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Magnetic-resonance measurements on the A, excited state of the neutral vacancy in diamond
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The ground state of the neutral vacancy in diamond is diamagnetic and therefore has not been studied by
electron paramagnetic resonance (EPR). We report the observation of EPR from the A, excited state of the
neutral vacancy by EPR when illuminating an electron-irradiated natural IaB diamond with ultraviolet light.
EPR and electron nuclear double-resonance (ENDOR) measurements show that the center has tetrahedral
symmetry and the effective electron spin S=2. 3C ENDOR measurements on the nearest- and next-nearest
neighbor atoms have been interpreted by a simple molecular orbital calculation. The unpaired electron popu-
lation is predominately localized in the carbon dangling orbitals. Our calculations suggest that the relaxation of
the nearest-neighbor carbon atoms away from the vacancy is greater for the A, excited state of V° than the
4A, ground state of V™. The EPR signal has an unusual line shape which arises from a combination of small
shifts in the positions of transitions between different M g states and the anisotropic population of the different
states. The electronic g shift of 0.0010(1) can be accounted for by spin-orbit coupling mixing the 37, and
SA, states, which are separated by approximately 1 eV. The effect of illumination with monochromatic photons
on the EPR has been studied of both ground state V™ and excited state V°. We propose that the excited V° is
created by ionization of V™ rather than internal excitation in V°. The lifetime of the A, excited state was
measured at helium temperatures by monitoring the decay of the EPR signal when the ultraviolet light was
removed. Above about 100 K the EPR linewidth varied in an exponential fashion with an activation energy of
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about 40 meV.

I. INTRODUCTION

A. Irradiation damage in diamond

The defects created by irradiating diamond with particles
of sufficient energy to displace atoms from their normal lat-
tice sites have been studied continuously over the last 35 to
40 years by optical and electron paramagnetic resonance
(EPR) spectroscopies. The field has been recently reviewed.
Apart from the nitrogen vacancy center™® and the negatively
charged vacancy* (V™) EPR and related techniques have
been remarkably unsuccessful at establishing definitive mod-
els for defects created by radiation damage or those formed
by subsequent annealing. The technological interest stimu-
lated by recent advances in the chemical vapor deposition of
diamond has refreshed the desire to improve our understand-
ing of defects and impurities in diamond. This paper reports
the discovery of a paramagnetic center in diamond, observed
after electron irradiation while illuminating the sample with
uv light. The results presented in this paper show that this
center is a paramagnetic excited state of the neutral vacancy.

B. The neutral vacancy in diamond

The GRI1 optical absorption/luminescence band in dia-
mond has long been identified with the neutral vacancy
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(V9.2 It is characterized by a zero-phonon line at 1.673 eV
which has been identified with a 'E to T, transition ('E is
the ground state).®7 A much weaker line at 1.665 eV corre-
sponds to a transition from a 'A state to the same !T, state
mentioned above.® The temperature dependence of the inten-
sities of the 1.665 and 1.763 eV lines indicates that the
1A, state is 8 meV above the 'E state.® Considerable atten-
tion has been paid to the interaction of the electrons and the
vibrational modes of V° and the consequences of the dy-
namic Jahn-Teller distortion are well understood.” A set of
transitions between 2.88 and 3.01 eV labeled GR2-GRS8
arise from the neutral vacancy, but many of their properties
are not understood.”!°

The vacancy may be modeled using the defect-molecule
approach where it is assumed that the properties are deter-
mined by the electrons in the dangling orbitals on the neigh-
bors of the vacancy. The T; point group requires that these
orbitals transform as a; and 7,. In the neutral vacancy four
electrons are accommodated in these orbitals. The configu-
ration a5 (or t3) gives rise to the states 'A;, 'E, 3T, and
ITZ, while the configuration a}t%, gives rise to the states
5A,, %A,, ’E, 'E, 3T,, 'T,, ®*T,, and !T,. Determining
the order of these energy levels is a taxing theoretical prob-
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lem. The pioneering work of Coulson and Kearsley,!! and
subsequent theoretical calculations have shown that there are
several possible ground states for the neutral vacancy in dia-
mond, all with similar energies. As a consequence electron-
electron correlation becomes important, not because it is ex-
ceptionally large but because there are several different states
with similar energies.

Calculations on a perturbed vacancy identify the 3T,
level of the unperturbed vacancy as being located up to 200
meV above the 'E ground state.'> Combining the experi-
mental and theoretical evidence we can order in increasing
energy the 'E, 'A,, 3T, and !T, levels. Most theoretical
calculations suggest that the A, state is one of the lowest in
energy, but until now no measurements have been made on
this state and its position has not been known.

Annealing experiments on diamond at temperatures be-
tween 600 and 750 °C have shown that neutral vacancies
migrate with an activation energy of 2.3(3) eV."?

C. The negatively charged vacancy in diamond

In type Ia or Ib diamond irradiation with particles suffi-
ciently energetic to create lattice vacancies produces a frac-
tion of the vacancies in the negative charge state. The nega-
tively charged vacancy is characterized by an optical
absorption band called ND1 with a zero-phonon line at 3.149
eV which occurs between a “A, ground state and a *T,
excited state at a tetrahedral center.'*8

The S$=3/2 spin state of the ground state has been con-
firmed by electron nuclear double resonance (ENDOR).4 The
13C hyperfine coupling parameters show that the sum of the
unpaired spin densities on the four nearest neighbors is ap-
proximately one, indicating that the electron delocalization
away from the negatively charged vacancy is very small.

The relative intensities of the ND1 and GR1 bands can be
sensitive to the illumination and annealing of the
diamond,">? the effects depending on whether V° captures
an electron, or V™ loses an electron (or captures a hole). No
luminescence band has been observed from the 3.149 eV
center, which has led to the conclusion that the excited state
is unstable with respect to charge emission. The negatively
charged vacancies undergo a reversible charge transfer pro-
cess to the neutral state before they migrate.'*> No experimen-
tal observations of the positively charged vacancy in dia-
mond have been reported.

D. Vacancy centers in silicon

It is worthwhile when considering vacancies in diamond
to pay attention to the studies of vacancies in silicon, even
though vacancies in diamond and silicon show distinctly dif-
ferent properties. Our understanding of vacancies in silicon
is primarily based on the paramagnetic resonance work of
Watkins.'6~'® Watkins analyzed the vacancy centers in sili-
con using a one electron defect molecule (concentrating on
the dangling bonds) assuming that the electrons pair off
whenever possible and that the Jahn-Teller effect is stronger
than any corrections to the one electron model. Theory and
experiment are in accord, the paramagnetic positively
charged vacancy (a%tz) distorts to D,,; symmetry, as does
the diamagnetic neutral vacancy (a%t%). The negatively
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charged vacancy (a%t%) also observed by EPR distorts to
C,, symmetry (a mixed tetragonal and trigonal distortion).
The ENDOR results of Sprenger et al.' confirm the picture
of the negatively charged vacancy determined by Watkins.

The static Jahn-Teller distorted V° and V™ centers in sili-
con are markedly different from the same centers in diamond
which maintain their tetrahedral symmetry. As explained by
Davies?® one major difference between diamond and silicon
is that the acoustic modes in diamond have abnormally high
energies at the zone boundaries, consequently stabilizing the
vacancies against a tetragonal distortion. In silicon the Jahn-
Teller interaction is sufficiently large for a static distortion to
occur whereas in diamond even though the Jahn-Teller ener-
gies are large only dynamic distortions result.

The vacancy in silicon is mobile well below room tem-
perature, V° anneals out between 150 and 180 K and V™
anneals at approximately 75 K.?! It is well known that the
vacancy production rate in p-type silicon is about an order of
magnitude higher than in n-type material. The high mobility
of self-interstials in silicon means that recombination of va-
cancies and interstitials readily occurs unless the latter are
trapped. The substitutional acceptor elements act as competi-
tive traps for silicon interstitials, and become interstitial
themselves.?>?3 Little is known about self-interstials in dia-
mond, although they are generally presumed mobile well be-
low room temperature. Davies et al."® show that in type IaA
diamond about 40% of the vacancies are created within a few
atomic sites of the di-nitrogen A centers, and that in these
diamonds vacancy production is enhanced.

The charge states V2™, V*, and V° in silicon have been
shown to form an example of a negative-U system.?*~2° The
addition of an extra electron lowers the total energy rather
than raising it. This effect arises because the energy gain of
Jahn-Teller distortion is larger than the repulsive energy of
the electrons.

II. EXPERIMENT
A. The sample

The sample used in this study was a natural IaB diamond
which had been cut and polished with two parallel {110}
faces. It was originally irradiated with 2 MeV electrons to a
dose of 9X 107 cm™2. A new center was present on illumi-
nation with uv light immediately after irradiation but grew
stronger after moderate annealing. The sample was annealed
at various temperatures, with a final anneal at 1500 °C for 1
hour. The new center annealed out at the same temperature
as V~. The diamond was then irradiated with the same elec-
tron dose as before and annealed at 600 °C for 10 minutes.

B. EPR/ENDOR spectrometer

EPR measurements were made at temperatures between
100 and 300 K using a Varian E-line X-band spectrometer in
a standard configuration. Further EPR measurements were
made at temperatures between 3.7 and 300 K using a Bruker
TE,(4 resonant cavity operating at about 9.65 GHz in con-
junction with an Oxford Instruments ESR900 continuous
flow cryostat. The EPR/ENDOR spectrometer used for the
later measurements incorporated a standard reference arm
microwave bridge and was built in the Clarendon Labora-
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ENDOR measurements were made using a micro-
ENDOR coil which was an integral part of the sample holder
and could be inserted into the cold finger of the ESR900
cryostat. For the TE(, or TEy, rectangular modes the long
leads of ENDOR coil (copper wire OD 0.25 mm) are per-
pendicular to the microwave E-field and positioned in or
close to the nodal plane. By making the loop longer than the
cavity its bottom can be positioned outside the cavity, but it
was found that it was possible to have the coil carefully
wound directly around the sample without degradation of the
cavity quality factor. The rf coil should be positioned such
that the rf field is perpendicular to the static Zeeman field. A
simple housing was constructed which fitted onto the goni-
ometer mounted on the cryostat, the rf input and output con-
nections were made through vacuum tight SMA connectors,
and the sample rod inserted through an O-ring seal at the top.
The cavity and cryostat could be used without modification.
For ENDOR and EPR measurements on optically excited
centers a circular quartz rod with the sample glued to the end
served the dual purposes of light guide and sample rod.

The study of transient signals is restricted by the time
resolution of our continuous wave EPR/ENDOR spectrom-
eter. The technique of field modulation (115 kHz) and lock in
detection places a lower limit on the time resolution of about
200 ws. The electronic shutter used to switch on or off the
light has a response time of about 0.5 ms. Worthwhile mea-
surements can be made only for transients with a character-
istic lifetime of a few ms or longer.

C. Optical absorption measurements

Optical absorption measurements in the visible/uv were
made with a Lambda 19 spectrophotometer. The sample was
mounted in an Oxford Instruments liquid nitrogen cryostat
(DN1704) and held at 77 K. The infrared absorption mea-
surements were made at room temperature using a Perkin-
Elmer 1710 infrared Fourier-Transform spectrometer.

III. RESULTS
A. Infrared and uv/visible optical-absorption measurements

It is apparent when observing the sample under an optical
microscope that it is inhomogeneous. One region is much
darker with a light green color and the other is clearer with a
light blue tinge. The infrared absorption spectra in the one
phonon region are shown in Fig. 1. The spectra were taken
by masking off one of the different sectors of the diamond.
Spectrum (a) from the dark region shows very strong absorp-
tion from B centers; this sector can be categorized as IaB.
The current consensus is that the B center consists of four
nitrogens around a vaczmcy.27 Using the parameter deter-
mined by Woods and co-workers,?® the concentration of ni-
trogen in the form of B centers is estimated to be 800 ppm.
The peak at 1405 cm™! originates from a C-H bend and is
accompanied by a stronger line at the C-H stretch frequency
(3107 cm™1).? Spectrum (b) from the lighter region shows a
much lower total absorption which is predominately from B
centers with a small contribution from A centers. The A cen-
ter consists of a pair of adjacent substitutional nitrogen
atoms.>® No platelet peak is observable in either region (a) or
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FIG. 1. Infrared absorption spectra taken at room temperature.
Different regions of the sample are labeled (a) and (b). See the text
for further details.

(b). Following the notation usually adopted for infrared char-
acterization of diamond the specimen here can be character-
ized as irregular.

The uv/visible absorption spectra measured in regions (a)
and (b) are shown in Fig. 2. The 1.673 eV and 3.149 eV
zero-phonon lines of V® and V™, respectively, are seen in
both regions. The 2.463 eV zero-phonon line of the H3 cen-
ter is seen in both regions but stronger in (b). The 2.498 eV
zero-phonon line of the H4 center is clearly seen in region
(a), but in region (b) it is much weaker and obscured by the
phonon assisted structure on the H3 center. All the zero-
phonon lines in region (a) are broader than those in region
(b). The widths of zero-phonon lines are predominately
caused by random strain in the local environment of the de-
fect. The wider zero-phonon lines in region (a) are probably
caused by the very high concentration of B centers which is
likely to be a major source of strain. The concentration of
V™ (V™)) and the ratio [V~ ][ V°] is higher in region (a)
than in region (b), indicating that there are more electron
donors in region (a). During annealing some vacancies were
captured by B centers producing H4 centers, and others cap-
tured by A centers producing H3 centers. The higher concen-
tration of H4 in region (a) is consistent with the higher B
center concentration measured by infrared absorption.

B. EPR spectra and angular variation

Figure 3(a) shows the EPR spectrum obtained without any
illumination with the Zeeman field aligned parallel to a [001]
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FIG. 2. Visible/uv absorption spectra taken at 77 K. Different
regions of the sample are labeled (a) and (b). Spectrum (a) offset for
clarity. See the text for further details.
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FIG. 3. EPR spectra taken at 5 K with Zeeman field oriented
along a [001] crystallographic axis. The microwave frequency was
approximately 9.6 GHz and 30 nW of microwave power incident on
the TE,o, cavity. Spectra were taken (a) without illumination and
(b) with the sample illuminated by the full spectrum from Hg lamp.

crystallographic axis. The characteristic spectrum from the
neutral single substitutional nitrogen ([N-C]°) center is vis-
ible. A strong central line at g=2.0027(1) from V™ centers
is visible along with the associated hyperfine satellites from
nearest-neighbor, next-nearest-neighbor, and possibly next-
next-nearest-neighbor '>C atoms (natural abundance 1.1%).
Comparison with a calibrated reference sample indicated that
the concentrations of [N-C]° and V™ are 0.40(8) ppm and
0.14(8) ppm, respectively.

When the sample is illuminated with the full light of a Hg
arc lamp the EPR spectrum changes to that shown in Fig.
3(b). The V™ and [N-C]° EPR signals are reduced in inten-
sity and a new system is observed with what at first appears
to be a strange line shape [Fig. 3(b)]. The line shape origi-
nates from the addition of components in absorption and
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emission at slightly different resonant fields and is explained
in Sec. IV B. The effect of light of different wavelengths is
reported in Sec. III C. The angular variation of the position
and intensity of the outer lines in a {110} plane is shown in
Fig. 4; the variation in intensity with orientation is pro-
nounced. The angular variation indicates a [111] axially sym-
metric hyperfine interaction, and ENDOR measurements
(Sec. III E) identify '*C as the nucleus involved. There are
four equivalent symmetry related sites. The solid curve in
Fig. 4 was determined by least squares fitting the EPR and
13C ENDOR data to the spin Hamiltonian given in Eq. (1),
all terms having their usual meaning:

F=gupS-B+S-A-I—gyupnl-B, (1)

with §=2, I=1/2, g=2.0033(1), and the parameters
shown in Table I. The g value was determined by compari-
son to the [N-C]° [2.0024(1)] (Ref. 31) and V™ [2.0027(1)]
(Ref. 4) centers. The fitting was performed using
EPR.FOR.*? It is not possible to determine the effective elec-
tron spin from the EPR spectra alone; analysis of the
ENDOR data confirms that S=2 (Sec. III E). For a center
with T, symmetry no term S-D- S is required in Eq. (1). The
absence of fine structure splitting arising from such a term is
clear evidence for the T,; symmetry of the defect. However,
with §=2 we should expect an additional term

2 S4+S4+S4~lS(S+1)(352+3S—1) @)
6 v "t 5

in Eq. (1). This term does not vanish in 7, symmetry and
would produce a fine structure splitting; however, a is usu-
ally very small. Including this term in Eq. (1) does not im-
prove the fit to the EPR transitions shown in Fig. 4. We
estimate that a<<1 MHz which is too small to have an effect
on the position of the EPR transitions.

FIG. 4. Roadmap showing the
positions of the nearest-neighbor
13C hyperfine lines from the A,
state of V° when the magnetic
field is rotated in a (110) plane
away from [001]. The arrows
show the intensity and phase of
the EPR transitions and the solid
curve shows the theoretical posi-
tions determined by fitting the
EPR and ENDOR data.
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TABLE I. Nearest (NN) and next-nearest (NNN) neighbor 13C hyperfine constants, and the wave function
parameters calculated from them, for the “A, ground state of V™~ and the 3A, excited state of V°. See text for
further details. Hyperfine parameters for A, state of V™ taken from Isoya ef al. [Phys. Rev. B 42, 1436

(1992)].

Ay (MHz) A, (MHz) Ag (MHZ)‘ A, (MHz) 7 N?
4A2:V_ (NN) 121.6 61.9 81.8 19.9 0.827 6.9
4A2:V¥ (NNN) 13.42 9.40,9.23 10.68 ~ 14 0.016 4.5
5A,:V0 (NN) 91.13(9) 35.03(5) 53.73(5) 18.70(3) 0.753 12.2
5A4,:V° (NNN) 12.0(1) 8.36(6) 9.6(1) 1.2(1) 0.014 4.4

EPR spectra around g = 2.0033 recorded with the Zee-
man field parallel to [001], [111], and [110] crystallographic
directions are shown in Fig. 5. The central transitions of the
[N-C]° and V™~ centers are indicated. The large line at
£=2.0033(1) is only observed on illumination and is at the
mean field of the outer '3C satellites discussed above. It is
therefore identified as belonging to the same defect, but one
where all of the near-neighbor carbon atoms are '2C so no
hyperfine splitting is resolved. Assignment of the EPR spec-
tra arising from the same defect with a single 3C in a next-
nearest-neighbor position (all other near neighbors are '*C)
is difficult because the lines are weak, the line shape unusual,
and many overlapping resonances are present. Simulations of
the EPR spectra expected for centers with this single '*C
neighbor, using the hyperfine parameters determined by EN-
DOR (Table I), are shown in Fig. 5.

Further support for this assignment of transitions to next-
nearest-neighbor '3C atoms comes from the observation of
weak satellites on either side of the main nearest-neighbor
13C satellites [Fig. 6(a)]. These originate from defects with a
single 'C nearest neighbor and a single 13C next nearest
neighbor. An experimental spectrum with the applied Zee-
man field parallel to [001] is shown in Fig. 6(a) together with
simulations with [Fig. 6(d)] and without [Fig. 6(c)] a next-
nearest-neighbor '*C atom. Figure 6(b) is a sum of Figs. 6(d)

[111] M/y- IN-CI°
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v \a [N -CJ°

[001]

LI o B B e S LI B e e

341.0 341.2 341. 4
Zeeman field (mT)

FIG. 5. The central regions of the EPR spectra of [N-C]°, “A,
(V7), and A, with the Zeeman field aligned along [001], [111],
and [110] directions. The microwave frequency was approximately
9.6 GHz, the incident microwave power 30 nW, temperature 5 K,
and the sample illuminated with the full spectrum of a Hg lamp.
The traces beneath the experimental data show the simulated spec-
tra resulting from hyperfine interaction with next-nearest-neighbor
13C atoms.

and 6(c). Even without a 3C next nearest neighbor weak
satellites arise from forbidden transitions [Fig. 6(c)], but
these are too weak to be useful in determining the effective
electronic spin from the EPR spectra. It is also clear that
weak transitions close to the main lines, probably from more
distant 13C neighbors, have yet to be accounted for.

The temperature dependence of the intensity of the EPR
signal from the new center is unusual. Figure 7(a) shows the
temperature dependence of the peak-to-peak line height of
the lowest field transition labeled with an arrow in Fig. 3.
The intensity increases rapidly as the temperature is reduced
to about 100 K, but then remains constant down to 4 K. The
behavior clearly does not follow the Curie-Weiss law.

C. Excitation energy dependence of EPR
from the V™ ground state and the new EPR center

The data reported in Sec. III B were recorded with the full
illumination of the Hg lamp. The effect of monochromatic
light of energy 2.85(7) eV (436 nm), 3.1(1) eV (404 nm), and
3.4(1) eV (364 nm) on the intensity of the EPR signal of the
V™ ground state and the new excited state center was mea-
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Zeeman field (mT)

FIG. 6. (a) Expanded EPR spectrum showing the lowest field
transition in Fig. 4 marked with an arrow. Microwave frequency
was 9.6 GHz, incident microwave power 30 nW, temperature 5 K,
and the sample illuminated with the full spectrum of the Hg lamp.
(b) Simulation summing the spectra from a defect with a single
nearest-neighbor '3C atom and a defect with a nearest-neighbor and
a next-nearest-neighbor *C atom [i.e., sum of spectra in (c) and
(d)]. (c) Simulation of part of the EPR spectrum for defect with a
nearest-neighbor '>C atom and no next-nearest-neighbor *C atoms.
(d) Simulation of part of the EPR spectrum for a defect with a
nearest-neighbor and a next-nearest-neighbor '>C atom.
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FIG. 7. (a) Temperature dependence of the peak line height for
the lowest field nearest-neighbor '*C hyperfine transition (Zeeman
field along [001], microwave frequency 9.6 GHz, incident micro-
wave power is 30 nW, and illumination with full spectrum of Hg
lamp). (b) Variation of component linewidth with reciprocal tem-
perature. The solid curve shows the fit to single exponential decay.
See the text for further details.

sured at 298 and 5 K. For the measurements on V™ the
sample was left in the dark at room temperature for several
hours, and then illuminated in the sequence shown in Table
II. When the light was applied or removed the signal
changed relatively slowly (Sec. III D) but came to equilib-
rium within 5 minutes and no further changes were observed.
If the sample had not been exposed to 2.85(7) eV light before
illumination with 3.1(1) eV light then the V~ EPR was
quenched irrespective of temperature. No EPR signal was
observed from the new center with 2.85(7) eV light, but it
was created with both 3.1(1) and 3.4(1) eV light, the signal
strength being approximately identical with the two wave-
lengths.

D. Lifetime of the new excited state EPR center, quenching
and recovery of the EPR from the V™ ground state,
and the single substitutional nitrogen center

The following measurements were made with the full il-
lumination of the Hg lamp. Figure 8 shows that the ampli-
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FIG. 8. Temporal dependence of EPR signal from A, V° on (a)
illumination with full spectra of Hg lamp, or (b) subsequent re-
moval of illumination. The Zeeman field is along [001] (set on
lowest field nearest-neighbor B¢ hyperfine line), the microwave
frequency is approximately 9.6 GHz, incident microwave power 0.3
mW, and the temperature is 5 K.

tude of the EPR signal from the new center decays rapidly
when the excitation is removed and the intensity of the EPR
signal saturates rapidly upon illumination. We define 7, as
the time constant for the decay of the EPR signal from the
new center when the excitation is switched off, and Ty @s the
time constant for the growth of the EPR signal from the new
center when the excitation is switched on. The measured
decay and growth times depend on the incident microwave
power, at high microwave powers when the EPR signal is
saturated the decay and recovery times are reduced. All times
given in the text are determined by extrapolating to zero
microwave power. Fitting the decay to a single exponential
function (exp[—#7,]) indicates that 7, = 9.0(8) ms at 5.0
K. Fitting the growth on illumination to an increasing expo-
nential function (1 —exp[—#/7,]) indicates that 7, = 9.0(8)
ms at 5.0 K. Measurements at temperatures up to 74 K show
that 7, remains approximately constant over this range.

The EPR signal from the ground state of V™~ is quenched
on illumination, and recovers on removal of the light. We
define 7, as the time constant for the decay of the EPR signal
on light and 7, as the time constant for the recovery when the
light is switched off. Figure 9 shows that when the light is
switched off the recovery (from its quenched level) of the
V™~ ground state EPR signal is much slower than decay of
the EPR signal from the new center (7,5 7,). Fitting the

TABLE II. The effect of light of a given excitation energy on the intensity of the EPR signal from V™
center. The sample was left in the dark at room temperature for several hours, and then illuminated in the
sequence shown working down column 1. When illumination was applied or removed the signal came to
equilibrium within 5 minutes and no further changes were observed.

Excitation energy

Effect of light on V~ EPR signal

(eV) Temp = 298 K Temp = 5K

2.85(5) First Quenched (fast) then Enhanced (slow) Quenched
(Light off no change) (Light off no change)

3.1(1) Quenched Enhanced
(Light off small increase) (Light off no change)

3.4(1) Quenched Quenched
(Light off enhanced) (Light off enhanced)

3.1(1) Enhanced Enhanced
(Light off no change) (Light off no change)

2.85(5) Quenched (fast) = Enhanced (slow) Quenched

(Light off no change)

(Light off no change)
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FIG. 9. Temporal dependence of V™ EPR signal on (a) illumi-
nation with full spectra of Hg lamp, or (b) subsequent removal of
illumination. The Zeeman field is along [001] (set on lowest field
nearest-neighbor >C hyperfine line), the microwave frequency is
approximately 9.6 GHz, the incident microwave power is 0.3 mW,
and the temperature approximately 5 K.

recovery to an increasing exponential function
(1 —exp[—#/7,]) indicates that 7, = 300(10) ms at 5.0 K. The
quenching of the V~ EPR signal upon illumination is more
rapid than the recovery. Fitting to a single exponential decay
gives 7, = 28(1) ms at 5.0 K, which is still slow compared
with the changes in the EPR from the new center.

The decay of EPR signal from the single substitutional
nitrogen center when the light is applied and the recovery
when it is removed are slower than those of the V™ ground
state EPR signal. Using the same notation as for V~ we find
that upon illumination 7,= 120(5) ms and removal of the
light 7, = 470(10) ms at 5.0 K.

E. 13C ENDOR on the nearest neighbors
and next nearest neighbors of the new center

ENDOR spectra were recorded from nearest-neighbor
13C atoms of the new center while continuously illuminating
with full spectra of Hg lamp at temperatures between 5.0 K
and 100 K. The natural abundance of '3C is only 1.11% and
the ENDOR signal to noise was low. It was possible to make
measurements on the large EPR transitions observed only
when the Zeeman field is parallel to [100] or [111]. Accurate
alignment of the sample was achieved using the EPR and
ENDOR signals from the [N-C]° center. Figure 10 shows
nearest-neighbor '3C ENDOR transitions obtained, after sig-
nal averaging, while saturating the lowest field EPR transi-
tion labeled with an arrow in Fig. 3. The S=2 spin state is
unambiguously identified by the appearance of pairs of lines
centered approximately on A and 2A and separated by
2gnmnB. A is the hyperfine splitting in a given orientation
and gy = 1.404 identifying the nucleus as >C. Simulations
for other spin states are shown in Fig. 10. The hyperfine
parameters determined by least squares fitting Eq. (1) to the
ENDOR data, constraining the hyperfine interaction matrix
to axially symmetry with the principal axis along [111], are
given in Table I.

Figure 11 shows !C ENDOR from the next nearest
neighbors while saturating the highest field EPR transition
labeled with an arrow in Fig. 3. Again S=2 and gy = 1.404
are confirmed by the pattern of lines. The '3C ENDOR line
shape for the next nearest neighbors reproduces the EPR line
shape and is different from that obtained with the nearest
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FIG. 10. Nearest-neighbor '3C ENDOR from the A, excited
state of V°. Zeeman field oriented along [001] (set on lowest field
hyperfine line marked with an arrow in Fig. 4), microwave fre-
quency 9.6 GHz, incident microwave power is 0.3 mW, rf power 50
W, temperature 5 K, and the sample illuminated with full spectrum
of Hg lamp. Upper traces are simulations for different spin states,
using parameters from Table I.

neighbors, which suggests that the ENDOR mechanism is
different. The extra lines in Fig. 11 possibly originate from a
more distant carbon neighbor, or even from a different cen-
ter. It is clear from Fig. 3 that there are other EPR lines
around g =2.0033 which are probably due to more distant
13C neighbors.

We have assumed that the '3C hyperfine interaction of the
next nearest neighbors is axially symmetric with the princi-
pal axis along a [111] direction, because if the symmetry
were lowered to o, (like that determined for the next nearest
neighbors of V™ at 4 K) all the ENDOR lines in Fig. 11,
except the one close to the nuclear Zeeman frequency, would
be split into doublets with a 2:1 intensity ratio. The fact that
the ENDOR transitions in Fig. 11 are not split indicates that
axial symmetry is a good assumption. ENDOR measure-
ments with the Zeeman field along [100] and [111] directions
were least squares fitted to Eq. (1), assuming a [111] axially
symmetric interaction, to produce the parameters in Table I.

IV. DISCUSSION
A. The %A, excited state of the neutral vacancy

The EPR and ENDOR measurements show that the new
center has tetrahedral symmetry and effective spin §=2, as

| |
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R
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FIG. 11. Next-nearest-neighbor '*C ENDOR from the A, ex-
cited state of V. Zeeman field oriented along [001] (set on the
highest field EPR transition marked with an arrow in Fig. 4), mi-
crowave frequency 9.6 GHz, incident microwave power 0.3 mW, rf
power 50 W, temperature 5 K, and the sample illuminated with full
spectrum of Hg lamp. Upper trace is a simulation with S=2 using
parameters from Table I.
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well as identifying the 13C hyperfine coupling matrices for
the nearest and next nearest neighbors. The stability of this
defect to high temperature annealing indicates that it is sub-
stitutional rather than interstitial. We have no evidence that
an impurity atom is incorporated in this defect and its cre-
ation immediately after irradiation suggests that it is a pri-
mary damage product.

The experimental evidence indicates that this center is an
excited state of the neutral vacancy, the only possible S=2
spin state is the A, state. No S=2 state is possible for the
2+, +, — and 2 — charge states of the vacancy. This identi-
fication confirms the prediction made by Coulson and
Kearsley'! and several subsequent calculations that the A,
state is a low lying state located in the band gap.

The creation of the A, state correlates with loss of V'~
on illumination. Since the GR1 uv band overlaps with the
NDI1 band, it is possible that the A, state is created by
internal excitation of the V° center. However, the A, state
has not been observed in diamonds containing V° and no
V™ and it is well known that ionization of V~ produces
V9815 We do not know whether or not the A, state of V0 is
created uniformly throughout the sample, though it is clear
that the distribution of V™ is not isotropic. We will postulate
that the 5A2 state is created via ionization of V™, and con-
sider the properties of this excited state in the following sec-
tions.

B. Selective population of different spin states
and the EPR line shape

The EPR line shape (Fig. 3) and the angular variation of
the EPR intensity (Fig. 4) from the A, excited state are
unusual. The EPR line shape observed in Fig. 3 arises from
anisotropic population of the different Mg levels in combi-
nation with small shifts in the positions of transitions be-
tween different My «— Mg, levels caused by second order
terms in the hyperfine interaction [Eq. (1)].

Anisotropic populations of different M g levels have been
reported in studies on excited state S=1 triplets. The effect
is apparent when the |+ 1)« |0) transition appears in emis-
sion (absorption) while the |0)«s|—1) transition is in ab-
sorption (emission).>*3% The results indicate selective popu-
lation (depopulation) of the state labeled Mg = 0 over the
Mg¢= =*1 states. This phenomenon has been interpreted in
terms of selective intersystem crossing from an excited sin-
glet state (populated by an electric dipole transition) to spe-
cific M g Zeeman sublevels of the triplet. The selective inter-
system crossing originates from anisotropic spin-orbit
coupling which arises from the preferential quenching the
orbital angular momentum perpendicular to the crystal field
axis.?*>* Watkins>* pointed out that if the triplet were gener-
ated by capture of an electron or hole from the conduction or
valence bands, rather than a localized excitation, then uni-
form population (ignoring the Boltzmann factor) of the trip-
let states would be expected. However, selective transitions
out of the excited state triplet to a lower lying singlet state
(originating via anisotropic spin-orbit coupling as discussed
above) could generate a population inversion in the excited
state.

It should be remembered that in order to see the EPR
transitions in emission and enhanced absorption, it is neces-
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FIG. 12. Figures (a) and (c) are experimental EPR spectra from
the A, state of the V° taken at 5 K with Zeeman field oriented
along a [110] and [001] crystallographic axis, respectively. The mi-
crowave frequency was approximately 9.6 GHz and the sample was
illuminated by the full spectrum from Hg lamp. Figures (b) and (d)
are simulations of EPR lines in (a) and (c), respectively, arising
from the hyperfine coupling to a single nearest-neighbor *C atom.
For the simulations in (b) and (d) only the levels marked with a star
in the adjacent schematic energy level diagram were assumed to be
populated. See the text for further details.

sary that the spin-lattice relaxation time be similar to or
longer than the triplet lifetime itself. The system studied here
is different to the previously reported examples because we
have a pentuplet (S=2) excited state rather than a triplet,
and the symmetry is tetrahedral rather than axial. The struc-
ture of the spin-orbit coupling operator lets us predict the
symmetry of the orbital states mixed by the orbital part of the
perturbation. The orbital angular momentum operators trans-
form as rotations, so for 7; symmetry they transform as the
irreducible representation 7';. Using the direct product rule
we see that an A, state could contain an admixture of T, but
no other state to first order. Considering the spin part as well
indicates that the only state mixed into the A, by spin-orbit
coupling is 37),.

We have not seen EPR from the 37T, state, possibly be-
cause its lifetime is too short. It is not yet clear how the
3A, state is created, or whether the anisotropic population is
generated by selective transitions into or out of this state (or
even in a preceding singlet-triplet transition). However, se-
lective level population does explain the observed spectra. In
Fig. 12 we have simulated the EPR spectra for the A, state
of V? with a single '>C nearest neighbor when the applied
Zeeman field is parallel to the [001] and [110] crystallo-
graphic axes (B|[001] and BJ|[110]) by making the follow-
ing assumptions: (a) the levels marked with a star in Fig. 12
are equally populated, the others empty; (b) the EPR transi-
tion intensities are proportional to the transition probability
and the population difference between levels; and (c) the line
shape is Lorentzian (pseudomodulation®® has been used to
simulate the operation of the spectrometer). The agreement
between the simulation and experiment is encouraging. The
asymmetry between high and low field lines in the simula-
tion with B||[ 110] is produced by the inclusion of the term in
Eq. (2) (@ = 1 MHz) in Eq. (1). This term produces shifts in
the positions of the transitions that are less than those due to
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the second order hyperfine terms but sufficient to modify the
line intensities. This asymmetry is evident in the experimen-
tal data (Fig. 4) and supports the inclusion of the higher
order term Eq. (2).

The line shape of the EPR transitions from the next-
nearest-neighbor '>C atoms (Fig. 5) arise in the same way as
for the transitions from the nearest-neighbor '*C atoms.
However, the line at g=2.0033(1) from excited state vacan-
cies with no resolved hyperfine coupling does not behave in
quite the same way. When the magnetic field is rotated in a
{110} plane the EPR lines are strongest with B||[[001] and
decrease in intensity as the field is rotated away from this
direction, disappearing when 6~30° because the different
M states become equally populated. The relative positions
of hyperfine lines from different sublevels is determined by
the second order hyperfine terms, and the order of the tran-
sitions does not change as the magnetic field is rotated in the
{110} plane. However, on rotating beyond 30° from [001]
the population differences between the different Mg states
change sign such that the hyperfine lines previously in ab-
sorption change to emission and vice versa. Thus at §~30°
the hyperfine lines in Fig. 4 change phase.

For the line at g=2.0033(1) there is no hyperfine split-
ting and so we may expect the transitions in absorption and
emission to superimpose and cancel, giving zero intensity in
all orientations. We see a resonance because Eq. (2) splits the
transitions from different M s sublevels. This interaction van-
ishes at #~30° and thus the transition goes to zero because
of exact superposition of lines in emission and absorption.
For 6>30° Eq. (2) changes sign and the relative positions of
the transitions change: at the same time they switch from
emission (absorption) to absorption (emission). Therefore the
g=2.0033(1) transition does not change phase as the field is
rotated through 30°, it simply goes through a minimum in
intensity. The differences in M g populations appear to follow
the term of fourth degree in the electrostatic potential. This
term changes sign at #~30°, it is maximum along [001] and
is ~2/3 (~1/4) times as large along [111] ([110]). The inten-
sities of the EPR transitions remain constant when the mag-
netic field is rotated in a {111} plane; in this plane the po-
tential [Eq. (2)] is constant.

C. The electronic g shift

Taken in isolation one would expect the angular momen-
tum of the A, state to arise solely from the spin angular
momentum. The g matrix would be isotropic and
£=g,.,=2.00232. The measured deviation, Ag=0.0010(1),
arises from a contribution of orbital angular momentum from
other excited states. As discussed above the spin-orbit cou-
pling operator mixes only the 37, state into the A, state.
Similarly the A, ground state of the V™~ contains an admix-
ture of 2T,. The g shift of the “A, state is small,
Ag=0.0004(1), because the spin-orbit coupling is weak and
the separation of the “A, and 2T, states large. A separation
of 2 eV is estimated from the calculation of Lowther.>’ By
analogy with Lowther’s calculation we estimate from the
measured g shift for the A, state that the A, and 3T,
states are separated by about 1 eV.
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D. The unpaired electron wave function

Following the usual linear combination of atomic orbitals
procedure the unpaired electron wave function can in general
be written as

=2 nlai,t Bibs,), 3)

where the summation is over the carbon atoms on which the
unpaired electron is localized and ¢, and ¢,, are the 2s
and 2p atomic orbitals, respectively. The parameters «;,
B:, m;, taken to be real, are deduced in the usual way from
the hyperfine parameters and the atomic parameters tabulated
by Morton and Preston*® The hybridization ratio is
N=Bila;.

The simple one electron approach indicates that for the
5A, excited state of V°, and the *A, ground state of V™,
75% and 84%, respectively, of the unpaired electron spin
density is located in the dangling orbitals of the four nearest
neighbors. For both centers the magnitude of the anisotropic
part of the hyperfine coupling with next-nearest-neighbor
13C atoms is consistent with predominately dipolar coupling
between the nucleus and the unpaired electron density in the
dangling orbitals of the nearest neighbors.

Following a simple method for estimating displacements
of atoms from the hybridization ratio,’® we estimate that the
nearest neighbors relax away from the vacancy by about 0.15
A in the *A, state of V™ and about 0.23 A in the %A, state
of V0. The hyperfine parameters of the next nearest neigh-
bors suggest that there is little distortion as well as very little
localization of the unpaired electron density this far away
from the vacancy.

E. Temperature dependence of V° excited state EPR

The EPR signal strength from A, state exhibits a marked
temperature dependence first increasing as the temperature is
reduced to about 100 K and then remaining constant down to
4 K. This is not a Curie Law dependence, neither is it that of
a thermally excited state. If the Mg level populations are
determined by spin-orbit coupling induced intersystem cross-
ing then we would expect the relative populations, and hence
EPR intensities, to be approximately temperature indepen-
dent. However, we know that the EPR signal shape is pro-
duced by the addition of closely spaced lines in emission and
absorption, which suggests that the signal strength would
depend markedly on the EPR linewidth. We know that at
helium temperatures the lifetime (7,) and spin-lattice relax-
ation time (7';) are both long (7' must be greater than 7, in
order to see lines in emission). Therefore it is not possible for
T, to determine the linewidth; but lifetime broadening is pos-
sible.

We simulated the EPR signal arising from nearest-
neighbor 3C hyperfine coupling (B[|[001]) as a function of
linewidth and obtained a relation between the half-width at
half-height (of the components) and the peak-to-peak line
height. After estimating a residual low temperature linewidth
by simulating the EPR spectra, the linewidth of the compo-
nent lines was calculated as a function of temperature. In Fig.
7(b) we plot the component linewidth against reciprocal tem-
perature. At high temperatures an exponential behavior is
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observed which can be modeled by an Arrhenius-type ex-
pression with an activation energy of about 40(5) meV. It is
possible that as the temperature is increased thermal excita-
tion from the A, state to a higher short lived state occurs. If
this explanation is correct then the A, state is placed close
to another midgap state with a short lifetime, perhaps 'T,.
Without more information further speculation is unwar-
ranted.

F. Lifetime and excitation energy dependence
of the 5A, excited state EPR

The time taken for the A, EPR signal to decay on re-
moval of uv light and the time for the signal to grow to its
equilibrium value on application of uv light were shown to
be equal at 5 K. The characteristic lifetime decreased with
increasing microwave power and at vanishing low micro-
wave power was about 9 ms. A long radiative lifetime is
expected because optical transitions to lower lying states are
spin forbidden and only gain intensity via spin-orbit coupling
mixing states. Preliminary measurements indicate that the
lifetime is temperature independent up to at least 80 K.

The maximum reduction in the concentration of V~ we
have achieved by illumination with uv light is about 85—
90 %. The creation of VO centers in excited states other than
A, (which decay rapidly to the ground state avoiding the
SA, state) by V™ losing a ¢, electron is probably more likely
than V™ losing an a; electron to create V° in the A, state.
We have not been able to determine what fraction of V~
centers are ionized directly to the A, state. The fact that
7,{V™} is very much shorter than 7,{V™} is not surprising.
Without illumination an equilibrium number of V™ and V?°
centers is eventually reached which depends on the number
of electron donors and traps in the sample. On illumination
with uv light V™ centers are ionized, and some of the elec-
trons released may immediately recombine with V° centers,
or be caught by other traps. The number of V™~ centers does
not fall as quickly as one might expect because new V~
centers can be created in this process. Eventually a new dy-
namic equilibrium is reached with fewer V™~ centers, more
VO centers, and traps which have captured an electron. When
the light is switched off the electrons tunnel or hop back to
VO centers from the electron traps and the original equilib-
rium number of V° and V™ centers is restored. The recovery
in [V7] is much slower than the original decay because we
are now dependent only on the lifetime of the traps and do
not have the V| + V9+hv=Vi+ V, processes contributing.

The single substitutional nitrogen center [N-C]° shows a
similar behavior to the V™ center on illumination. The maxi-
mum reduction in [N-C]° we achieved was about 80% and
the decay/recovery times were longer than those for V™. The
[N-C]° center is known to be an electron donor converting
V% to V™. We presume that on illumination with uv light
[N-CT° can be ionized to [N-C]" with the extra electron be-
ing taken up by a trap. This trap is not a V° center because
the number of V™ centers does not increase. The decay and
recovery in the number of V™ and [N-C]° centers both fit to
single exponential functions which is markedly different to
the results on the [N-N]" center where the EPR signal de-
cayed linearly with the logarithm of time on removal of the
excitation.>® This suggested that there was a wide distribu-
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tion of lifetimes of the [N—N]* centers, presumably resulting
from a large variation in the separation between the
[N-N]* center and its electron donor and or trap. Further
investigations of the decay and recovery times of the V™ and
[N-C]° centers are planned.

Approximately the same number of *A, V° centers are
created with 3.1(1) and 3.4(1) eV light, whereas more V™
centers are quenched with the higher energy light. Not all
V™ centers are converted to the A, state of V0. The effect
of light of different energies depends on the state of prepa-
ration of the diamond. When light of a given energy illumi-
nates the sample the V™~ concentration is altered to an equi-
librium level appropriate to the illumination; it may be
quenched or enhanced to attain this concentration. The effect
of 2.85 eV light is temperature dependent (Table II) and we
note that this energy is well below the zero-phonon line of
the V™~ absorption.

We have a complicated system where electrons are trans-
ferred between different centers. Given our lack of knowl-
edge of the traps and donors in the sample, the fact that the
concentration of V™~ is only a small fraction of the total de-
fect concentration and the inhomogeneity in the sample, we
have not attempted to investigate the processes in detail. The
creation of the A, state by illumination with uv light is
unusual. In most diamonds containing V™ and V° this ex-
cited state is not observed. The lifetime of the A, state may
be related to the defect and impurity concentration in the
diamond. Further study is required to investigate why this
center is observed only in certain diamonds.

V. CONCLUSIONS

We have demonstrated that the new center observed on
illumination with uv light is the A, state of the neutral
vacancy. The unpaired electron population is predominantly
located in the carbon dangling orbitals. The EPR line shape
is produced by a combination of small shifts in the positions
of transitions between different M g states and the anisotropic
population of the different states. The electronic g shift is
satisfactorily explained by spin-orbit coupling mixing the
3T, state into °A,. We estimate that the separation of the
two levels is about 1 eV. Lifetime broadening of the EPR
linewidth can be satisfactorily modeled with an Arrhenius-
type expression with an activation energy of 40(5) meV. It
appears that the A, state of the neutral vacancy is midgap,
the reasons for its creation in the diamond studied here are
not understood. Further work on the lifetime and creation of
this center are required.
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