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Identification of the neutral carbon (100)-split interstitial in diamond
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A systematic study has been made of some of the properties of R2, the most dominant paramagnetic defect
produced in type-lla diamond by electron irradiation. R2 has been produced in high-purity synthetic diamonds,
which have been irradiated with 2 MeV electrons in a specially developed dewar, allowing irradiation down to
a measured sample temperature of 100 K, at dosesdft®’ to 4x 108 electrons cm?. The production rate
of vacancie$1.53(10) cm '] was the same for irradiation at 100 K as at 350 K, but the production rate of the
R2 electron-paramagnetic-resonafE®R center is 1.1(1) cm' at 100 K and only 0.10(5) cnt at 350 K.
Measurements have been made of the angular variation of the EPR lineWiBttyyperfine structure of
samples grown with enriched isotopic abundancé®sf, and of the EPR of samples annealed under uniaxial
stress(for which a special equipment was developed combination of these data with the previously
measured data has shown that R2 is the neyfr@0)-split self-interstitial. This is an identification of an
isolated stable self-interstitial in a group IV material. This shows that the self-interstitial is not mobile in
type-lla diamond under normal conditiofise., without the irradiationuntil the annealing temperature of 700
K.

[. INTRODUCTION tified as a pair of nearest neighborit@00)-split interstitials

I_n r_ece_nt years there ha§ bec_an a resurgence of interest ”1 The. R2 EPR centét and the vacancy are always the
radiation-induced defects in diamon@ee, for example, dominant defects created in extrinsic defect free diamond
Refs. 1-3. The reasons for this interest are at least threefold{|abeled type I1a) on room-temperature irradiation with 2
first, the availability of high-quality synthetic diamonds en- MeV electrons. The R2 EPR defect is also formed by neu-
riched with 13C has created the opportunity to determine thetron and gamma irradiation. We have studied R2 in an at-
structures of intrinsic irradiation damage defects using hytempt to characterize this defect, the structure of which has
perfine structure in electron paramagnetic resongBB®;>  been a mystery for nearly 40 years.
second, it has been proposed that diamond would make an !N this paper we present new work on the R2 EPR defect,
ideal material from which to build particle detectdese, for ~ Which, together with old evidence, shows that R2 corre-
example, Refs. 4 and)5and third, exploitation of ion im- SPONdS to the neutral00)-split self-interstitial, and that, at

. . . : least in its uncharged state, the interstitial is immobile up to
plantation techniques to dope diamond requires an unde

. o : Rear its annealing temperature of 700 K.
standing of the defects produced during implantafidn. The paper is organized as follows. Previous work on elec-

view of this, the understanding of irradiation damage defectgon jrradiation damage, and the R2 defect, is reviewed in

is vital for full exploitation of the properties of this material. Sec. I, the experimental details are discussed in Sec. IIl, and
During irradiation of a crystalline solid such as diamondthe results are presented in Sec. IV. Then Sec. V shows how

by energetic particlegelectrons, neutrons, etdhe particle- the data, taken together with previous data, leads to the con-

atom collisions can transfer sufficient energy to the atoms o€lusion about the molecular model of the R2 defect described

the solid to cause them to be displaced from their crystalin Sec. VI.

lattice sites. This results in the production of lattice defects,

of which the simplest form are interstitials and vacancies. Il. PREVIOUS WORK

The vacancy has been well studied both in its neutv&) ( A. Previous information about the vacancy in diamond

and negative ) charge states by optical spectroscopy and

EPR/® but the isolated interstitial has not previously been As the vacancy is relevant to our discussion, its properties

. - i . ) will be briefly reviewed. It is the most abundant species of
identified. It was predicted theoretically that the most “kelydefect produced by electron or neutron irradiation. In the

. e . e 9’10
state of the |nterst|t|alowould be tH&00)-split interstitial,"™ o\ tra| and negatively charged state, it retains its tetrahedral
which we shall label”. The EPR center R1 has been iden- symmetry, but it may undergo a Jahn-Teller distortioCtQ

0163-1829/2000/66)/386314)/$15.00 PRB 61 3863 ©2000 The American Physical Society



3864 D. C. HUNT et al. PRB 61

symmetry in the positively charged state, although this has
never been conclusively observed.

The ground state of the neutral vacancy's, which is
not EPR active, and no EPR has been observed which could
be attributable to a nearby spin triplet state. Therefore any
S=1 state is presumed to lie more than 200 meV above the
ground state, so that it is insufficiently populated at 300 K.

A broad absorption spectrum is observed in the visible
region, with strong zero-phonon lin€gPL’s), labeled GR1, (a)
at 1673 meV, with a weaker component at 1665 nieV.
These lines correspond to transitions between the ground
1E, and low-lying 'A; states to the'T, state ofV®. The
intensity of the line at 1673 meV may be used to calibrate
the concentration o¥/° in the sample: the proportionality
constant between the integrated ZPL absorption and its con-
centration has recently been redetermitfed. strong influ-
ence on the relative concentration \8f /V° is the concen-
tration of substitutional donor nitrogen atom impuritieﬁIN

Some early work® showed that in natural type-lla dia-
monds, after neutron or gamma irradiation, the GR1 zero-
phonon line(and associated GR2-GRS8 linagere broadened N
and shifted by 14 and 10 meV, respectively, to the high-
energy side of the position measured in room-temperature
electron irradiated samples. After annealing the neutron or B
gamma irradiated diamonds to 780 K, the GR1 zero-phonon

line sharpened and moved to the positi@®73 meV} mea- \

sured in room-temperature electron irradiated diamonds. In
contrast the line at 1859 meV, which has been associated
with the R2 EPR centéf, was only shifted by 4 me\(simi- (b)
lar to the uncertainty of the measurement

The effect of uniaxial stress on GR1 has been
measured>® These stress studies confirmed Thesymme-
try, and the nature of the grountE and excited'T, state
associated with the 1.673 eV ZPL. The degenerae

ground state suffers a dynamic Jahn-Teller distortion thagionally discuss thd® oriented along[100] as it will be

splits It into ank (groung gndA statg(8 meV highey. . necessary to distinguish betwe€hO0 directions parallel
In diamond, the annealing behavior of the vacancy is rel""é\nd perpendicular to its axis of alignment. A calculation of
the energy level structure ¢ predicted that théA, state is
?.55 eV above a'B, state, so this suggests that its EPR
should not be observabieThis calculation suggested thidt
was susceptible to a scissorlike distortion, with its tpp
orbitals rotated in opposite directions ab¢u00], lowering

the symmetry td,. A more recent unpublished calculation

FIG. 1. The structure ofa) the (100)-split interstitial, and(b)
the (100)-split interstitial compressed vacancy mofelV] previ-
ously proposed for R2.

centers ¥/ ~) undergo a reversible charge transfer process t
VO before they migrate at 900 KandV° migrates with an
activation energy of 2(3) eV.” The loss of vacancies at
lower temperature$700—800 K, when the vacancy is not
mobile, is thought to be due to recombination with a mobile

self-interstitial; the activation energy for this process Washas shown that theA. state is much closer to theB. state
measured to be 1.4 eV/,and more recently to be 1.65) than 0.55 e\ 2 .

eV.18t is not known whether this energy corresponds to that L
. . . . o The theory gave an upper bound for the migration energy
required to release the self-interstitial, to its migration en- . o . Lo
f1” as 1.7 eV, corresponding to migration around 500 K. In

fr:gé’élgo a recombination energy, or some combination Ocontrast, the formation of EPR defects by electron irradiation
' at 17 K, which change on subsequent annealing to 80 K, has
been taken as evidence thais mobile below 80 K21-23
B. Previous information about the interstitial Lea-Wilson and Loméf cite a number of authors giving
evidence for mobility ofl at low temperatures. That—1]°
le (Ref. 3] is formed by irradiation at 300 K indicates that
| is mobile at this temperature, at least under the conditions
of the irradiation, as it is improbable thpt—1]° would be
formed directly by electron impact.

We have already mentioned that theoretical calculation
predict the(100)-split self-interstitial(sometimes known as
the interstitialcy is expected to be the most staBé.Figure
1(a) shows the structure df (D,4 symmetry, the two cen-
tral carbon atoms arep? bonded, each having a nonbonding
p,. orbital normal to the plane containing tlep? bonds:
thesep,, orbitals are normal to thg100] direction joining
the two carbon atoms, and to one another. Altholfymay The EPR center R2 was described in 196ten labeled
be oriented along any of the.00) directions, we shall occa- thec system. It is unlike most other radiation damage centers

C. Previous work on R2
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in diamond in having very wide EPR lines and axial symme-Walker reported that the intensity of the line at 1859 meV
try about(100. It was described by the spin Hamiltonian appeared to increase in intensity below 80 K, by about 50%
at 4 K, though it is not clear whether the evident sharpening
H=gugB-S+ D[si_ 1g(s+1)], (1) of the line @ 4 K was taken into accourisee Sec. IV G
A model of the defect was proposed to explain these op-
with S=1, g=2.00, andD/h=4140 MHz! In subsequent tical spectra comprising a neutral vacancy displacedapy
work on electron and neutron irradiation, of any diamonds aglong (100 from a neutral split interstitial aligned along
any temperature, this center has always been reported. It h4300).?° In this model[Fig. 1(b)] 1° functioned as an internal
been unclear whether its concentration shows saturation ass@urce of stress to compress the vacancy a{dag). It was
function of irradiation dose, or whether the defect is intrinsic,proposed that the EPR observed was from iBe state of
or related to impurities. The many references to the EPRhe compressed vacancy, which derives fromifig state of
spectrum of this defect are listed in the catalog bythe uncompressed vacandy. In the uncompressed state the
Ammerlaar?® 3T, state was assumed to be positioned at about 200 meV
Owerf® showed, by measurements at 80, 200, and 295 Kabove the ground state. The compression, with axial stress
that R2 corresponds to an excited state at 39 meV above ttestimated as 5.5 GPa, both lowers the energyRf to the
ground state. Owen further showed that the linewidth is in-observed 39 meV, and produces a splitting of about 10 meV
dependent of irradiation dose and of the temperature &ietween the'A; and lower !B, components derived from
which EPR is measured, and that it corresponded to a spredbe E ground state of the uncompressétl The optical line
in the effective value oD.?® He also found narrow lines for at 1685 meV is identified with the transition betweéa,
the AMg=2 transitions, because their width is affected onlyand the excited B, state, corresponding to the experimental
in second order by the value &. He pointed out that such evidence for a lower statg® meV above the ground state.
an abundantly created defect must have a simple structuriye will label this model theompressed vacancy modéhe
and prophetically expressed the opinion “that the(€arbon  1° component was taken to be in 8=0 state.
interstitia) identification ... is to be preferred.”

The narrowAMg=2 transitions were studied by Nado- IIl. EXPERIMENTAL DETAILS
linny, Sobolev, and Yuried in an electron irradiated natu-
ral type-lla diamond with a relatively low dislocation den- A. Samples

Sity, for which the typlcal linewidth of most EPR defects, Six high_temperature and _pressu(neTP) grown syn-
like that of R1 orV~, was 20uT. For external fieldB  thetic diamond samples were prepared with parallel polished
exactly along(100, parallel to the axis of the defect, the faces of dimensions~2x2 mn? and thickness ranging
intensity of theAMs=2 transition was zero. AB was ro-  from 0.30 to 0.60 mm. Infrared and UV/visible absorption
tated away from(100) the lines gained intensity, but also measurements prior to irradiation showed the samples to be
increased rapidly in width. Fd8 between 1° and 1.5° from type Ila. EPR measurements determined that the concentra-
(100, a linewidth of about 2QuT allowed the resolution of  tion of neutral single substitutional nitroger? NP1 (Ref.
Bc hyperflne StrUCtUréhfS) from three sets of equivalent 25)] was less than 0.01 parts per m||||0§ppm) carbon at-
carbon neighbors that appeared to contain 8, 8, and 12 atomgms, and infrared absorption measurements showed that the
respectively, and with hyperfine splittings 0.71, 0.26, andheutral boron concentration was less than 0.1 ppm.
0.10 mT, respectively. For many defects in diamond, mea- Some of the diamonds had been isotopically enriched to
surement of the angular variation dfC hfs lines due to  <0.002%, 5%, 9%, and 509%°C by the method described
neighboring *°C nuclei (=3), has been the vital informa- by Twitchenet al® The concentration of3C in the samples
tion which has indicated the pOSitiOﬂS of the carbon atomﬁvas confirmed from the position and width of the diamond
neighboring the defectsee Sec. VE Unfortunately, the Raman line, using the published data for the dependence of
rapid increase in linewidth of thAMSZZ transitions forB these parameters on the isotopic Composﬁﬂjﬁ?The char-
in directions other than very close ¢@00), and the width of  acteristic Raman spectrum was measured using a conven-
the AMs=1 transitions, precluded the use of this techniquetional photoluminescence spectrometer, with excitation by an
for characterizing R2. argon-ion laser operating in the 488—514 nm region, capable
The R2 defect appears to be remarkably stable at roorgf measuring linewidths of very much less than 1¢m
temperature. It was still present in a neutron irradiated dia- A single sector synthetic type-lb diamond, containing

mond more than 20 years after the irradiatinin another  gpout 300 ppm &, was used in a comparative linewidth
investigation, the intensity of the R2 EPR signal was foundstudy(Sec. IV O.

to have increased in an electron irradiated sample after stor-
age for several montHs.

Walker** found two weak absorption lines in the optical
spectrum of electron irradiated diamond at 1685 and 1859 The EPR measurements of the paramagnetic defects were
meV, which correlated in intensity with the R2 EPR defect,made at room temperature using two spectrometers: a Bruker
and also annealed out at the same temperature, 700 K. TieéR200D spectrometer equipped with an X-bandminally
former line is very close to the much stronger zero-phonor9.5 GH2 bridge (ER 041 XG and Bruker Tk, cavity, and
line at 1673 meV of GR1, due to the neutral vacancy. Thea Clarendon designed and built Q-bamdminally 35 GHz
intensity of the 1685 meV line decreases with temperaturspectrometer described previouslin the X-band spectrom-
below 80 K as though it originates from a level @2pmeV  eter the sample was mounted on the end of a two circle
above the ground state which was thermally depopulatedyoniometer, to allow precise alignment of the sample with

B. EPR measurements
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the magnetic field. Concentration measurements were madghe heat capacity of the pressure cell was large, and it took
by comparing doubly-integrated first derivative EPR absorpup to 2 h for the temperature at the sample to stabilize. Con-
tion spectra with those of a well-calibrated referencesequently, low anneal temperatures were chosen, such that
sample—a single growth sector HTP synthetic Ib diamondthe anneal times were greater than 10 h, and the time for
Since the samples used in this study were never thicker thastabilization could be neglected. After the anneal was fin-
0.6 mm, and, for 2 MeV electrons irradiation damage is pro-ished, the furnace temperature was ramped down to room
duced to distances of 3 mm it is justifiably assumed that temperature and the cell allowed to cool, before the stress on
the damage production rate is uniform through the thicknesthe sample was removed. When comparing the effect of an-
of the sample. nealing on a sample which had not been stressed to one that
had, exactly the same procedure was followed with the
sample loaded in the stress cell, but without any applied

) ) _ o stress. The temperature was monitored by a thermocouple
Optical absorption measurements in the visible and UVjgsitioned close to the sample.

range were made with a Perkin-Elmer Lambda 19 spectro-

photometer. The sample was mounted in an Oxford instru-

ments liquid-nitrogen cryostdDN1704 and held at 80 K. IV. PRESENT MEASUREMENTS

The infrared measurements were made at room temperature  a production rates of R2 on electron irradiation

using a Perkin-Elmer 1710 infrared Fourier-transform spec- ) . . . .
trometer. The concentration &° was determined by inte- A Variety of synthetic type-lla diamonds of high quality

grating over the zero phonon lif@PL) of GR1 and using and purity have been irradiated with 2 MeV electrons, both
the calibration factor determined by Twitchenal,’?which @t 350 and at 100 K. These s.ampleés showed no EPR defects
relates the integrated intensity of GR1 to the concentration op€fore irradiation. In the irradiation™ and R2 were always
VO, formed, together with several other EPR cen{é&t4, (Ref.
3) R3, (Ref. 36, R14 (Ref. 36, and O3(Ref. 34]. In these
samples EPR and optical measurements showed/thaias
always the dominant charge state of the vacancy produced;
The electron irradiations were performed at Reading Uni-and a small amount df ~ was detected which had a maxi-
versity, U.K. using a Van de Graaff accelerator giving amum concentration of-1/50 that ofV°. Figure Za) shows
beam cross section of 1 @mThe diamonds were irradiated the production ofV® as a function of irradiation dose. The
with 2 MeV electrons to doses which ranged between 2points represented by circles correspond to the 350 K irra-
X107 e~ cm 2 and 4x 10'® e~ cm™2. For irradiating dia-  diation and squares the 100 K irradiation. The straight line is
monds at low temperatures, a special cryostat was deve& constrained fit to the experimental points made to pass
oped, which is described elsewhéfelhe temperature close through the origin. The measured production rate at both
to the sample was monitored continuously during the irradiatemperatures was 1.53(M)cm ! for 2 MeV electrons
tion. Irradiations were made at measured sample temperalTable )). Figure Zb) shows the production of R2 in samples
tures of 100 and 350 K, and samples were allowed to returirradiated at 100 K(squarep [1.1(1) cni*] and 350 K
to 300 K before they were taken to Oxford for EPR measure{circles [0.01(5) cni']. The measured EPR concentrations
ments at 300 K. at 300 K have been corrected allowing that R2 arises from a
One sample was irradiated at 100 K to a dose of 7thermally excited statésee Sec. IV B
x 10" e~ cn?, and transferred to the X-band cavity for ~ The results of irradiating a sample to a dose of 7
measurement at 90 K, without the temperature of the sampl 10 e~ cm 2 at 100 K and transferring to the spectrom-
rising above 110 K using the technique described byeter cold(see Sec. Il D for details showed on annealing in
Robinsort® The sample was then annealed in stages at tenrsteps to 300 K that there was no measurable change in the
peratures of 150, 200, 250, and 293 K. At each temperaturBPR intensity from R1 and R2. Thus the difference between
the sample was held f@ h before cooling to 90 K to allow irradiating at 100 K and at 350 K does not result from some
EPR measurements to be taken and compared at the samenealing stage which occurred between these two tempera-
temperature. During these annealing cycles the sample wdsres.
not exposed to any light radiation. When irradiating with 2 MeV electrons the three differ-
ently oriented sites of R2 are created with equal probability,
regardless of the direction of irradiation; in particular, irradi-

ating through a (100) face alond@00] did not preferentially
A cell for applying uniaxial stress was constructed in thecreate R2 centers aligned alop00].

Clarendon Laboratory. Pressure is generated using argon gas
in a sealed space at the top of the cell, with the force trans-
mitted to the sample through the piston and diamond anvils.
For a 1 mni sample, pressures up to 4 GPa were achievable. Owen’s measuremerifsestablishing that the EPR of R2
On either side of the sample, sheets of copper were placed @rises from an excited state were made at only three tempera-
take up any uneven stresses that might be caused due tires between 80 and 295 K. We have made a careful mea-
imperfections in the polished parallel faces of the diamondsurement of the EPR intensity as a function of temperalure
sample. The piston shaft was of such a length that, after thbetween 100 and 420 K. To allow for temperature-dependent
sample had been loaded, it could be inserted into a preheatedfects on the sensitivity of the spectrometer, and the Boltz-
furnace(Severn Furnaces Ltd., UK, model SC50/2.5/1600 man distribution within the triplet state, we have taken the

C. Optical measurements

D. Electron irradiation

E. Annealing under uniaxial stress

B. Temperature dependence of the R2 EPR spectrum
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FIG. 2. (a) Concentration of neutral vacancies, as determined by the integrated absorption of the GR1 zero phonon line, produced in
type-lla diamond after irradiation with 2 MeV electrons. Circles represent vacancies created after irradiating at 350 K, and squares irradiating
at 100 K, and then annealing to 300 K. The production rate of vacancies after both types of irradiation is the same: 1.53(1@®) cm
Production rate of the EPR defect R2. After irradiation with 2 MeV electrons at 13@#aresand 350 K(circles the production rates are
1.10(10) cm*! and 0.10(1) cm?, respectively.

ratio of the intensity of R2 to that of the EPR center R1, Two consequences of this variationIdfT) are that(a) it
which is known to be in a ground triplet stat@he data are is not possible to observe the EPR of R2 below about 77 K
plotted in Fig. 3 and compared with a least-squares fit to decause the intensity becomes too weak @ndallowance
Boltzmann distribution over two energy levels of separationneeds to be made for the thermal depopulation of the triplet
A, and with ratiog between the multiplicity of the lower to state when estimating the concentration of the R2 defect

upper levels. So the fitted expression is from the integrated intensity of the EPR spectrum at 300 K.
This increases the apparent concentration measured at 300 K
I(T)=I[1+gexpAlkgT)] ™. (2) by approximately a factor of 3.
The illustrated curve in Fig. 3 corresponds td C. Measurement of EPR linewidth variation

=50(2) meV andy=1/3, assuming the levels to be orbital |, an attempt to understand the origin of the EPR line-

singlets., an.d the Iower !evel to be a spin singlet and upper t%idth, measurements have been made on the six observed
be a spin triplet. In his fit, Owen tool=2/9, as he assumed

that the upper state wasl, and that the lower state tE, 12
corresponding to an uncompressed vacancy. For the com ] I
pressed vacancy model=2/3, as the upper state 18, and
there are two low-lying close singlet#\; and 'B,. The data
may be fitted to these other values gfleading to slightly
different values ofA, so these data do not allow any dis-
crimination between these models of the energy level struc-i
ture.

e
(=
1

7t

b. units)

2

2
TABLE I. The production rates (cit) in type-lla diamond for § 4

2 MeV electrons for the sample irradiated at 100 K compared with -=
irradiation at a sample temperature of 350 K. Teconcentration E 27

was determined from the integrated intensity of the GR1 optical
absorption zero phonon line. The R2 concentration was determinec 0 ——— T T
by EPR. 100 150 200 250 300 350 400
Temperature (K)

Temp. of irradiation VO R2 o _
(K) (cm™ b (cm™ b FIG. 3. Temperature variation of the peak-peak height of the
first-derivative EPR spectrum of R2, normalized by dividing it by
100 1.5310) 1.1010) the peak-peak height of the first-derivative EPR spectrum of R1.
350 1.5310) 0.101) The solid line corresponds to the best fit to E2), corresponding to

A=50(2) meV.
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016 0 10 20 30 40 50 60 70 8 90 FIG. 5. The angular variation of the Lorentzian linewidths for

. the AM =1 transitions of R2 ata) the X band andb) the Q band.
Angle from [001] in the (110) plane (deg.) The line corresponds to the best fit of the d@pgmbols to Eq.(5),

FIG. 4. (a) First-derivative EPR spectrum taken at 300 K with V_Vh'Ch coorresponds to the parametéi3/h=110(5) MHz ands¢
the Zeeman field oriented along(@01) crystallographic axis. The =0.6(1)°.
synthetic type-lla sample had received a dose of 7
X 10" (2 MeV e”) cm™? at 100 K. The dominant EPR defects are  The linewidths measured foB parallel to (100 and
labeled. The absorption from R2 hast been multiplied by 3 to (110 are tabulated for various samples in Table II, including
allow for the fact its arises from a thermally excited triplet state 50the much wider lines found in the type-1b sample described
meV above the singlet ground state. The outer pair of R2 lines Iiein Sec. Il A. Measurements showed that the EPR linewidths

outside the field range shown. Microwave frequene®5 GHz, -
microwave power-0.1 mW. (b) The angular variation of the EPR were independent of temperature between 70 and 650 K.

transitions from R2 centers for rotation of the magnetic fiBld
about a[110] axis, with # measured fronf100]. The crosses are

experimental line positions measured at frequencies of around 35 3.5
GHz. The solid curves are calculated using ghendD parameters 1 e —m—
determined from fitting the experimental data. Lines 1-4 corre- - 3.0 //” e S~ T
spond toAMg=1 transitions, and 5 and 6 thMg=2 transitions. E 25- -7 - ,’ RS -
T T - / S
lines, two allowed AMg=1, and oneforbidden AMg=2 § 2.0 7
transitions for the two differently oriented defects 1.0 I 154 /
plane. Measurements were made at both 9.6 and 35 GHz. A% 1 E/
typical EPR spectrum with the Zeeman field oriented along a ' 1'0'. 1}5
(100)-crystallographic axis taken at the Q band is shown in 2 05 z
Fig. 4@). The sample had been irradiated to a dose of 7 — V

X10'" e~ cm 2 at 100 K. Figure &) shows the angular OO T T 0 % 40 s 60 70 8 0
variation of the position of the six lines, and Figs. 5 and 6 .

show the previously unreported variation in their linewidth. Angle from [001]in the (110) plane (Deg.)

The intensities of the\Ms=1 transitions do not show sig- kG, 6. The angular variation of the linewidths for theM g

nificant angular variation, bukMg=2 transitions have zero =2 transitions of R2 at the X ban@ashed linesand the Q band
intensity for B along the principal axis of the defect, say (solid lines. The lines correspond to the best fit of all the data to
[100], and the fitted experimental intensity varies with theEgq. (5), which corresponds to the parametéB/h=110(5) MHz
angle # betweenB and this axis as sifdcosSo+Bsin*0.3"  and 56=0.6(1)°.
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TABLE II. The half-width at half-height linewidthémT) of the
EPR transitions labeled 1-6 in Fig. @he error on linewidths is
~5%.)

¢ B  Frequency 1 2 3 4 56

Experimental data

50 [100] Qband 4.07 4.07 4.07
50 [100] Xband 4.24 3.68 4.33 4.43 1.73
10  [100] Qband 3.98 2.18 2.36

10 [100] X band 2.02 272 3.96 0.17 Smuaton
1 [100] Qband 3.95 1.88 2.10
1 [100] X band 1.67 250 3.98 0.02

001 [1000 Qband 3.92 1.85 2.10 0.02

0.01 [100] X band 3.92 164 263 3.92

50 [011] Qband 4.27 4.07

0.01 [011]] Qband 194 264 257 213 — : . - . . .

0.01 [017] X band 268 294 262 174 618 619 620 621 622
Type Ib [100] X band 500 344 221 4.65 Magnetic Field (mT)

FIG. 7. The®C hyperfine structure on th&Mg=2 transition
for B near[100] at the Q band for a sample containing 5%,
compared with a simulation assuming tH€ hyperfine parameters
Equation (1) is a restricted form of the general spin corresponding to sets 8, 8, and 12 equivalent near neighbors with
Hamiltonian hyperfine splittings 0.71, 0.26, and 0.1 mT, respectively. See text
for further details.

D. Measurement of theg and the D matrices

H=puS-9-B+S-D-S () . - . :
= — sured in Ref. 27. Significantly, no other hyperfine satellites

. ) _ ) have been detected further away from the center of the spec-
for a paramagnetlc dgfect witB=1 appropriate to axial .
symmetry and isotropig value. In a sample enriched with 50%°C, the R2 EPR lines
Figure 4b) shows experimental datarossestaken atthe oo considerably wider than for samples with lowde
Q band(nominally 35 GH3, which allows a better determi-  ap ndance and no additional structure was resolved. The
nation of theg matrix than at the X band, and fit to the spin gpg |inewidths measured in this sample are also given in
Hamiltonian(solid lines. It is difficult to measureg values  Taple |II.
from theAM g=1 transitions, because of the large linewidth.
However, the narrow EPRARMg=2 lines for B close to
[100] give accurate values fog;. The best fit to Eq(2)
corresponded to an axiglmatrix, whereg;=2.0021(1) and Measurements were performed on a sample with polished
g, =2.00192), and anaxially symmetricD matrix corre- parallel{100}; faces, which was subjected to a uniaxial stress
sponding to D/h(:§D||/h:—3Dl/h):i4173(3) MHz of 0.6 GPa during an anneal at 520 K for 10 h, i.e., at a
(measured at 300 K temperature just at the beginning of the R2 annealing pro-
Measurements between 80 and 650 K showed that theess. This was done to determine if there is any reorientation
magnitude ofD decreased linearly with increasing tempera-0f the R2 centers away from the stress or alternatively pref-

ture [0.030(6) MHz K™ %]. This result is at odds with that €rential annealing of centers oriented parallel to the stress.
reported by Kim and Choff After the anneal, the concentration of the site oriented with

its principal axis parallel to the stress was found to have
L i decreased by about 30%, while the concentration of the other
E. Measurement of **C hyperfine structure two sites had each increased by about 15%e Table II).
The previous measurements ofc hyperfine structure This indicates reorientation without any overall loss of R2
(hfs) for B close to[ 100] were made on natural diamonds
with 1.1% abundance of3C.2” We have made similar mea- TABLE Ill. The R2 concentration and ratio of intensities of
surements on diamonds isotopica”y enriched with 5% andransitions for defects aligned paralld”I to a uniaxial stress of 0.6
9% abundancéC, in an attempt to search for other hyper- GPa applied at 520 K t_o the defects aligned perpendicular to the
fine lines which might have been too weak for detection inStress d.), compared with a sample annealed under the same con-
the previous measurements. The larger concentratidi@f ~ ditions without stress.
leads to a proportional increase in the linewidth@Q.1-0.2 Ratio of intensities of
mT) due to electron-nuclear dipolar broadening. This allows L . }
: : . Conditions R2 concentration dj:d,
only one pair of hyperfine satellites to be clearly resolved

F. Thermally induced reorientation of R2

and a second pair gives rise to unresolved wings to the cerBefore stress 7(T) ppm 1.92)
tral line. The intensity of this outer set of lines confirms the aAfter 0.6 GPa for 10 h 6d) ppm 3.42)
earlier finding that there arg B equivalent sites for this set. After 0.0 GPa for 10 h 6.7) ppm 2.12)

Figure 7 shows a reconstruction using the parameters mea
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The shape and position of spectra recorded for samples
irradiated at 350 K are identical to the spectrum of this
sample after the 10 h anne@olid line). On careful inspec-
tion of the difference of the two spectra shown, we find that,
although there is an overall decrease in the concentration of
VO, one part of the GR1 line on the low-energy side in-
creases in intensity. After annealing at 750 K, the(R&ial
concentration 1 ppiEPR defect had completely annealed

Figure 9 shows the relationship between the intensities of
the weak lines at 1685 meV and 1859 meV: this is consistent
with the earlier result$* We have also determined the con-
stant of proportionality relating the integrated absorption of
the line at 1859 meV to the concentration of R2 defects as

1.1(2)x 10" " meV cm 2. Between 90 amh 4 K the 1.859

FIG. 8. The GR1 zero-phonon line absorption measured aFV line sharpens up suph that its measured peak height in-
~80 K for a sample iradiated at 100 K to a dose of 3 creases. A third optical line, at 3990 méR11), has recently

been shown to have similar annealing characteristics to the
€% The correlation between these two lines

for the sample after irradiating at 100 K and annealing to roomfOr one particular sample on annealing is shown in Fig).9
temperature. The solid line is the spectrum after the sample had When R2 anneals out, the concentrationv8fdecreases.

In a sample irradiated with 2 MeV electrons at 100 K to a
dose of %X 10'" e~ cm 2, the concentration o¥° falls by
centers. The sample was then annealed again at the saB@3)% from 1.4 to 1.0 ppm, while that of R2 falls from 1.0
temperature, for the same duration, but without the appliegppm to zero. In a sample irradiated at a higher temperature
stress. The concentrations of the three sites returned to theihd flux, the fall in concentration &f° is only 142)% from

initial values to within the error bars, indicating the loss of 1.4 to 1.2 ppm, while the smaller concentration of R2 falls

been annealed at 750 K for 10 h.

the preferential orientation previously created using stress. from 0.45 ppm to zero.

G. Optical properties V. DISCUSSION

In Fig. 8 the broken curve measured at 80 K shows the
1E,-1T, and A-1T, transitions ofv® (GR1) labeled A and
B, respectively*>*® The sample was irradiated at 100 Kto a  The fact that R2 is produced in all diamonds by irradia-
dose of 2<10'7 e~ cm 2 and annealed to 300 K. ThH¢®  tion with electrons and neutrons at any temperature up to 300
concentration was 1.48) ppm. The solid curve shows the K (nominal, so the real temperature may be as much as 500

A. Previous models of R2

spectrum taken under the same conditions after the sampl€), and in particular in the diamonds which we have used
had been annealed at 750 K for 10 h. Following the annealyith extremely high purity, makes it clear that R2 is an in-
the VO concentration was 1.08) ppm, and both transitions trinsic defect.

narrowed from 2.@2) to 2.1(2) meV and shifted to lower

energy by 1.(2) meV.
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FIG. 9. The relationship between the integrated intensity of absorption of the three weak lines associated wi#) Rz8&tmeV and
(b) 1859 meV, andc) the annealing out relationship between 1859 meV and 3990 (R4Y). See text for further details.
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than the production rate fov°, indicates that it must be a D can arise from three mechanisnt$) Interaction with
primary intrinsic defect with a simple structure. the local environment through the mechanism of spin-orbit
Only two models have been proposed for defects satisfycoupling\ s, L - S where the\, is the spin-orbit coupling
ing these criteria, and with axial symmetry abdli00): (8)  constant(2) Magnetic spin-spin interaction between the two
the compressed vacancy modielV] described in Sec. IIA  electrons(3) Anisotropic exchange.
[Fig. 1b)]; (b) the isolated(100)-split interstitial, 1° [Fig. To first order, the orbital angular momentum of the elec-
1(a)]. Strictly, model(a) with C,, symmetry is not axially trons is quenched in the covalently bonded orbitals. How-
symmetric abouf100], whereas mode(b), with D,4 sym-  ever, spin-orbit coupling has matrix elements between the
metry, is. A uniaxial stress ovi® along[ 100] would produce  different orbitals, and mixes a small fraction of orbital angu-
D,q symmetry, but the stress produced by a pointliRés  lar momentum. This is different for differemd 5 states, and
not uniaxial. That is not necessarily a serious objection on itso contributes td. The same mechanism contributes to a

own, as the deviation produced by may be small. shift of g value from the free spin value. For orbitals on the
For model(a), the EPR derives from aB=1 state on the same nucleus, these mechanisms are related, soDthat
vacancy, and one must suppose that$kel state of thd® = 3Ns0.(9j—9.). The algebra is not so simple for orbitals

component is at too high an energy to be populdiredgree-  on different nuclei, but this relationship probably can be used
ment with the theory of Breuer and BridddnFor model(b) to indicate the magnitudes of contributions from this mecha-
one must suppose that the latter theory is incorfeohsis-  nism. The measured anisotropyg{<0.0005) suggests that
tent with the latest calculatioff§, and that thes=1 state of  for Ns.o.~ 106 MHz* this contribution taD is less than 100
1° lies at 50 meV above the ground state. MHz, and so can be discounted. Anisotropic exchange is also

Furthermore, for modelb) one must suppose thé is  Jikely to be small, as it is mediated via spin-orbit coupling.
not reorientating, or its EPR spectrum would be averaged The zero-field interaction has not been calculated for a
out. For model(a), it would still be possible for isolatelf to  distorted vacancy, but one can get an idea of its likely mag-
be mobile, while only thosé® associated with the com- nitude from two measured examples of EPR centers involv-
pressed vacancy configuration were somehow stabilized. ing unpaired electrons in a vacancy. WlS-V]~ hasCs,

A further consideration is that it is difficult to understand symmetry about(111), and D/h=2874 MHz?>** W26
how the unique1-V] configuration would be created. The [N-V-N], known to correlate with the optical H2.463 eV}
chance of it occurring by direct impact is small, the carbonabsorption, hasC,, symmetry about(100) and D/h

atom being knocked precisely along00] into its new po- = —3945 MHz?*“In these centers the unpaired electrons
sition. If this were to happen at all, it would probably be only are in orbitals primarily located on C atoms, and the internal
at electron energies near the thresholdIfoproduction. strain is produced by the N atoms.

Certainly our experimental results show that impact of 2 For |°, the spin-spin interaction may be estimated by as-
MeV electrons directed alondl00] does not preferentially suming that the magnetic moment of a fractigh of the
createl° with this orientation. For the compressed vacancyunpaired electron probability density of ea& 1/2 con-
model to be correct, the interstitial must end up in that constituent electron is located on one of the two principal C
figuration after recoil. nuclei, separated by distanée

The magnetic dipole-dipole interaction leads
=37%9g?u3/R3. For 7°=1, the experimental value @ for

) o i R2 is consistent witikR=0.28 nm. This is rather larger than
In the light of our determinations of the concentrations ofgne would expect foil®, but R would be smaller fory?

R2 andV? in the diamonds we have studi¢8ec. VA and 1

Table ), the compressed vacancy model is inconsistent with - A correct calculation would take account of the distribu-
the very optical data it was invented to explain. Figure 8tion of the spin density on the,, orbitals. We have made a
shows the 0%“05" spectra of a diamond with concentrationgg|cylation which is a little more realistic by supposing that
1.4 ppm of V™ and 1.0 ppm of R2. In this model the weak pgif of the unpaired spin probability density on eachor-
line at 1685 meV due to R2 is the same line as GRYbAt  ita) is centered a distancéaway from the nucleus, on each
1673 meV, but shifted by the internal strain set up bylthe sjge along the line of the,, orbital. If we retainR as the

yet the ratio of intensities of the two liness30:1, and the  equilibrium internuclear distance, this gives the following
ratio of the concentrations of° to R2 is only~3:2. The expression foD:

measurements of the effect of uniaxial stress on the GR1
spectrum® did not show any marked change in the oscillator
strength of the transition in the stress range needed to shift
the line by 12 meV. Even allowing for the fact that the GR1 D=(37l4492M§/R3)[
line is split into three by the strain, the measured ratios are
completely inconsistent with the compressed vacancy model.
Taking reasonable valué®~0.15 nm andX~0.06 nm, the
. factor in curly brackets is 0.42. Then, fitting the measured
C. The D matrix value ofD to this expression gives®=0.61, a value only a
That S=1 indicates that two unpaired electrons are re-little smaller than that in R10.7).
sponsible for the EPR. For the compressed vacancy, these These considerations show that the valu®dailone can-
are orbitals of the vacancy; fo?, they are thep,, orbitals on  not be used to discriminate between the two models: the
the two principal C atoms. measured value could be consistent with either.

B. Optical data

RZ_xZ R3
( ) ] @

(R2+ 2x2)5/2
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D. Explanation of linewidth ity to local strain produced by other defects in the material.

The linewidth of the R2 EPR transitions is far too great topreverIO might be sensitive to local strain, in comparison
be due to the electron-electron spin-spin interaction, and th¥ith ”;OSt other EPR centers in diamond, because although
narrow AMg=2 lines for B close to(100) show that the thesp® bonded structure of diamond is particularly rigid, the
broadening is not due to short relaxation times. There is nsP bonds at either end df [Fig. 1@)] may be particularly
clear reason why either of the proposed models should ndiuSceptible to displacement out of the plane of theepf
give narrow lines like other radiation damage cenfédos orbitals. We will return to consider the details of this mecha-

example, R1 or W15Ref. 25], so it appears that neither MiSM in Sec. VIA. _ _
model is consistent with these data. One other result from the analysis of these data is that the

The angular variations of the linewidtr&alf-width at angular variation of linewidth was found not to fit a modified
half-heigh shown in Figs. 5 and 6 are found to be consistentEd: (1) with an additional rhombic termiE(S;— Sj), choos-
with the spin Hamiltonian given in EG3) with a distribution ~ INg x andy to be along eithef100) or (110, which may be
of values of the components @ about the mean value. Significant as one might expect a term of this type for the
Several systematic relationships have been tried between tlev Symmetry of the compressed vacancy.
various components ofD, characterizing the difference be-
tween Eq.(3) and Eg. (1), but only one has been found E. The 3C hyperfine structure
which fits the experimental data. This corresponds to a spe-
cific form of D which retains axial symmetry about an axis
which deviates from the mea(100) direction by polar
angles @,¢), such that the magnitude & has rms(root-
mean-squade deviation about the mean value ¢D| H=9gugB S+ D[Sg— 1S(S+ 1)]+Z SAi-li, (6
=4140 MHz, 66 has a rms deviation about a mean value of :
zero, andg is randomly distributed over2. So, Eq.(1) can
be retained, on the understanding tBaand the symmetry
axis of the defect have distributions about the mean.

The valueB, s of magnetic field required for resonance
may be calculated from E@l) as a function of the value of SA1,=AS 1 +A,(3S,1,—S 1) (7)

D and the angle between the axis and(100), so that the = e “ .

derivatives §B,cs/6D) and (5Bes/ 56) may be calculated. whereAg=57a?A?, Ayi= 7 AT, and 7 is the total spin
Then, distribution of valuesD of D and 56 of ¢ contributes  density on thath carbon neighbor, of Whichiz is the frac-
a linewidth 6B,s where tion of the % electron andg? is the fraction of the P
electron orbital @i2+,8i2=1), A‘S) is the hyperfine parameter
for a single unpaired £ electron in carbon, ané\g is the

The lines in Figs. 5 and 6 show the best fit to this equationbypencine parameter for a single unpaireg 2lectron on

corresponding t@D/h=110(5) MHz ands6=0.6(1) °. carbon. Thez di_rection szpecigieszt_he direction of_ t_h:eli!<e
Such a distribution might be set up by random internall®P€ Of the orbital, and= i/ a; is thes-p hybncﬂzaﬂon
strains, which would imply that the observed line is a superf@tio, which gives information about bond angfé<
position of many sites with slightly differef® and ¢ values. As measurements on R2 are possible onlyBarlose to
Alternatively, the line might be motionally averaged between{100, we need COﬂSIde( only neighboring sites which would
two (or more extreme values. A characteristic of a motion- b€ equivalent for that direction. Fd the number of such
ally averaged spectrum is that at low temperatuf®sthe _S|tes fo_r the central atom@ boId), _and those in shells with
lines are narrow, corresponding to twar more equivalent ~ Increasing numbers of bonds linking them to the central at-
sites. Then asT increases, the system hops between th@ms are2;4:8,4;8,4;8,4; ... and for the compressed va-
equivalent sites, leading first to a broad averaged line, an8ancy:2, 2,4,4,2,2:4,4,2,2:4,4,2,2;. . . All of these, except
then at sufficiently highT to a narrow line at the mean po- the central atoms are expected to approximatepfobonded
sition. Unfortunately it is not possible to measure R2 beloworbitals. .
77 K, but that there is no perceptible change of linewidth Unfortunately, as hfs can be measured only for one direc-
between 77 and 650 K suggests that the broadening is ng@n. thes-p hybridization of the unpaired electrons cannot
motional. be measured. If we assume that the orbitals s the
A further indication that the broadening is not motional, hyperfine separation fd8 along(100) is dominated byAs.
but rather due to internal strain, is that the lines of R2 aréHence the density)’a? may be deduced for three sets of
nearly 40% broader in a type-Ib diamond containing abouneighbors containing 8, 8, and 12 atoms. &pt orbitals, the
300 ppm of nitrogen, for which the dilatation of the lattice spin densityniz,Bi2 is three timesnizaiz. This assumption
around the nitrogen atoms would be expected to set up integives a total spin density of 25% in the observed orbitals.
nal strains(Sec. IV C and Table )l This strongly suggests that there is a large contribution from
This strongly suggests some potent mechanism for proeentral, and possible first-neighbor orbitals which are for
ducing random internal strains, and a much greater sensitisome reason not being observed.
ity of R2 to the strain than other paramagnetic centers in Although the multiplicity of equivalent sites may be in-
diamond. The compressed vacancy model is not dissimilar toreased by accidental coincidences, the observed pattern is
V™ (S=3/2), where a narrow EPR line shows no susceptibil-much more consistent with R2 bein§ rather than a com-

The 1*C hfs is described by additional terms in the Hamil-
tonian which becomes

where the summation is over all neighboring sites. The hy-
perfine structure terms are often found to have axial symme-
try, and in this case may be decomposed by writing

(6B2,0 = (6B s/ 6D ){6D2) + (6B es/ 56)(56%). (5)
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pressed/. Another feature which favord is that as much as as a contribution from the four next-nearest neighbors. On
25% of the spin density appears to be on distant atoms. Thighe assumption that these @’ bonded A for these neigh-
is similar to R1, which includes®. In contrast,V~ has bors is about 43 MHz, corresponding to about 18% of the
~100% of its unpaired electron probability density on theunpaired spin density on these four atoms. This compares
central four atom§,the divacancyR4/W6) has 82% on the  with 21% in Si-L8. When allowance has been made for the
central six atomgalthough these are not all equivalgft  contribution from these neighbors in other directions, the
and th4665A2 excited state ok/® has 75% on the central four residue can be attributed to the two cenpalorbitals, with
atoms. 0 _ A|~175 MHz, A, ~32 MHz, which corresponds to about
Forl”, one might not observe the hfs from the central twOg3g, of unpaired electron in these two orbitals. All of these
atoms forB along (100) because that direction is perpen- n mpers are extremely approximate, because of the uncer-
dicular to bothp,, orbitals, which if they are like the@,  iainties of deconvoluting the linewidth. The sets of two and

orbitals in R1, have very smah, . That would still leave four equivalent neighbors, suggested by this interpretation of

the3 four next nearest ne|ghbo_rs, which would be more IIkethe linewidth, would certainly lead to observable resolved
sp° bonded orbitals, and so might be expected to be Obser\fi'nes in the samples with 5% and 9%C, even if they were

able. It is possible that these lines might be broadened by : ;
distribution of hyperfine parameters through a similar broad-%0 weak to be observed in natural diamond. That they are
not observed is strong evidence that the hfs parameters for

ening mechanism to the fine structure paramBter . R .
Although for 1° the central atoms might not be expectedthese neighbors have a distribution of values, which would

to contribute forB along({100), they would contribute foB give brogd lines, even for |0V‘73'C Conpentratigns. A pos.sible
in other directions. This is not observable for natural dia-mMechanism for this broadening will be discussed in Sec.
monds, or even in the diamonds enriched to %, because V! A. Such broadening would also reduce the too large spin
of the wide lines. Their contribution may be greater than thedensities, suggested by the above interpretation, as it makes
linewidth, but their relative intensity would be too small. contributions to the overall linewidth in the sample with 50%
However, for largel*C concentration, the contribution to the *°C, so making smaller the values of the hfs parameters de-
linewidth from unresolved hfs exceeds the other broadeninguced from the linewidth. A similar broadening mechanism
mechanism. could be invoked to account for the absence of hfs for four of
On the assumption that the sets of eight equivalent neighthe next-nearest neighbors; and this contribution would fur-
bors whose hfs was observed by Nadolinny, Sobolev, anther reduce the hfs parameters necessary to account for the
Yurieve?’ correspond tsp® bonded orbitals, one can use the widths observed. Hence, one can account for the linewidth
hfs parameters determined Bralong(100) to calculate the measured in the 50%°C sample on thé® model with rea-

contribution to the linewidth due to these neighbors for anysonable spin densities on the atoms, but not on the com-
concentration of-3C. This turns out to have the same mag- pressed vacancy model.

nitude (1 mT) for all four directions in which the linewidths

have been tabulate(lable 1l). A comparison of the line-

width calculated by convoluting this hfs contribution and the F. Annealing under uniaxial stress

linewidth observed for a sample with litlé3C, with the

linewidths measured in samples containing 58%, indi- That annealing under stress along a unigl@0 at tem-

cates that there are substantial additional contributions fromyeratures where the concentration of R2 is just beginning to

other neighbors. fall for very long annealing times, causes reorientation of R2,
In the absence of resolved hyperfine lines from additionaky that the concentration of R2 compressed parallel to its

neighbors, one can make only generalizations. It is signifi=yig decreases, while the other orientations increSee.

cant that the additional contributions f&r along (100, to |y F), suggests relative motion of the constituents of(Be

bothAMs=1 andAMs=2 lines, is much smaller than f&  1,pje ). The reorientation of° is exactly what one would

in the other three directions. Fqr orbitals directed along expect as it begins to become mobile. It is a much less prob-

(111) directions, whatever thep hybridization, the contri- able process that th component of the compressed va-

butions from orbitals directed along &lL11) directions sum cancy would move round to the appropriate position for a

to give the same contribution in the four directions we have otated[I-V] combination. This would involve five steps, if
tabulated. The measured difference is an indication of larg o : ' . L SIeps,
the I* is allowed to trespass into a “chair” containing the

anisotropicp-electron contributions, witi100) as a unique . ) )
picp 4100 d vacancy without being captured by it; and many more steps

direction. This is consistent with E-like structure rather Y&“€ . ; .
than a compressed vacancy structure. All known centers irlf It i to avoid such chairs. It seems much more likely that

volving vacancies have the lobes of thpiorbitals directed [1-V] compressed along its length would annihilate by re-
close to{111), and haveA>A,,. In contrast, the,, orbitals comblnatlon, removing irreversibly some of the popl_JIat|0|_1.
of 1° lie normal to(100), and would be expected to have Even if one supposes that such an improbable reorientation
very smallA, : only centers involving . orbitals|R1, (Ref. ~ Process could be driven by applied external pressure on
39), W21 (Ref. 25] haveAs~A,. [1-V], there is no reason why the reverse process should
It is interesting to continue to analyze the linewidths onoccur when the system is subsequently annealed again in the
the assumption that the centell ¥ and that the hfs observed same way, but without any externally applied stress. Then,
by Nadolinny, Sobolev, and Yurie%acorresponds to 8 of surely for the compressed vacancy model, there is no pres-
the 12 next-nearest neighbors. Hence, to a rough approximaure to change thid-V] orientation at all. However, for the
tion, the additional linewidth foB along(100) can be taken 1° model, if all that happens at that temperature is tat
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begins to reorient, it is natural to expect that any nonequilib- A. The line broadening mechanism
rium distribution set up by annealing under stress, should |, sec. VD we suggested thitmight be more sensitive
return to random orientation over the three sites. to local strain than other EPR centers in diamond, because

Hence, this measurement seems to clinch the tendengye sp? bonds on either end of [Fig. 1(a)] may be particu-
indicated by most of the other evidence, to suggest that th%ny susceptible to displacement out of the plane of thefr
compressed vacancy model is untenable, and that the isolategbitals.
1° model must be preferred. This can be modeled by displacing the two nuclei by a

distanceY,; and Y, along their respectivg . orbitals. To
save cumbersome expressions, we calculate this on the as-
VI. THE MODEL FOR R2 sumption thaty? of the spin density is concentrated on each

nucleus, and calculate the dipole-dipole interaction between

The above discussion seems to indicate conclusively thghem (elaboration of this to take account of the distribution
the compressed vacancy model is not the correct explanatiqsy spin density over thep,. orbitals gives essentially the
of R2. However, some of the data discussed do not at fir%ame Conc|usi©n Expressed in terms db for the undis-

sight seem consistent with the isolatddmodel either. placed nuclei, this leads to

A model which removes all of the inconsistencies of the
19 model is a loose association 6t andV at a range of AD/D=6(Y2+Y3)/R?>=—3AR/R, )
separations. The observed EPR is taken to arise fronSthe
=1 state ofl°, and the random strains at tHesite, set up by sin g:(y§+ y§)1/2/R, 9)
a vacancy at different distances and directions fromIthe
could be responsible for the broad EPR lines. In turn, the tang=Y,/Y,. (10)

random strain at ®° site, set up by the distribution of neigh-
boring1° could give rise to the broadening of the GR1 line to That ¢ takes all values indicates th¥t andY, are uncor-
the high-energy side. related, with(Y2)=(Y3) and(Y;)=(Y,)=0. The distribu-
There may be some evidence, in centers formed by eledion of values ofD and # about a mean gives the rms devia-
tron irradiation of type-lb diamond which are different from tions of 6R/R and 66=((Y2+Y3)¥?/R. Taking R
those in type-lla diamond, that vacancies may be formed-0.15 nm the experimentally observé®/D and 56 indi-
preferentially near to Natoms’ However, the density of N cate values ofdR~1.3x10"° nm and((Y{+Y3)¥?~1.6
is so low that in the major part of the volume of the diamond> 102 nm.
one would expect the probability of generation of R2 to be It does not seem unreasonable that this sort of magnitude
the same as in type-lla, and that the major part of the obof distortion could be produced by nearby vacancies. It is
served intensity of the EPR attributable to R2 would comedifficult to estimate the internal strain set up by particular
from this region. Hence, one should regard the additionafléfects. One can approximate by using the results of
broadening of R2 in type-Ib diamond as a bulk effect of theAnthony;" who showed that under certain approximations
distribution of N upon a random distribution of R2 centers, the internal stress set up by a sphere inserted in diamond
In contrast, the independence of the linewidth of R2 upon th&vould fall off asr~* from the center, S0 ohe may assume
concentration of RZandV°) indicates that the strain which that the strain would do likewise. ForsNhere is a~25%
broadens its lines must be produced by locally formed vag€xpansion of the principal NC bond, which is elongated to
cancies. ~0.2 nm*8-5%For 300 ppm of N the mean distance from
Under normal conditiond? is immobile up to the anneal- any carbon atom sitgotential site forl) is 1.4 nm, at which
ing temperature. The data of Sec. IV G suggest that on ardistance therefore there would be a typical strain of %0
nealing, somd® recombine with their locaV, so reducing which is the order of magnitude to produce the broadening
the overallV concentration: about 46)% in the 100 K irra- we observe. FoNM° the nearest neighbors at 0.15 nm are
diated sample with high initial R2 content, and 686 in the  displaced outwards by 1586so0 at distance, (appropriate
sample irradiated at 350 K. The others diffuse away to othefor the compressed vacancy modee strain is~10~2, and
fates. The remaininy® are no longer strained, so the GR1 it becomes~10"2 at ~0.8 nm (2.2,). This suggests that
lines become sharp. the VO which broaden the R2 line lie withingg of 1°. This
The spin-packet width of the EPR line-0 wT) is about  also suggests that the contribution to the R2 line from any
two orders of magnitude smaller than the EPR linewidth, scompressed vacancy site should be displaced by about 25
there must be more than 100 different neighboring sites cormT, but if the probability of such sites is onky 3% this
tributing to the broadening. There are250 sites forV®  would not be observable.
between radial distances, and 2, from 19, so that this is The displacement we have deduced above of the nuclei of
not an unreasonable number. the p,. orbitals might be expected to modify the spin density
This model suggests that R2 is formed by particle impacbn them appreciably, and hence their hyperfine interaction.
ejecting a carbon atom to an interstitial site a fewSo the hfs parameters for the central atoms could suffer a
bondlengths away. Any which do not get further than therandom distortion likeD. This would broaden the hyperfine
3rd- neighbor position, so are in the same chair, immediatelyines, even in theAM¢=2 transitions, which are almost in-
recombine; but the others remain immobile at the site whersensitive toD. The modulation of thep? bonds of the cen-
the impact leaves them. For any sité, could be oriented tral nuclei would also modify thesp® bonds on the four
along any of the thre€100) axes. nearest neighbors, which might also therefore have signifi-
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cant spread of hfs parameters. This may also produce thgarbon(100)-split interstitial,1°, created in association with
same sort of effect on the four second neighbors in the samg nearhy vacancy at any site more distant tagnl ® remains
{110 plane as the central atom and the nearest neighbofmmopile until the annealing temperature of 700 K. Optical
which could account for there being only 8 of the 12 secondyansitions at 1.685, 1859, and 3995 meV show a direct cor-
neighbors with narrow hfs lines. relation in intensity with the R2 EPR concentration.
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