —3.973(1)
Bca 205.744(5) 66.213(5) 0.671 11.32 0.616

[N-N]* UN 106.09(2) 24.58(2) 0.502 7.51 0.443 —2.245(5)

*Reference 2.
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unpaired electron population exists in the orbital o* be-
tween the two nitrogen atoms.

B. Determination of bond angles and bond lengths

Recent theoretical studies have considerably enhanced
our understanding of several defects in diamond. Work
by Briddon, Heggie, and Jones?’ and Kajihara et al.?® on
the [N-C]° center has shown that (a) for the undistorted
substitutional nitrogen center (T,) there is a singly occu-
pied A, state in the band gap, so that the off-center dis-
tortion cannot be described by a manifestation of the
Jahn-Teller effect and is simply a consequence of the
chemical bonding; and (b) the extension of the unique
N-C bond is large. The calculated displacements of the
unique carbon and of the nitrogen atom are given in
Table III. Briddon and co-workers®”!% have assigned all
the observed frequencies to specific vibrational modes.

Briddon and co-workers?”!° and Jones, Briddon, and
Oberg? have treated the [N-N1° center theoretically.
Their calculations show (a) the defect gives a doubly oc-
cupied electronic level around midgap, (b) the two nitro-
gens move towards the planes of their carbon neighbors,
giving a N-N separation of 2.14 A and N-C bonds of 1.46
A; and (c) the trigonal symmetry of the defect is main-
tained.

In Fig. 8, we show a defect [ X-Y] incorporated into the
diamond lattice. X and Y can be considered to be the ni-
trogen and unique carbon of the [N-C]° center, or the
two nitrogens of the [N-N]" center. The defect in Fig. 8
has C;, symmetry about the line joining X and Y. To cal-
culate the extension of the X-Y bond relative to the nor-
mal C-C bond length, we assume that the six carbon
atoms (stippled in Fig. 8) are fixed in the undistorted dia-
mond lattice positions and that the atoms X and Y are al-
lowed to be displaced towards their basal planes (group of
three equivalent atoms). Following the discussion of
Coulson,*® we assume that the orthogonality conditions
are applicable and valid, such that the angles »,, be-
tween the mth and nth sp-hybridized orbitals on any
atom are determined from the condition

ApA,cos0,,, +1=0, 4)

where A,,, A, are the hybridization ratios for these orbit-

TABLE III. Calculated displacements (A) of the nitrogen
and carbon atoms, together with the extension (%) of the
unique N-C or N-N bond over the normal C-C bond length for
the centers [N-C]°, [N-N1°, and [N-N]".

Ref. 10 Ref. 28
C: A=02A C A=022A BC: A=022 A

N: A=02A N: A=017 A “N: A=005 A
Extension ~28% Extension ~25% Extension =~20%

Present study

N-CP°

N: A=03 A
Extension =~40%

[N-NJ°

UN: A=0.16 A
Extension =~21%

[N-N]*
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FIG. 8. Model C,, defect used for bond-extension calcula-
tion. See text for details.

als. The C;, symmetry of the defect, ensures that the an-
gles 0y (0y) and ¢y (¢y) in Fig. 8 are related by

cospy y=(3cos’0y y—1)/2 . (5)

Hence it can be shown from 4 and 5 that 6 (6y) is given
by

1

— (6)
3+210% ¢

cos’Oy y =

where Ay (Ay) is the hybridization ratio for the unique
orbital on atom X (Y). Following simple geometrical
considerations the displacement of X or Y towards their
basal planes is predicted to be

d 2
A = 1—_
PO Vg,

where d is the undistorted C-C bond length. The hybridi-
zation ratios can therefore be used to estimate bond an-
gles and approximate bond extensions.

Edwards and Fowler’! showed that the approach out-
lined above, based on directionality and orbital ortho-
gonality, is in striking disagreement with a variety of
self-consistent calculations when applied to the E’ and P,
centers in SiO,. They demonstrated that it is not neces-
sary that the molecular orbitals point along bond direc-
tions, and that neutral-atom wave functions are not
necessarily appropriate when considering defects in par-
tially ionic materials. However, the neutral-atom wave
functions have been widely used when analyzing
hyperfine coupling constants of defects in diamond and
appear to work fairly well. For the defects in diamond
considered here it is not obvious why the molecular orbit-
als should not point along bond directions; after all, the
unpaired electron is in a o* orbital. We proceed with Eq.
(7), bearing in mind the problems outlined by Edwards
and Fowler.

The displacements calculated from the EPR data and
Eq. (7) for the [N-N]* and [N-C]° centers are given in

, )]
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Table III, which also contains displacements predicted by
recent ab initio calculations on the [N-C]° and [N-N]°
centers. For [N-C]° the N-C bond extension determined
by Eq. (7) is of the same order as that calculated by Brid-
don and Jones!® and by Kajihara et al.?® However, Eq.
(7) predicts a marked anisotropy in the relative displace-
ments of the nitrogen and unique carbon atom. The
smaller displacement predicted for the nitrogen may re-
sult from the inadequacies of the approach, or it may in-
dicate that the N-C bonds are stronger than the C-C
bonds. Equation (7) suggests that the N-N extension for
the [N-N]* center is approximately the same as for the
[N-C1° center. Intuition suggests that this is reasonable,
if the bond extension is primarily influenced by placing
an electron in the antibonding orbital. The symmetric
displacement of both nitrogens is consistent with the
equal strength of all of the N-C bonds. We note that the
21% extension of N-N bond in the [N-N]* is much
smaller than that predicted for [N-N° suggesting that
accommodating a second electron in the antibonding or-
bital requires considerable lengthening of the bond.

Equation (7) predicts intuitively consistent results for
the [N-C]° and [N-N]" centers, and is in qualitative ac-
cord with more sophisticated calculations.?®™2® It is of
course possible that the agreement for [N-C]° is fortui-
tous, confirmation of the result for [N-N]* with a more
refined theoretical approach would be very useful.

C. The N quadrupole interaction

14N ENDOR measurements accurately determine the
nuclear quadrupole interaction parameters. The nuclear
electric-quadrupole coupling arises from the interaction
between the nuclear quadrupole moment, and the
electric-field gradient at the nucleus. The quadrupole
coupling matrices of the *N* atoms in the [N,-C-C-N;
(W) (Ref. 32) and [N,-C-N; ] (N1) (Ref. 14) centers have
been used to infer the environment of this atom. Here we
specifically consider substitutional nitrogen in defects,
where the nitrogen is trigonally coordinated. The in-
teraction parameters P is given by

b 3eQV,,
" 4r2r—1) °’

where I is the nuclear spin, eQ the nuclear electric quad-
rupole moment, and V,, the gradient of the electric field
at the nucleus. The electric-field gradient receives its
greatest contribution from electrons in orbitals on the
central atom itself but (unlike the hyperfine interaction)
arises from the total electron density, rather than from
only the unpaired-electron density.

In Fig. 9 we plot P| measured for the nitrogen atoms of
the [NV]™ (W15),%* [N-C]° and [N-N]* centers and for
N, of the [N,;-C-C-N; ] (W7) and [N,-C-N5"] centers,
against the fraction of unpaired-electron population (f,)
in a 2p orbital on the nitrogen atom. As the nitrogen va-
cancy center [NV]™ is observed in a S=1 state, it must
contain an even number of electrons. Hence we assume
that it has captured an electron and is in a negative
charge state. The correlation between f,, and P, is
surprising, as only unpaired-electron density is con-

)
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FIG. 9. The fraction (f,,) of the unpaired-electron popula-
tion in a 2p orbital directed along the trigonal symmetry axis for
a substitutional nitrogen atom in the specified defects, plotted
against the measured N quadrupole parameters P, (MHz).
The straight line is a fit to the data shown excluding the lowest
plotted point ([N;V1°) because of the large uncertainty in f,, for
this defect.

sidered. The correlation operates over a wide range,
from almost pure lone pair f,,~0 on the nitrogen, in
[NV]7, to f,,~0.5 in [N-N17, and suggests that f 2p 18
linearly related to the electric-field gradient at the nitro-
gen nucleus. To proceed further we need to conmsider
carefully the nuclear quadrupole interaction in N.

Several authors®* ™36 have calculated values for the
electric-field gradient at the nitrogen nucleus of the single
substitutional nitrogen defect [N-C]°. Here we outline a
simple calculation which demonstrates some of the phys-
ics underlying the measured quadrupole couplings for a
number of nitrogen defects in diamond. We construct or-
bitals on a nitrogen or carbon atom, from 2s (¥,,) and 2p
(¥,,) atomic wave functions, while assuming that the
atom has undergone a trigonal distortion, so that one
unique orbital (¢;) points along the z axis, and three
equivalent orbitals (¢,,$;,¢4,) all make the same angle
with the z axis. In the crystal, molecular orbitals are
formed as a linear combination of these atomic orbitals
on each atom. For the jth N-X bond (where X may be N
or C) the bonding and antibonding orbitals are

¢j3=|ﬂﬁq|¢?+|"7ﬁe|¢f+ T,
D4 =|77?A|¢?_|77;'YA |¢}¥+ T,

where the dots indicate admixtures from other orbitals.
To a first approximation we can ignore small admixtures
from other atoms and consider only the orbitals of the
two atoms between which the occupied antibonding or-
bital is formed. For the molecular orbital containing the
unpaired electron, the measured hyperfine parameters
determine |07 | and [9%,|. The values of |nj;| and ||
may be calculated if the overlap integral (¢}q|¢f ) is
known. For a normal C-C bond, the overlap integral is
about 0.4,34 but for an elongated bond containing an ex-
tra electron, {4}'|¢¥) is probably very much less than
0.4. The values of |7}y | and |nf,| for the [N-C]° and
[N-N]* centers given in Table II imply that {¢Y|¢¥) =0,

9)
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since [N, 12+ [n$,12 (IN-C]°) and
(IN-N1%) are approximately equal to 1.

Assuming that only electrons in orbitals on the nitro-
gen cotribute the electric-field gradient may be ex-
pressed as

|U¥A|2+|UTIA‘2

3cos?6—1
Vu=—tei[zln?‘glz+lnm!21<¢l SIS ¢1)
4 3 29—1
—2lel 3 P4, | 2271 g) a0
j=2

where 0 is the angle between the z axis and the radial vec-
tor r, e is the electron charge, and the factors of 2 multi-
plying |7,5|? are there because there are two electrons in
each bonding orbital. Performing this summation over
the orbitals gives

4lelAf |,
zzzm“zf)[—ﬂn%lz—lﬂﬂ|2+2l77§1352] ,

1
(11)

where A, is the hybridization ratio for ¢, (see Table II).
In this expression we have taken [73|=[n3%|=|n3;|.
The first two terms in the square bracket are determined
from the hyperfine parameters, but we do not know
|n3g|%. The extra positive charge on the nitrogen atom
may make |705 2> 7S5 12, but the large value of ($Y|4$)
(probably about 0.4) will reduce both. However, the large
value of (¢Y|4S) also makes it invalid to consider only
¢Y as contributing to ¥, since the overlap region with
high electron density will increase the contribution of
these back bonds. From Egs. (8) and (11) we obtain
PoAd
Py= —2Imp 2= In P+2Ins 171, (12)
I 1+7L%[ B Ma Msl°]

where Py=—[e’Q/5I1(21 —1)]{r5,’), the quadrupole
interaction parameter for a single electron in a pure 2p,
orbital. The values of P, A}/(1+A}), and |7, 4|* are
determined from experiments. If we assume that
(¢V|¢¥) =0, then constraining the orbitals in Eq. (9) to
be orthogonal and normalized leads to |9} |2~ 1—|9Y, |2
and

2P )}

Py=—Pofy+——
" oSt TR

[1—195%1%] . (13)

The experimental data in Fig. 9 indicate that the mea-
sured quadrupole interaction is proportional to f,,,
which is consistent with Eq. (13) so long as the second
term is constant over the defects considered. The linear
relation in Fig. 9 implies that P,=—6.7(3)MHz. This is
in excellent agreement with the value of Py=—6.75 MHz
quoted as standard for nitrogen.’” Considering the
second term in Eq. (13) we see that in order for it to
remain constant a small increase in A2(1+21?) must be ac-
companied by an increase in |735]|>. We note that for
[N-NJ* A2/(1+A?) is 0.88 and for [NV]™ it is 0.5, for
the other defects it is close to 0.8. For [NV]™ there is a
large uncertainty in A?/(1+A%) because the small aniso-
tropic hyperfine coupling is not well determined. Hence
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Eq. (13) indicates a relative stability in the value of
1oy |2 From the intercept in Fig. 9 we deduce that
|nD% |2~0.5, which is reasonable.

Once the quadrupole interaction is known, f,, can be
estimated using Eq. (13). We note that, for the [NV]™
center, Eq. (13) implies f,,=0.02, which is an order of
magnitude greater than determined in the usual way from
the nitrogen hyperfine parameters.>> Because of all the
possible contributions to the nitrogen hyperfine interac-
tion (distant dipolar, spin polarization, etc.) which were
not taken into account in the calculation of f,, from the
hyperfine parameters, we postulate that the value 0.02
determined from the quadrupole interaction is more real-
istic.

D. The various ionization states of the [N-N] species

It has been assumed that the usual charge state of the
A center is neutral, i.e., [N-N]° Since here the lowest
energy N-N antibonding orbital is already full, a [N-N]~
center with trigonal symmetry is not expected to be
formed.

Van Wyk and Loubser!! commented that [N-N]*t
could be created by ionization of [N-N], or via electron
capture by [N-N]?". In the sample studied here, the con-
centration of [N-N1° centers is two orders of magnitude
greater than the maximum concentration of [N-N]*
centers we can produce by optical excitation. Thus either
we are ionizing only a very small fraction, limited
perhaps by the number of suitable electron traps, or the
[N-N]* centers observed are being produced by electron
capture by [N-N]?>*, which is present in much lower
abundance than that of [N-N1°. (The infrared absorption
can be successfully fitted without including any unusual
features; therefore the concentrations of [N-N]t and
[N-N]** must be lower than that of [N-N1° since
presumably they would have different characteristic one-
phonon infrared absorptions). If [N-N]** is present,
what acceptor has soaked up the liberated electrons? It
would presumably be a very powerful electron trap, and
it is not clear why this would be stable when [N-C]°,
which is known to act as a donor, is present. On the oth-
er hand, in wide-band-gap materials like diamond, one
cannot be sure that the Fermi level is well defined, so that
species may well exist in unexpected charge states.

The [N-N1° center produces an optical absorption line
at 3.8 eV.® In Ia4 diamonds a secondary absorption
edge at this energy is clearly visible. Production of the
[N-N]7 center by light of energy appreciably less than
3.8 eV indicates that the process is not simply ionization
of the [N-N1° center. The increase in the production of
[N-N]* with excitation energy (Fig. 6) correlates with
the onset optical absorption of the [N;V]° center (Fig. 4),
which suggests that this center may be involved with its
production. No clear change in the [N,V ]° EPR intensi-
ty was observed when creating [N-N]* however, any
change in one of the [N;V]° EPR lines would have been
very small, because of the large number of lines, and the
much higher concentration of [N;V]°. Therefore, it is
not possible to rule out direct charge transfer from
[N;V]%to [N-N]** creating [N;V]* and [N-N]*.
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The results presented in Sec. III F, showing the decay
in the number [N-N]t with time when the light is
switched off, are reminiscent of those obtained for the
photochroism of the H2 and H3 centers in diamond.
The H2 center ((N-V-N]7) is the negative charge state of
the H3 ([N-V-N1°) center. The decay of the [N-N]*
EPR intensity with the logarithm of time suggests that
there is a wide distribution of lifetimes of the [N-N]*
centers created, presumably resulting from a large varia-
tion in the separation between the [N-N]" center and its
electron donor and/or trap. Below about 20 K, the decay
rate is independent of temperature, indicating tunneling
between the donor and/or trap and the [N-N]7 center; at
higher temperatures, thermally actived hopping also con-
tributes. Although our measurements show that the
[N-C]° and [N,V ]° EPR intensities also decrease slightly
when the exciting light was switched off, it was not possi-
ble to identify a one-to-one charge-transfer process be-
tween any of the defects studied. However, [N-C]° and
[N,V1° may be two of the donors and/or traps involved
in the creation and subsequent decay of the [N-N]*
center.

It is a very interesting result (in Sec. IIIG) that, in
finely divided diamond, [N-N]* can exist in equilibrium
with [N-N 1° whereas, in the single crystal, it was only ob-
served after illumination. This means that a defect creat-
ed near the surface is acting as a trap and/or donor of an
electron, transforming [N-N]° or [N-N** to the [N-N]*
center. We presume that [N-N]" centers themselves are
not to be found at the surface; the strained and irregular
environment near the surface would give rise to a spread
in the measured hyperfine and quadrupole parameters of
the nitrogens, which is not observed. We have no infor-
mation that allows us to determine the nature of the trap
and/or donor, nor do we know the average [N-N]° or
[N-N]?* trap and/or donor separation. We do know
that when diamond is crushed, an isotropic resonance at
g=2.0027(2) and linewidth of about 0.55 mT is created,*
which is attributed to defects near the surface. Strong
absorption around g=2.0, due to [N;V]° and other
centers, precludes study of this defect in the sample used
in our study. The number of [N-N]* centers was in-
creased by illumination (Fig. 7) indicating that not all the
potential [N-N ] centers were activated by surface traps
and/or donors.

In Sec. III I it was confirmed that the [N-N]* centers
are not created uniformly through a diamond when il-
luminated from one side. Assuming that the number of
centers produced at a distance x into the diamond falls
off as exp(—kx), one can calculate from the data in Sec.
III I that k =~0.7 mm ™!, which is less than, but of the or-
der of, the optical-absorption coefficient of the [N;V]°
center at 2.985 eV. It appears that excitation of this
center plays a role in the creation of [N-N]*.

In summary, from the information available we cannot
determine whether [N-N]%1 is created by ionization of
[N-N1° or electron capture by [N-N]>*. Ifit is the latter,
then the equilibrium concentration of [N-N]?>* in the
sample studied here need only be 1% of the [N-N]° con-
centration. The study of the powdered diamond is
significant because it indicates that, given the right traps
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and/or donors, [N-N1°, [N-N]%, and possibly [N-N]**
can all be present at the same time. The observation of
different charge states of the same defect ([N-C]° and
[N-C]*, [V] and [V]~, [N-V-N] and [N-V-N]7) is
becoming a common occurrence in diamond.

V. CONCLUSION

There ca: be no doubt that the W24 center is [N-N]™.
For [N-N]™, the hyperfine and quadrupole interactions
show that both nitrogens are equivalent. In single-crystal
diamond containing [N-N° and [N,V ]° centers, [N-N]*
is created by excitation with light of energy greater than
3.0 eV. We have not been able to identify the electron
trap(s) or donor(s) associated with the [N-N]* center. It
is clear that [N-N]* is not created homogeneously
throughout the diamond, but occurs close to the surface
receiving the illumination. The rate of decay of [N-N]*
after the exciting light is removed is sample dependent.
However, for one sample studied in detail, it was shown
that (a) at sufficiently low temperature the number of
centers remaining after the excitation is switched off
varies linearly with the logarithm of time, indicating a
wide distribution in the trap and/or [N-N]* center sepa-
ration; (b) the decay rate is temperature independent at
low temperatures, indicating tunneling between the trap
and [N-N]* center; and (c) at higher temperatures,
thermally activated hopping contributes to the decay of
[N-N]* centers. When a single crystal diamond, in
which the [N-N]* center is only observed upon illumina-
tion, is crushed to a powdered form, the [N-N]* center is
observed without illumination. This suggests that defects
at (or close to) the surface act as traps, converting [N-N1°
to [N-N1*.

A simple calculation of bond lengths from the
hyperfine parameters suggests that the N-C bond length
in the [N-C]° center is very similar to the N-N bond
length in the [N-N]* center. The quadrupole interaction
for the substitutional nitrogen atoms of the [N-N]*
center is consistent with those measured in other nitrogen
defects in diamond, and is explained remarkably well by
as simple model. It is clear for the defects considered
here that the magnitude of the quadrupole interaction is
directly related to the fraction of unpaired-electron popu-
lation in a 2p orbital on a substitutional nitrogen atom.
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FIG. 2. [N-N]" defect in diamond lattice. The two nitrogen
atoms are shown unshaded, and the various groups of carbon
neighbors are distinguishable by their shading. See text for fur-
ther details.



FIG. 8. Model C;, defect used for bond-extension calcula-
tion. See text for details.



