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Electron-paramagnetic-resonan@PR studies in radiation damaged diamond enriched to 5@ have
resulted in the identification of the nearest-neighbor divacancy center. It is the isotopic enrichment, and
consequent observation &fC hyperfine lines, that has permitted the structure to be determined more than 30
years after the discovery of the center, knownRas or W6. The center is produced by annealing radiation
damaged diamonds to temperatures at which the vacancy is niabdge about 900 K and in pure diamond
it is the dominant vacancy related product of irradiation and 900 K annealing. The divacancy anneals out upon
prolonged annealing to temperatures above about 1100 K. Low-temperature EPR measurements determine the
absolute sign of the largest principal value of enatrix, D5 to be negative; and measurements at tempera-
tures between 4.2 and 300 K indicate thatEhmatrix is temperature dependent in this interval. The center has
C,, symmetry at low temperaturg80 K), and appears to change to axial symmetry alddtl) at high
temperatures*400 K). Analysis of the'3C hyperfine-coupling data using a simple molecular-orbital model
shows that at low temperature the unpaired electron probability density is primarily located on four equivalent
carbon atoms that are not in th&10 plane of reflection symmetry containing the two vacancies. These four
carbon atoms show an outward relaxation around the divacancy. The low-temperature symmetry and localiza-
tion of the unpaired electron probability density is surprising, the former in the light of theoretical predictions
of a 3Azg ground state in the undistortddl;y symmetry and the latter in comparison with divacancies in
silicon. A simple defect molecule calculation suggests that the divacancy R8s around state at low
temperatures witlC,;, symmetry. The large linewidth leaves it unclear whether the symmetry changes at high
temperatures t®;4. The broadening of the EPR linewidth with increasing temperature does not originate
from thermally activated reorientation between sites v@th symmetry. It appears to be due to rapid spin-
lattice relaxationvia the Orbach mechanignat temperatures above 50 K, and simple analysis suggests that
there is an excited state @) meV above the ground stafeS0163-182€09)04620-2

I. INTRODUCTION nearest-neighbor divacancy in the neutral charge state.
This paper will be set out as follows: previous work on

Recent advances in diamond synthesis, and more impothe vacancy and divacancy in diamond and silicon will be
tantly the gquality and size of the manufactured diamond, argeviewed in the remainder of the introduction; experimental
stimulating interest in exploiting diamond in applications details given in Sec. II; our new measurements presented in
where its remarkable physical properties enable technologiSec. lll, their significance discussed in Sec. IV, and Sec. V
cal breakthroughs. Low-dielectric loss diamond windows fordescribes how the evidence leads to a model for the center.
high power gyrotrons, diamond visible blind ultraviolet pho- Finally our conclusions are presented in Sec. VI.
todetectors, and ionizing particle detectors are some of the
most promising recent applications. The fundamental physi-
cal properties(high-thermal conductivity, optical transpar-
ency, mechanical strength, etthat make diamond an attrac-  The lattice vacancy in diamond, one of the primary prod-
tive optical/electronic engineering material are veryucts of radiation damage, has been extensively studied. Ex-
sensitivite to impurities and defects. Successful exploitatiorperiment and theory for the neutral and negatively charged
in applications where diamond is likely to suffer radiation vacancies are in good accord. The early theoretical defect
damage demand a thorough understanding of radiation dammolecule calculations of Coulson and Kearsléyr the dia-
age defect formation, migration, aggregation, and annealingnond lattice vacancy were remarkably successful because
In this paper, we present electron-paramagnetic-resonantkeey recognized that there are several possible ground states
(EPR measurements on a defect in diamond that is producefbr the vacancy, and as a consequence electron-electron cor-
by electron irradiation and annealing to 900-1000 K. Therelation effects are important. In the defect molecule calcu-
results presented in this paper show that this center is thiation they assumed that the electronic properties are prima-

A. The isolated vacancy in diamond
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rily determined by the electrons in the dangling orbitalsformed from two vacancies. Large concentration&df\W6
surrounding the vacancy. THE;-point group requires that can be produced in type Ila diamonds, but only low concen-
these orbitals transform as andt,. For the neutral vacancy trations are ever produced in type la/lb diamonds where ni-
these orbitals are filled with four electrons in the configura-trogen centers provide competing traps for mobile vacancies.
tions a2t2, alt3, or t3. The configuratiora®t gives rise to  When the nitrogen concentration greatly exceeds the vacancy
the many-electron state¥A;, 'E, 3T, and 'T,. Optical  concentratiorR4/W6 and TH5 are not observed after anneal-
absorption measurements M{ show that its characteristic ing to temperatures at which the vacancy is mobile. The data
zero-phonon absorption lieabeled GR1at 1.673 eV origi-  outlined above led Lea-Wilsoet al. to speculate thaR4/\W6
nates from a'E to 1T, transition within thea?t configura- Was the nearest-neighbor divacancy in the neutral charge
tion and that the ground state }&, as predicted by Coulson State {V-V]%).® We present data that shows that this pro-
and Kearsley. This degenerate ground state suffers a dyposal is correct, and provide detailed information on the
namic Jahn-Teller distortion that splits it into &Ygroung  Structure of the defect.
andA state(8 meV highe).? For the negatively charged va- Two possible divacancy structures have attracted theoret-
cancy, thea; andt, states are filled with five electrons. The ical study,[V-V] and the[110] divacancy with the structure
configurationa®ty gives rise to the many electron states[V-C-V]. Coulson and Larkins investigated the electronic
“A,, 2E, 4T,, 2T,, and 2T,, of which %A, is predicted to  Structure o1[\_/-V]0 using the defect-molecule approach pre-
be the ground state, this has indeed been confirmed by EP#OUsly applied to the isolated vacanty.The nearest-
measuremenfSEPR measurements on thé, ground state N€ighbor undistorted divacancy haxs symmetry so that
of the negative vacancy, and tha, excited statépopulated the single-electron molecular orbitals formed from the appro-
by optical excitatioh of the neutral vacancy show that in Priate linear cqmbmayons of the six .dangllng orbitals must
both charge states the unpaired electron population is pr&elong to the irreducible representatiomg, a4, €y, and
dominately localized in the carbon dangling orbitals and thafg- FOr the neutral divacancy, these orbitals are filled with
the symmetry remains a&,.%* SiX e_Iectrons. Application of Hunds rules would lead one to

Lattice reiaxation at the vacancy in diamond has beerredict that the ground state wés,, from the one electron
investigated using a Car-Parrinello molecular-dynamicsonfigurationa; ja, e5e; . However, the promotion of elec-
calculation® and a cluster modeklocal-density-pseudo- trons from thea,, anda,, states is energetically expensive,
potential theory.® The former predicted outward displace- and Coulson and Larkins predicted that the ground state was
ment of the nearest neighbors ¥P by 0.011 nm and the A, (arising from the one electron configuratiaf,a,e?).
latter an outward displacement of 0.02 nm in both the neutral his orbital singlet ground state would not show any Jahn-
and negative charge states. Using the hybridization ratio deFeller effect. Coulson and Larkins calculation suggested that
termined from3C hyperfine coupling parametet§ we es- it was unlikely that the Jahn-Teller effect was sufficiently
timate that the nearest neighbors relax away from the valarge to split an excited state orbital doublet and shift one of
cancy by~0.02 nm in both the neutral and negative chargets components below théAzg level, so no Jahn-Teller dis-
states. Theory and experiment appear to be in accord, préertion of the center was expected. The predicted ground
dicting an outward displacement of the nearest neighbors bgtate is paramagnetiSE 1), however thé 34 symmetry is
~10% of the normal C-C bond length and little displace-not consistent with th€,,, symmetry observed fdR4/W6.
ment for the next-nearest neighbors. The next-nearest, split d10) divacancy [V-C-V]) has

The activation energy for neutral vacancy migration hasC,, symmetry. We know of no detailed electronic structure
been determined to be 213 eV, and it was found that the calculations for this defect in diamond. A recent molecular
negatively charged vacancy converts to the neutral charggynamic calculation suggests that the formation energy for
state before migrating.The high migration energy implies this structure is lower than for thgl11) divacancy'! This
that high-temperature annealing=900 K) is required for finding is at odds with similar calculations for the divacancy
divacancy formation by aggregation. Mobile vacancies arén silicon and not supported by the experimental evidence.
readily trapped by nitrogen centers and at significant nitro-
gen concentrations the probability of divacancy formation is

. C. The vacancy and divacancy in silicon
dramatically reduced. y y

Our understanding of vacancies in silicon is primarily
based on the paramagnetic resonance work of Watkins and
coworkerst? The positively and negatively charged vacan-

In diamond with impurity content less than 0.1 parts percies were both found to have spin-one-half ground states and
million carbon atomgppm) (labeled type Ila most of the the neutral vacancy was found to be diamagnetic. Vie
EPR and optical centers created by radiation damage arehdV° centers were shown to has,y symmetry and/~ to
annealing fall roughly into two categories: those existing be-haveC,, symmetry. The electronic structure of the different
low 900 K and those developing above 1000 K. Only onecharge states of the isolated vacancy were modeled using a
EPR center, labeleB4 or W6 in the literaturgfrom now on  one-electron defect moleculeoncentrating on the dangling
referred to aiR4/W6), is prominent in the intermediate tem- bonds. It was assumed that the electrons pair off whenever
perature interval. EPR measurements at 80 K showed thatpossible and the Jahn-Teller effect dominates over any cor-
the R4W6 center hassS=1 and C,, symmetry. It has re- rections to the one electron model. The simple one-electron
cently been shown that the concentrationR#f\W6 centers approach works surprisingly well in view of the theoretical
correlates with the optical-absorption band TKA3-2.8 prediction that the many-electron effects should be more im-
eV).2 Early work by Clarket al® suggested that TH5 was portant than the Jahn-Teller effect. Fof (aitz) there is

B. Previous work on the divacancy in diamond
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a but for V, the distortion is not a pairing distortion brgso-

(} nant bonding (giving rise to electronic configuration

d aZbiajby) with the distance between atorasandd (I,)

& longer thanl,, andl,y4, which are equalfor notation see
H 17,18

b Fig. 1).

b’ @ @)

‘ @ Il. EXPERIMENTAL

The single-crystal diamond sample used for the studies

O d presented here was grown at high temperatures and pressure
» ‘ by the temperature gradient method, from diamond powder
produced by chemical-vapor deposition. The diamond pow-

FIG. 1. Schematic diagram of thglll) divacancy center in d_er used_ for thelsgrowth of the sample was isotopically en-
diamond or silicon. The labeling of the dangling orbitals/atoms is”Ched with 5% ~C. Raman measurements on the sample

used throughout the paper and is consistent with the notation usdefoduced showed that the abur.\da'nceliﬁ was 4.85)%.
by Watkins and CorbeftPhys. Rev138, A543 (1965)]. The sample was mounted in an indium/gallium eutectic on a
water cooled copper block and irradiated using 1.9 MeV
electrons at a beam current of 16A to a dose of 6.5
X 107 electrons cm?.

Most of the EPR measurements were made using the
Q-band (nominally 35 GH2 spectrometer described previ-

ously by Twitcheret al.~® The increased sensitivity, and the

dominates over the correction arising from including electronabi”ty to collect spectra in dispersion modehere the ef-
correlation effects. However, fov ~(a3t3) the situation is fects due to saturation are redugeallowed the3C hyper-
complicatedmixed tetragonal and trigonal distortions in the fine Jines in the sample to be observed and studied at 33 K.
one-electron model are consistent with the experimentaty theQ-band EPR measurements sample temperatures be-
data and only recently has there been progress to a bettfyeen 4 and 300 K were achieved using an Oxford Instru-
understanding of the importance of many-electron effeCt$nents continuous flow cryostéEF200. In order to produce
and the Jahn-Teller interactidd. _ temperatures down to 1.5 K for the low-temperature EPR
_ Vacancies in silicon are rapid diffusers, faf the migra-  measurementéSec. Ill O, the sample was cooled using a
tion activation energy is 0.45 e¥/.Vacancies in silicon are - cjarendon-built immersion cryostat. This was filled with lig-
know to form pairs with acceptoreB, Al, Ga), donors(P, g helium and the temperature was reduced by pumping on
As, Sb, and other impuritiesC, Ge, etd. They also interact e helium with a large displacement rotary purdgband
with each other to form th¢111) divacancy, shown sche- (nominally 9.5 GHz EPR measurements at temperatures be-
matically in Fig. 1. Structure calculations suggest that th&yeen 4 and 300 K were made with a Bruker ER200D EPR
split or (110 divacancy has a higher formation energy thangpectrometer, equipped with a T cavity and an ESR900
the nearest-neighbor divacantyThe positively and nega- continuous flow cryostat. Concentration measurements were
tively charged(111) divacancy were identified by EPR and mage by comparing doubly integrated first harmonic EPR
found to haveC,, symmetry:® In both charge states the apsorption spectra with those of a well-calibrated reference
highest occupied level has unpaired electron probability denggmple—a single growth sector HTHP synthetic Ib diamond,
sity in the mirror plane ofC,, symmetry. Watkins and Cor- which contained 2420) ppm of the paramagnetic single
bett proposed that the four out of plane atoms surroundingypstitutional nitrogen defe¢p1).2°

the divacancy pull together to form a bent pair bdAdhe Optical-absorption measurements in the visible and UV
remaining electrons are then accommodated in the extendgdgions of the spectrum were made with a Perkin Elmer
orbital formed between the two nearest neighbor in plang ambda 9 spectrophotometer, with the sample mounted in a
silicon atoms. In terms of the one-electron defect moleculgontinuous flow cryostat. The temperature of the sample
model the undistorted defecDgy symmetry has the con-  could be varied between 8 and 300 K. The neutral vacancy
figurationas,aj,el! wherem=1 or 3 forV; orV, , respec-  concentratioinumber per cf}) was determined by dividing
tively. Because of the degeneracy associated with the pathe integrated absorptiofin units meV cm?) of the GR1
tially filled e, orbitals, a Jahn-Teller distortion takes place,zero phonon line by 1.2(3910 6. This factor has been
lowering the symmetry t€,, . These authors concluded that determined from a series of measurements described
the Jahn-Teller distortion is sufficiently large that thg  elsewheré! Infrared-absorption measurements were made at
level, which splits off from the uppeg; level, is lowered to  room temperature using a Perkin-Elmer 1710 infrared
a position below the rising,, level. Under this scheme for Fourier-transform spectrometer.

V; the one-electron energy level filling is eithafb’ag or
aZbiby and forV, a’bZaibl or abibjas (the ordering of Il RESULTS
aq andb, is uncertain. . ) _ )
The nature of the symmetry lowering distortion has been A. Optical absorption, annealing, and defect-concentration
the topic of recent debate. Saito and Oshiyama’s measurements
calculationt® suggests that fo; there is a weak-pairing In the sample used in this work the infrared absorption in
distortion (giving rise to electronic configuratioaébﬁbﬁ), the one phonon regiofenergy less than 1332 ¢rh) was

only a single electron in the, state so that only the Jahn-
Teller splitting need be considerdtetragonal distortion to
D,y symmetry. For VO(a?t3) calculations predict that the
Jahn-Teller effecttetragonal distortion td,y symmetry
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immeasurably small. The concentration of neutral single sub- R4/W6 R4/WE  R4/WE R4/W6
stitutional nitrogen in the sample is below the detection limit
of infrared absorption+5ppm). No EPR centers were de-
tected in the as grown sample. As well as the characteristic
multiphonon diamond absorption, weak absorption maxima I Wi
at 2455, 2801, and 2922 ¢rh(0.305, 0.348, and 0.363 ¢V
were seen before irradiation. These are electronic transitions

My

R4/W6 R4/W8&

associated with the neutral substitutional boron acceptor.
Collins and William$? showed that the neutral acceptor con- . . . .
centration may be estimated from the integrated absorption?-23 1.24 125 1.26 127 1.28

of the 0.348 eV band. Using their data we estimate that the Magnetic Field (T)

neutral boron concentration before irradiation was

~10% cm 3 (~0.1 ppm. This measurement sampled about FIG. 2. First ha_rmonic EPR spec_trum gollected in dispersion
50% of the specimen and should be taken as a mean concef2d€ atQ band with the Zeeman field oriented along(HL1)

. . L . _crystallographic axis. The EPR transitions from tRéW6 EPR
tration. After irradiation the absorption from the neutral bo center with nol3C near neighbors are labeled. TR hyperfine

ron centers had completely disappeared. On annealing 19,;q|ites labeled arise from a set of four equivalent carbon atoms
1000 K th_e bor_on absorption d'f_j not recover. ) _are indicated by arrows. The data were recorded at a temperature of

Before irradiation no absorption was detected in the vis33 K, the microwave frequency approximately 35.0 GHz and the
ible or ultraviolet spectrum below the indirect band-gap €N-microwave power incident on the JE cavity was about 0.2 mW.
ergy of 5.5 eV. Using the standard notation for different
types of diamond this specimen would be classified 1la§111) direction was 0.1@) mT at 33 K. The linewidth did
llb(weak. not change between 33 and 4 K.

After irradiation at room temperature with 1.9 MeV elec-  Figure 2 shows the first harmonic EPR spectr@nl-
trons to a dose of 6610"" cm™?, the visible/UV absorp- |ected in dispersionof R4W6 with the Zeeman field ori-
tion spectra measured at 80 K showed strong absorptiognted along 4111) crystallographic axis. The lines labeled
from the neutral vacanc{GR1) with the characteristic zero R4\W6 arise from defects with only?C nearest neighbors,
phonon line(ZPL) at 1.6731) eV. At 10 K, the full width at  which have no resolved hyperfine structure. The absorption
half height of the 1.673 eV ZPL was 113 meV. After irra-  seen in they=2.00 region of the spectrum in Fig. 2 arises
diation, but before any anneal, the concentratio’/®fwas  from other EPR centers created by irradiation and annealing.
(8+£2)x10'° cm™3, the R4W6 EPR center was not ob- Two further sets of lines associated wiR#/W6 were also
served and no absorption from the TH5 absorption band waglentified (x andy). The x satellites are indicated by arrows
detected. The concentration df was two orders of magni- in Fig. 2. The second set of satellitég) are difficult to
tude lower than th&/° concentration and was not monitored observe in Fig. 2 because the splitting about the central tran-
during anneals. sition is very small. The satellites<(andy) arise from de-

Initially the sample was annealed to 600 K for 2 h. After fects with a'3C atom in a specifi¢nearest-neighbdmposi-
this anneal, tha/° concentration was reduced by(8P6 to  tion. The probability of finding &R4W6 center with 13C
(6.6+2)x 10" cm 2. Changes at this temperature corre- atoms in two or more near-neighbor positions is so low that
Spond to the loss of vacancies through interstitial migratiorthe satellites would be too weak to observe in F|g 2. As a
and annihilation with vacancies, and not vacancy migraztion.consequence of the broadening of tR&/\W6 lines as the

Further annealing at 600 K had no effect on ¥feconcen-  temperature is raised, it was not possible to observel&ay
tration, theR4/W6 EPR center was not observed and nohyperfine satellites above 50 K.

absorption from the TH5 absorption band was detected.

On annealing the sample to 1000 K for one hour, and
remeasuring the neutral vacancy concentration, it was found
that the concentration 0¥° had been reduced further by ~ Q-band EPR measurements were made on RA&N6
(1.5+0.4)x 10'® cm 3. The R4W6 EPR center and the centerat2 K. Care was taken to eliminate saturation effects,
TH5 optical-absorption band were both observed after thi®y running at very low-incident microwave powers, and to
anneal. The measured concentration RFMW6 was (0.6 collect the spectrum in dispersion. The temperature was mea-
+0.2)x 10" cm™3. Hence, within errors this result is con- Sured, in the absence of the Zeeman field, using a silicon
sistent withR4/MW6 being formed from twov® centers and diode positioned just outside the EPR cavity. The ratio of

under these annealing conditions the formatioRafweé is  intensities of theMs=+1=Ms=0 andMs=0=Ms=—

the dominant product 0#° migration and aggregation. transitions measured at 219 K when the Zeeman field was
oriented along the principal direction of th2 matrix con-
firmed both thaD is negative and th&=1 for the ground

B. EPR spectra at 33K state of this center.

After annealing to 1000 K for 1 iRR4/W6 was the domi-
nant EPR center detected at 33 K. All spectra were taken at
33 K to avoid linewidth broadening and with the spectrom- During the initial study, when finding the optimum con-
eter tuned to dispersion to avoid excessive microwave powetitions for observingR4/W6, a temperature variation of the
saturation. The linewidth with the Zeeman field along theD matrix and EPR linewidth was observed. The first har-

C. Low-temperature EPR measurements

D. Temperature variation of the EPR spectra
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R4/W6 R4/W6 R4/W6

8 332 336 340 344 348
Magnetic Field (mT)

[P S,

3

TABLE I. The principal components of trggandD matrices of
the R4/W6 defect center determined from experimental data col-
lected atQ band(nominally 35 GHz at 33 K. The angle§6, ¢]
refer to spherical coordinates expressed in the cubic axis system,
and the data are presented for the site with th&0] plane of
mirror symmetry. In the final fig; andD, were constrained to be
along [90°,3159. Removing this constraint did not improve the
quality of the fit.

R4/W6 EPR center
g matrix D (MHz)

g;=2.0022(1) [90°,315" D,=+103(2) [90°,3157
g,=2.0026(1) [141(2)°,459 D,= +206(2) [144.75)°,45°]
gs=2.0013(2) [51(2)°,457  Da=—310(2) [54.25)°,45°]

dashed lines show the angular dependence of the EPR tran-
sitions calcualted using the parameters in Table I.

The intensity of the®*C satellites relative to the central
transition allows the number of equivalent carbon atom po-
sitions to be determined. If satellites arise from a carbon
atom in one ofn equivalent positions, then, using the abun-
dance of*3C in the sampl¢4.8(5)%], the calculated relative

FIG. 3. First harmonic EPR spectrum collected in absorption,intensity is 1Q1)%, 162)%, and 202)% for n=2, 3, and 4,

with the Zeeman field oriented along &11) crystallographic axis.

respectively. The intensities of transitions from different

The microwave frequency was approximately 9.5 GHz. Note thesymmetry related sites in Fig. 2 do not match the predicted
change in linewidth and position of the EPR lines as a function of

temperature. Extensive signal averagi2§0 averages over 24 h
was required to produce the 300 K EPR spectrum.

monic EPR spectrum taken at 9.5 GHz with the Zeeman field 1.275

oriented along th€111) crystallographic axis is shown in
Fig. 3. The EPR transitions from /W6 EPR center with

no °C near-neighbors are labeled. There is a marked change
of the EPR linewidth and position of the EPR lines as a
function of temperature. At 33 K the spectrum shows that the

defect hasC,,, symmetry, and at 300 K the spectrum indi-
cates axial symmetry abo(t11) which is consistent, within
the linewidth, ofD 34 symmetry.

IV. ANALYSIS OF THE DATA

A. Interpretation of the EPR spectra at 33 K

The angular variation of the EPR transitions measured at 1250

33 K from theR4/W6 centers with only'?C near neighbors,
confirmed Lea-Wilsoret al® finding that the defect haB,,
symmetry, i.e., the defect hag 410, symmetry planécon-
taining two of the principal axes of thggandD matriceg and
there are 12 possible symmetry related sites. gtend D
matrices of theR4/W6 center were determined from fitting
the experimental positions of the EPR transitioneasured
at 33 K) to Eq. (2):

H=ppS-g-B+S:D-S. (1)
The best fit values for thg- and D-matrix parameters are

given in Table I. In the final fit, thg and D matrices were
constrained to have a principal component along {thk0)

1.280

1.270

1.265

-

N

o

o
1

Magnetic Field (T)
R
&

1.245 4

1.240 4— T 1T rr1r 7 -rT7 17
0 10 20 30 40 50 B0 70 80 90
Angle from [001] in a (110) plane (Deg.)

FIG. 4. Angular dependence of the principdC hyperfine in-
teraction of theR4/W6 center for rotation about thgl 10] axis,
with & measured fronf001]. The dots are experimental line posi-
tions, measured at microwave frequencies around 35 GHz. The
solid and dashed curves are calculated at 35 GHz using émelD
andA matrices determined from fitting the experimental data. The
dashed line shows the corresponding angular dependence of the

direction perpendicular to the plane of reflection symmetry EPR transitions fronR4/W6 centers with no'3C near neighbors.
as this did not reduce the quality of the fit. In Fig. 4, the All experimental data were taken at33 K.
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TABLE II. *C hyperfine constants, and the wave-function parameters calculated from them, for the
R4/W6 center. The direction oA is given by[ 8, ¢] and is appropriate for the defect site with parallel
t0 [90.0°,315.0%. Derived from experimental data collected at 33 K. See text for further details.

Satellite/ Number of A A, [6,0] As A, 7 A\?
equivalent C atoms (MHz) (MHz) (MHz) (MH2z)

X 4 1141) 56(1) [+55(2)°315.05)°] 75 19 020 9

y 2 132) 132 13 0 001 O

relative intensities as a consequence of microwave powey satellite separation arising from the second-oenatrix
saturation. However, the intensity of tHéC satellites rela- terms was greater than that from any anisotropy in Ahe
tive to the central transition arising from the same set ofmatrix.

equivalent sites was found to be insensitive to microwave

phower saturation. The Irelative ci(ntensi;y of thlesatellites o B. Analysis of the temperature variation of the EPR spectrum
the appropriate central transitigfrig. 2) is only consistent , .
with tﬂzrepbeing four equivalent pgsitions forythat neighbor.. As the fine structure is small compared to the Zeeman

The intensity of they satellites is consistent with two equiva- Interaction, we car(_at least to a good gpprommatmuse
lent positions. first-order perturbation theory to determine the parameters of

The angular variatioriFig. 4) and relative intensities of the D matrix as a function of temperature. We can easily

the x satellites is reproduced by assuming that A& hy- derive equations for the splittings of the lines in the three

perfine interaction is axially symmetric and that there areorincipal cry.stallo.graphic. direcFio.ns((OOD, (111, and
four possible orientations of the principal componeh, (110)). Working with the line splitings means that we can

along(111) directions not found in the110} mirror symme- (to first ordey ignore any temperature variation in the elec-

try plane of the defect. We note that for unpaired electrorfONiC g matrix. In fact any variation proved too small to

probability density in a dangling orbital pointing into a lat- Méasure. Assuming th@ts andD, lie in the {110 symme-
tice vacancy we expect an axially symmetric hyperfine inter!Y plane of the defect, andis the angle thab; makes with
action with A; along theSllJ) direction of the orbitaksee 001, then we have three unknowr®3, Dy, and 6 (D,=
studies onv® and V~).®* No other selection of symmetry —D;—D3). We have nine pieces of experimental data at

related directions foA| was consistent with the experimental each temperature: two for the Zeeman field aldegl),
data. three for(111) and four for(110), corresponding to the mea-
The hyperfine matrix for the satellites was determined suredD-matrix splittings.D3, D4, andé were determined by

by least squares fitting the experimental di@4 experimen- allowing a least squares-fitting algorithm to vary these pa-
tal point9 to the spin Hamiltonian given in Eq2) with rameters until the best fit of nine derived equations with the

|=1/2 andgy=1.40482 for 13C. The hyperfine interaction experimentally measured splittings was obtained at each

was constrained to have axial symmetric with oriented temperature. It was important to be careful about which tran-
along one of the out of plangl11) directions. | sition on the high-field side is associated with which one on

the low-field side. ThéD-matrix parameters are shown as a
function of temperature in Fig.(8). The angled, whichD4
H=upS g-B+S-D-S+S-A-1— upgnl - B. 2) makes with[001] as a function of temperature, is shown in
N B B Fig. 5b).

The magnitude of thd® matrix was sufficiently large that
second-order corrections to the satellite positions cannot be =, @ 591
ignored and the full Hamiltonian has to be used. If all the ® 00 00%g oq
interaction matrices were collinear, then this correction %] iy
would be of order P/gugB)?A, but they are not and the
correction is several times larger. The fit obtained using an
exact solution of the full spin Hamiltonian was excellent, the
root mean squared deviatigRRMSD) error in the positions
of the satellites was less than 1 MHz. The hyperfine param-
eters determined for th&) satellites are given in Table Il
Figure 4 shows the calculated angular variatitsolid
curves for the x satellites, determined using Eqg. 2 and the
experimentally determined parameters. The experimental T s I
data points used in the fitting of the hyperfine parameters are  ° 5T° ‘°‘: }‘(50 200 e s 0 1m0 200
shown with dots(The dashed line shows the angular varia- emperature (9 Temperature (K)
tion of theR4/W6 centers with no**C near neighbors. FIG. 5. (a D-matrix parameters determinddsing first-order
For the second set of satellites, labelgdhe hyperfine  perturbation theory as a function of temperaturéb) Angle 6
interaction, within the accuracy and resolution of our meawhich D; makes with[001] in the (110 plane of the defect as a
surements, was isotropisee Table ll. The anisotropy in the function of temperature. See text for more details.
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65- ©=2 7i(cibast Bidzp), 3)
where the summation is over the carbon atoms on which the
704 unpaired electron is localized anghs and ¢,, are the 3
and 2p atomic orbitals, respectively. The parameters G;,
= 5. n;, taken to be real, are deduced following the standard
O procedure from the hyperfine parameters and atomic param-
T eters tabulated by Morton and PrestdnThe hybridization
SU’ -8.04 ratio is \j=p;/«;. The wave-function parameters deter-
mined from thex *3C hyperfine satellites are given in Table
II. Eighty percent of the unpaired electron probability density
-8.5 - is located on these four carbon atoms. The second, and
4 smaller, interaction(corresponding to the two equivalent
siteg was isotropic to within measurement and accounts for
9.0 ——————————— only a few percent of the unpaired electron probability den-
0000 0.005 0010 0015 002 0025 sity. Summing the fractional unpaired electron populations
Reciprocal Temperature (K') (niz) determined from the measured hyperfine interactions

shows that most of the unpaired electron probability density
FIG. 6. The electron spin lifetimén a given magnetic enviro-  (~829) is accounted for.

men) deduced from the EPR linewidth in the usual way is plotted

as a function of reciprocal temperature. For further details see text.
P P B. Possible models forlR4/ W6 indicated

. .. . by the experimental evidence
As can be seen from Fig. 3 it is not only the EPR line

position that varies with temperature, above about 70 K the N pure diamondR4AW6 is commonly formed in large
EPR linewidth broadens rapidly. At 300 K the linewidth is of @bundancéSec. Il A) which makes it very likely that it has
order 2—3 mT. At first it was thought that the linewidth @ Simple structure. The center is formed at temperatures
broadening resulted from thermally activated reorientatiofVhere vacancies are mobile. The correlation reported by
between different symmetry related sites. However, this id-€a-Wilsonet al” betweenR4/W6 and the optical defect
ruled out as the dominant mechanism for broadening as i$H5, which is known to involve two vacancies, suggests a
explained in Sec. V E. In Fig. 6 the lifetime of the unpaired divacancy type of defect. The center contains an even num-
electron in a specific magnetic environmendetermined in  ber of electrons $=1), and as it is produced in abundance
the usual way from the linewidth broadening is plotted as dn pure diamond with no dominant electron donors or accep-
function of reciprocal temperature. The straight line in Fig. 6tors we are forced to the conclusion that it is in the neutral
is derived by assuming that the lifetime varies exponentiallycharge state.
with reciprocal temperature. The activation energy deter- We find in Sec. IV B that at low temperatures the defect
mined from this fit was 2@) meV. has C,, symmetry. It is not clear from our measurements
whether the symmetry of the center actually becoiggat
high temperatures, or that whether by chaice=D, (see
V. DISCUSSION Sec. VD.

The evidence suggests a simple structure involving two
vacancies andC,, symmetry implies that these, and any
other constituents for the specific defect site being consid-
ered, lie in the (10) plane of reflection symmetry. The
presence of the majority of the unpaired electron probability
density on the four identicalsymmetry relatedcarbon at-

A. Analysis of the measured'3C hyperfine interactions oms implies either inversion symmetry for the defect, or re-
flection symmetry in the (1@) plane. In either case, if there
were other constituents, like interstitials, they would have to
be present in equivalent pairs to preserve this symmetry.
That implies too complex a structure for such an abundant
enter, so we are convinced that it comprises just two vacan-

We find in Sec. IV B that at low temperatures tRé/\W6
defect hasC,, symmetry. In the following discussion we
will refer to a specific site for which the plane of reflection

symmetry is (10).

In Sec. IV A it was shown that the satellites arise from
a 13C atom in one of four equivalent positions, whereasythe
satellites arise from &°C atom in one of two equivalent
positions. The hyperfine parameters determined by fitting th
experimental data to Eq2) are given in Table Il. Thé®C  iog
hyperfine interaction determined from tResatellites is axi- A.n undistorted[V-C-V] center would have reflection

ally symmetric, andfor the site with the (10) plane of  symmetry in the(110) plane, and is ruled out, as it would
reflection symmetry/A is oriented(with equal probability  gjve the defecC,, symmetry. Furthermore, the model is not
along one_of the following four directiong:111],[111],  consistent with the observed temperature variation of the
[111], or[111] (i.e., any{111) direction not in the plane of EPR spectrum in particular the apparébll) axial symme-
reflection symmetry try observed at 300 K.

The hyperfine interaction can be interpreted in the usual The[V-C-C-V] center has the requirdgh,, symmetry. It
way in terms of an unpaired electron wave function is possible that a double bond would be formed between the
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s (by): @~ A 400" e (b,): 26— E(a+d) <(2b’— E(@’+d))
@ T .26 W= faed
1) Sbadith @) a-d-a’+d — (3g): 2b— £(a+d) (20~ Ea'+d?)

a—d-a+d’
%(5201 Pbam d2bsasd’ +(b“): bb’ +(bg): a—d +a'-d)
? I (a): a+bedet’b'—d’ _+_(ag): bb’ +(a“):a—d—(a‘—d)

_H_(alg): a+brd+a’+b+d’
_H_(b..): a+d-a-d’ _++_ (by): a+&b+d — (@'+tb'+d)
_$+_(ag); avd+a’+d’ _H_ (ag): a+éb+d + (a'+&b'+d)

(a) D3q: undistorted (b) Con: a-d pairing (© Con: £> 1
with no b admixture
FIG. 7. Schematic diagram showing the different possible simple one-electron electronic structureéldfihdivacancy:(a) undis-
torted D 34 symmetry,(b) strongpairing distortion betweera (a’) andd (d’) with no mixing between orbitals of the same symmetry, and
(o) strong mixing of orbitals with the same symmetry with andby shifted below the uppea, andb,, orbitals. The labelling, b, d, &',
b’, andd’ of the dangling orbitals refers to Fig. 1. The arrows denote the electrons, and their spins, for the neutral charge state. See text for
further details.

central two carbon atoms, as in acetylene. It then seem®maining in-plane nearest neighbors of fh&V]° center.
probable that a large fraction of the unpaired electron probAs we would expect for a vacancy center in diamond the
ability density would be found on the two remaining dan- majority of the unpaired electron probability density is local-
gling orbitals in the (10) plane, at odds with the experi- ized on the carbon atoms adjacent the two vacancies. In the
mental findings. Even if the central carbon atoms were not séollowing sections, we show that all the as yet measured
linked, it is improbable that the majority of the unpaired physical properties o0R4MW6 can be explained in terms of
electron probability density would reside in four out of planethe[V-V]° model.

dangling bonds, coupled to form &1 state with equal Experience with the isolated vacancy in diamond has
probability density on each end, especially, when there is @hown the importance of not ignoring the many electron ef-
full bonding orbital lying between them. Furthermore, we arefgcts for vacancy centers in diamond. However, to gain some
unable to rationalize the model with the observed temperal-nsight into the problem we will proceed with the Watkins

t“rﬁ Vha”a“O” of the EPR SpeCt“;m-h A g @10 Corbett model. Filling the levels of Figity (simplified
the two vacancies were any further apart they wou nOtpairing distortion ignoring the possible mixing between

perturb one another sufficiently for them to behave d'ﬁer'states of the same symmetry, i.e., the tapand twob,
ently from two separated neutral vacancies v@th0 ground . . P
state$ with six electrons, indicates that we can maké& a

states. o )
o . 0: =1 state by filling the lowes, andb, levels, and putting
The nearest-neighbor pair of vacandi®s V] is the only ne electron in each of the highay and b, levels. This

center that has not yet been ruled out. This defect must bg

distorted at low temperatures to account for the lowering o Ives the Iocallzatlo.n of the unpalred_electronh)qndb at
the expected symmetry ©.,,, and to give a large hyperfine odds with the experimental result. This problem is apparently

interaction with four equivalent out-of-plane neighbors. solved if we allow thea, andby, levels to be shifted down in
energy below the higheay and b, levels. Now we have

) 13 o . unpaired electron on the four out of plane dangling orbitals.
C. Accountlng for the mea%uredc hyperfine interactions However, this is implausible in the strong-d pairing
with the [V-V]" model for R4W6 scheme because it would mean that dangling orbhiadsd

In Sec. | B the electronic structure calculations on theb’ were totally unoccupied. However, if we switch to a
[V-V]° center in diamond were reviewed. The simple defectscheme where twagy(b,) levels are strongly admixeldrig.
molecule, with labeled dangling orbitals is shown in Fig. 1,7(c)], then postulating,, andbg as the next lowest levels is
and the one-electron energy levels in Fig. 7.3A2g ground  not unreasonable. We can now haveSanl state(one elec-
state[originating frome? in Fig. 7(a)] was predicted for the tron in each of the uppeay andb, levels that would have
undistorted V-V1° center withD 34 symmetry and no Jahn- the majority of the unpaired electron population density lo-
Teller distortion was expected. calized ona, d, a’, andd’, in accord with the experimental

We propose, at variance to previous theoretical predicresults. The filling of the one-electron levels described above
tions, thaf V-V1° hasC,;, symmetry at low temperatuféhe  indicates that the many electron ground state€’lg . The
distortion is not Jahn-Teller in origirand that the unpaired simple one electron analysis given above is supported by
electron probability density is predominately localized inrecent work of Coomeet al?*
dangling orbitals on the four nearest-neighbor carbon atoms The hybridization ratio derived from the hyperfine inter-
not located in the symmetry plane of the defect. As shown iraction for carbon atoma, d, a’, andd’ (Table Il) suggests
Sec. V A about 80% of the unpaired electron probabilitythat these atoms move outwar@svay from the vacancigs
density is accounted for on these four atoms. Further, wéy ~0.02 nm. An outward displacementaf d, a’, andd’,
propose that the two equivalent carbon neighbors identifiedlong with a much smaller outward or even inwdconsis-
by the small isotropic*3C hyperfine interaction are the two tent with a small anisotropic hyperfine couplindisplace-
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ment of b and b’, is in accord with» of Fig. 7(c) being tion over the distributed orbitals. This would undoubtedly
greater than I(strong mixingé>1 andl,>1,,=14,). To lead to far from axial symmetry, as is observed, but would
the best of our knowledge, Coomet al. were the first re- predict values considerably larger than the measured interac-
searchers to calculate this distortion for fheV]° center in  tion.

diamond®* We note that this type of distortion has also been This analysis need not invalidate the nearest-neighbor di-
proposed for thgV-V]~ in silicon® and the As end of Vvacancy model, because there may be other contributions to

[V-V]T0~ centers in GaA&® the D matrix. The shift ofg value from the free-spin valug,

The experimental results can be rationalized in terms ofor R4/W6 (Table ) is large compared with most defects in
the one electron model, but we would not want to over emdiamond?® and it arises from a spin-orbit admixture of ex-
phasize the one electron approach, a more sophisticated c&fted states. In a free atom such admixtures also lead to a
culation is urgently required. contribution to theD matrix of the form D=\g0d0/Qe,

For [V-V]" in diamond we would expect a Jahn-Teller where Asq is the spin-orbit coupling constant. If such a
distortion toC,;, symmetry. However, we suggest caution in mechanism produced a contribution@an R4/W6, the sign
assuming that this would be a pairing distortion. Wherean and magnitude could be such that it opposes and almost can-
state splits under a@ mode Jahn-Teller distortion, the two Ce€ls the dipole-dipole contribution. Unfortunately, for a dis-
states split symmetrically and the total energy of the systenffibuted wave function, a calculation of all these effects is far
is independent of the sign of the distortion. This leads to thédrom straightforward, so these considerations only give an
Mexican-hat potential ire-mode space where the existence indication of how the measurdd matrix may be reconciled
of a static distortion arises only from departures from lineaith the model.

Jahn-Teller coupling. The choice of the lowest energy static In Sec. lll D is was shown that the magnitude of the
configuration and the height of the barrier for reorientationmatrix decreased with increasing temperature. Any dipole-
are determined by subtle higher order effects. This chargéipole contribution tdD would decrease in magnitude as the
state of the divacancy in diamond should be sought and thi¢mperature increased, as is observed. If the whole of the
sense of the distortion investigated. observedD were attributed to dipole-dipole interaction any

We have to ask ourselves what drives the distortion foichange inD5 due to a lattice contraction would be at least a
the[V-V]° center in diamond? We believe that the distortionfactor of five smaller than what we observe. However, if
is not Jahn-Teller in origin¥A,, ground state predicted for 80% of the dipole-dipole interaction were cancelled by the
Dy Ssymmetry. The increase in strain energy associatedother mechanisms mentioned above, the observed tempera-
with the distortion must be compensated for by a greatefure variation could be accounted for by the effect of thermal
reduction in the total electronic energy. The large open volexpansion of the dipolar contribution. However, this would
ume of the divacancy suggests that lattice relaxation will bénvolve making the unlikely assumption that the other con-
at least as important as for the isolated vacancy. Our resulfgibutions to theD matrix are independent of lattice contrac-
show that the lattice relaxation around tM8, V—, and tion. In addition, the measured change is linear over the en-
[V-V]° centers in diamond, is outwards and has similar magtire temperature range, while there is considerable curvature
nitude in all three cases. We hope that this work stimulated) the dependence af, upon temperaturé. The apparent
theoretical investigation. rotation of theD matrix might result from different depen-

dencies of the two competing mechanisms.
) This sort of temperature dependence of hematrix is

D. The origin and temperature variation of the D matrix unusual in diamond. Kinet al.?® reported that for the defect

Low-temperature EPR measuremefi8ec. Il O show labeledA2, created after electron or neutron irradiation, the
that theR4/W6 center has a spin-triplet stat8€1) ground D matrix parameters increased and rotated about the axis
state and the largest component of thematrix (Dj) is perpendicular to the symmetry plane of the defect as the
negative. The final piece of information is consistent with thetemperature is increased from 77 to 306%urther study is
D matrix arising from a dipole-dipole interaction between required to develop a good understanding of the temperature
two unpaired electrons witls=%. If we assume that the Variation of theD matrix for R4/W6 andA2.
magnitude ofD5 originates solely from a dipole-dipole in- - o
teraction between two electrons, then this suggests an E- The temperature variation of the EPR linewidth
electron-electron separation of the order of 0.6 nm. At such a For each possible orientation of th&11) divacancy(Fig.
large separation one would expect Denatrix to be axially 1) there are three entirely equivalent possible distortions. In
symmetric, which is far from so foR4/\W6 (see Table)l  each case one of the nearest-neighbor separatiggs|(,
Hence, the data is not consistent with Dematrix originat-  or ) is unique while the other two are equal. The barrier to
ing from two well-separated unpaired electrons. reorientation from one distortion to another should not be

The [V-V]° model described in Sec. V C indicates thatlarge and we expect thermally activated reorientation to
the unpaired electron probability density is primarily local- manifest itself at relatively low temperatures. Indeed for the
ized on two pairs of carbon atonas, d’ anda andd. These  positively and negatively charggd11) divacancies in sili-
pairs of atoms are separated from one another by about Oédn the activation energy is only @3 and 52) meV, re-
nm, so if one attempted to preserve the explanatioDof spectively, and lifetime broadening is observed at tempera-
arising purely from a dipole-dipole interaction, the value oftures above about 50 K. At first sight the linewidth
D3 would be ~—1640 MHz, even after allowing for the broadening observed for thgl11) divacancy in diamond
80% spin occupancy of the orbitals. To make a correct estiinvites this interpretation, however, this is not the correct
mate ofD one would need to sum the dipole-dipole interac-explanation.
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The outermost transitions shown in Fig. 3 should not be VI. CONCLUSIONS
broadened by reorientation between differently distorted
configurations because the resonance field is identical f%i

each of the three differently distorted sites. These transitiongancies in the neutral charge staf&/{V]%). The defect is

are clearly brc_)adened as_the temperature incr_eases, ru!ing %fmed in abundance when the vacancy becomes mobile at
thermally activated reorientation between different dlstor-~900 K, such that nearly all the vacancies are lost while the
tions as the dominant mechanism for line broadening. R4/6 center is formed in pure diamond. At low tempera-

Analysis of the linewidth broadening in Fig. 6 indicated tures tha V-V1° center haC.. svmmetry. which is suroris-
an activation energy for lifetime broadening of(2DmeV ing in Iight of] theoretical przgdiz:/tions. Xnalysis of th’gc

1 - i = _1 i i . . . . .
with a pre-exponential factor 44~10° s~*. The activation hyperfine interactions indicates that at low temperature

energg/ fo_r Ilftet|me pro;a?_enmg IS not utT]reasofnatt)Ie forsaten; 80% of the unpaired electron probability density is located
ergy barrier to reorientation, nowever the prefactor 1s s 10 5, dangling orbitals on four equivalent carbon atoms not in

orders of magnitude smaller than expected for reorientatio : .
between different distortions. rthe (110) symmetry plane of the defect. A smaller, isotropic

We propose that the EPR line broadening originates from C hyperfine interaction indicates two more equivalent car-

rapid spin-lattice relaxation at high temperatures. In dia—bon neighbors. They are interpreted as being the remaining

mond, with the exception of transition metal ion centers,?’v0 (l?ﬂane negrc(ajst Ine|tghbors.t;l' hbel.?até”e c_)tf the Iog_ahz”a—
spin-lattice relaxation timesI(;) are typically very long, and lon of the unpaired electron probabiity density IS radically

. . ifferent for[V-V]° in diamond from[V-V]" and[V-V]~
EPR spectra are easily saturated. This suggests that ﬂ?r%silicon. The temperature dependent EPR linewidth in the

dominant spin-lattice relaxation mechanism is direct relax- ¢ 50-300 K is atiributed t 4 spin latti
ation, which involves direct nonradiative transitions betweentempera ure range v IS altributed to rapid spin fatlice

the spin levels. At low temperaturedelow 50 the relaxation via the Orbach_process. This interpretation sug-
P . P et K egests the existence of excited state about 20 meV above the

sidual linewidth is determined by unresolved hyperfine strucdround state. A direct measurement of the temperature de-
endence of the spin lattice relaxation rate would be useful

ture and electron spin-spin broadening. However, as the tenp . e . :
perature is increased and the EPR lines broaden thi® confirm _th|s mterpr_etatlon. _The symmetry of thenatrix
transitions become increasingly more difficult to saturate. AANdD matrix are consistent with the symmetry of the model.

rapid reduction inT, with increasing temperature requires However, a detailed interpretation of the magnitudes of these
more efficient spin lattice-relaxation, this is possible via theParameters has not yet been attempted. The temperature

Orbach mechanism. The Orbach process involves an excitéfriation of theD matrix is intriguing and deserves further
state at an energy above the ground state, wheteis less ~ StUdY- _ . .

than the maximum phonon energy. A transition between the Although the nearest-neighbor divacancy in diamond has
one of theM g levels in the ground state and excited state carP€en identified, many questions remain; particularily, what is
be driven by the direct absorption of a phonon of the approlhe explanation of the driving force for the distortionGgj,

priate energy. The reverse transition can occur by the emisyYMmetry. It would be very interesting to investigate the
sion of a phonon of a slightly different energy resulting in symmetry lowering distortion by stress induced alignment.

population of a differenMg level in the ground state. This In additior_l,'stress induced alignment qf the axis of the diva-
indirect transfer of population between the differéhg lev-  Cancy as itis formed would be interesting. We have no mea-
els of the ground state can constitute very effective spinSU€ment of the energy required for reorientation of the di-
lattice relaxation. It can be shown that when Orbach relaxYacancy axis. In _S'I'C_()n It ha; bee_n g,hown that thg d|vacanc_y
aton dominates T, varies as expfA/ksT) when migrates as a unit ywthout d|ssomat|rjg;_and the divacancy is
A=kgT 2 reorienting as it diffuses, so the binding energy must be

The observed exponential dependence of the lifetim@reater than the reorientation energy. Perhaps in diamond the

broadening of the EPR transitions with reciprocal tempera-d'vacancy dissociates before reorienting. Further investiga-

ture (Fig. 6) is entirely consistent with rapid spin-lattice re- tion is required to answer these questions.
laxation via the Orbach mechanism above 50 K. Further, this
result indicates that there is a low-lying state, approximately
20 meV above the ground state. The existence of this state is This work was supported by the Engineering and Physical
not inconsistent with our EPR intensity measurements. We&ciences Research Cound@PSRQ Grant No. GR/L65772.
have not been able to make EPR measurements at high.J.T. thanks Merton College, Oxford, and De Beers Indus-
enough temperatures to measure a thermal depopulation tfal Diamond Division for financial support. M.E.N. ac-
the ground state. The magniture of the pre-exponential factdknowledges EPSRC for support. We would like to thank B.
1/7o~10° s ! is consistent with that we would expect for J. Coomer, J. P. Goss, R. Jones, G. D. Watkins, and G.

We conclude that the EPR evidence is consistent only
th the R4AW6 EPR center being two nearest-neighbor va-
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