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It is established that vacancies in diamond migrate, during annealing, primarily in their neutral charge
state, with an activation energy of 2.3+0.3 eV. Negative vacancies are destroyed by first converting to
neutral centers in a reversible charge transfer process. In relatively pure diamonds (type IIa) and in dia-
monds (type I) containing large concentrations of nitrogen, effectively all the vacancies in the samples
after irradiation can be accounted for in their neutral (V ) and negative (V ) charge states. In
nitrogen-rich diamonds, the vacancies are predominantly trapped during annealing at the nitrogen.
From the annealing data we derive the relative oscillator strengths of the main absorption bands of V,
V, and of one vacancy combined either with a single N atom, a pair of N atoms, or the larger "B"ag-

gregate of nitrogen. In the absence of the intrinsic nonradiative decay channels of luminescence from

V, we show that the radiative decay time would be 35+7 ns. In common natural ("type IaA") dia-

monds, variations of absorption linewidths during annealing imply that about 40%o of the vacancies are
created within a few atomic sites of the nitrogen impurity, and direct observation confirms that vacancy
production is enhanced in these diamonds. About half the vacancies, including those created near the
nitrogen, anneal at each temperature about 12 times faster than those vacancies whose creation is not
correlated with the nitrogen.

I. INTRODUCTION

The 6rst systematic studies of radiation damage in dia-
mond' were published in the 1950s. Since then extensive
optical and paramagnetic resonance studies have pro-
duced a considerable amount of information on the radia-
tion damage centers, as reviewed in Ref. 2. In this paper
we are concerned primarily with vacancies. The neutral
vacancy is nonparamagnetic but has been thoroughly in-

vestigated through its optical absorption/luminescence
system. This system, known as the "GR1 band, "has its
zero-phonon line at 1.673 eV, Fig. 1(a). Uniaxial stress
perturbations of the zero-phonon line have shown that
the GR1 transition occurs at a center with the full
tetrahedral symmetry of the substitutional site. The
transition is between a ground orbital state which is dou-
bly degenerate (irreducible representation E) and a triply
degenerate orbital excited state (of T2 or T, representa-
tion). Both the ground and excited states undergo Jahn-
Teller relaxations, but the effects are dynamic and V
maintains the Td point group of an atomic site in dia-
mond. Additional transitions from the same E ground
state produce a set of at least 12 sharp absorption lines at
photon energies of 2.88-3.04 eV, merging into an absorp-
tion continuum. These excited states are suggestive of
excitation into a series of shallow bound states of V .
Photo-Hall measurements on the carrier ionized from
these states show that it is a hole, locating the excited
states near the valence band. Consequently the ground
state of V is located close to the center of the energy gap
of perfect diamond, which is E -5.49 eV. The radia-
tive decay time of the GR1 photoluminescence band is
2.55+0. 1 ns in the limit of low temperature. It decreases
with increasing temperature, showing that there are
strongly competing nonradiative deexcitation channels.
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FIG. 1. Representative spectra, recorded at liquid-nitrogen
temperature, of (a) a type IaA diamond after irradiation at nom-
inal room temperature with 3 X 10' 2-MeV electrons cm; (b)
a type IIa diamond irradiated under the same conditions as the
sample in (a); (c) a type Ib sample after irradiation and anneal-
ing; (d) a type IaA diamond after irradiation and annealing. To
generate a measurable NV vibronic band, the sample used in (c)
was chosen to have a higher nitrogen content and a higher dose
than the Ib samples used in the annealing studies.
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The singly negative charged state of the vacancy, V
has recently been identified by paramagnetic resonance
measurements, ' but most studies of V have been car-
ried out using its characteristic optical absorption band,
the "ND1 band" with its zero-phonon line at 3.150 eV
(Ref. 11) [Fig. 1(a)]. Like the GR1 band, the ND1 ab-
sorption band also occurs at a Td center, from an orbital
nondegenerate A state to a triply degenerate orbital
state. ' There is no ND1 photoluminescence band; in-
stead the center deexcites by emission of a charge (of un-
known sign) producing an ND1 photoconduction spec-
trum. ' It has been reported' that intense illumination
in the ND1 band reduces its strength, and increases the
GR1 band; heating in the dark reverses these changes.

The equilibrium charge state of a vacancy in any dia-
mond is controlled by the major impurities in that dia-
mond. In relatively pure diamonds, referred to as "type
IIa" diamonds, the GR1 absorption is far stronger than
the negligible ND1 absorption [Fig. 1(b)], implying that
the equilibrium charge state is neutral rather than nega-
tive. " Most natural diamonds contain nitrogen at a con-
centration of about 10' cm ' (Ref. 15), with other im-

purities at concentrations several orders of magnitude
smaller. The nitrogen may be present in several different
atomic structures, which are identifiable by their charac-
teristic absorption bands. ' ' The smallest structure is
when one nitrogen atom substitutes for one carbon atom,
producing what is referred to as "type Ib" diamond. The
N atom is known to undergo a relaxation to take up C3,
symmetry by lengthening one of the N-C bonds. ' It
is a donor with an ionization energy of Ed —1.9 eV, ' re-

sulting in V being the favored charge state in type Ib
diamonds" to the extent that in some natural type Ib
diamonds the ratio of GR1 absorption (characteristic of
V ) to the NDl absorption (characteristic of V ) may
approach zero. In type Ib diamonds synthesized at
high pressure, the charge equilibrium is expected to be
affected by the very different nitrogen concentrations in

different growth sectors.
Only a very small proportion of natural diamonds is of

type Ib because, despite the migration energy of nitrogen
being 5.0+0.3 eV, significant motion of the N atoms
occurs over geological time spans, allowing the N atoms
to aggregate. The smallest aggregate, the "A aggre-
gate, " is commonly found in natural diamonds and con-
sists of two nearest neighbor substitutional nitrogen
atoms. It is a very deep donor with an ionization ener-

gy of -4 eV. Further aggregation of the nitrogen pro-
duces a larger complex, the "B aggregate, " and usually

planar defects ("platelets") are created simultaneously.
There are no data on the ionization energy of the B ag-

gregate. The two vacancy charge states V and V coex-
ist in type Ia diamonds containing any combination of
the 2 and B nitrogen aggregates, and their respective ab-

sorption bands have similar strengths [Fig. 1(a)].
Vacancies in diamond are static at room temperatures.

In contrast, the self-interstitial, which is believed to be a
(001) split interstitial, probably migrates during elec-
tron irradiation at about 50 K, producing interstitial-
related paramagnetic centers ' and at larger doses
forming interstitial loops. No optical signal has yet

been definitely associated with self-interstitials. One sig-
nature of a self-interstitial may be local vibrational modes
involving a carbon atom, as is observed at several optical
centers produced by radiation damage plus some anneal-

ing. ' However, the situation is confused since it is known
that vacancy-related centers in diamond may show local
modes involving carbon. In the present paper the self-
interstitials are not important —we will see no evidence
for reactions between vacancies and self-interstitials, ex-

cept possibly in the earliest stages of annealing type IIa
diamonds (Sec. IV).

When the relatively pure type IIa diamond is annealed
at 600'C, the GR1 band of V is destroyed. Its destruc-
tion has been correlated with the growth of the "TH5"
optical band, and it has been suggested that TH5 occurs
at a divacancy. ' At higher annealing temperatures TH5
is unstable, but at least some of the vacancies aggregate
in chains approximately along (110) axes, creating
paramagnetic centers. Type IIa diamonds contain
dislocations at typical densities of 10 cm (Ref. 34) and
their importance in trapping vacancies is not known.

In type Ib diamonds, annealing destroys the ND1 and

any GR1 absorption as the vacancies migrate to, and are
trapped at, the single substitutional nitrogen atoms.
The resulting nitrogen-vacancy pair (N-V) has the ex-

pected C3, symmetry. An optical transition between the
ground orbital single state and the excited orbital doublet
state produces the characteristic zero-phonon line at
1.945 eV [Fig. 1(c)]. Its radiative decay time of 13+0.5
ns is temperature independent between 77 and 700 K.
Recently this transition has been studied in hole-burning
experiments. The center also produces a paramagnetic
resonance signal, whose properties confirm the C3, sym-

metry.
It is well established that in type Ia diamonds the va-

cancies migrate to and are trapped at A or B nitrogen ag-
gregates. A vacancy trapped at an A aggregate pro-
duces absorption in the "H3" band with its zero-phonon
line at 2.463 eV; trapped at a B aggregate it gives absorp-
tion at 2.498 eV in the "H4" band. Both the H3 and H4
centers are highly stable at the temperatures used in this
work. In a typical type Ia diamond with both A and B
aggregates the H3 and H4 centers are produced in pro-
portion to the A and B aggregates. The H3 absorption
band is shown in Fig. 1(d), and the band shape of H4 is

very similar but is displaced —35 meV to higher energy.
H3 and H4 have very similar responses to uniaxial
stresses. ' ' The point group of the H3 center is Cz, and

that of H4 is C, i, (Refs. 40 and 41). These data indicate
that H4 is a lower symmetry version of H3, the lowered
symmetry resulting from the extra nitrogen atoms in the
B nitrogen aggregate required to produce H4. The radia-
tive decay times of the H3 and H4 photoluminescence
bands are also very similar, ' at 16.7+0.5 ns for H3
and 19.1+1 ns for H4, and it is known that neither is

temperature dependent.
Although our knowledge about the individual

vacancy-related centers is considerable we do not have a
quantitative understanding of the vacancy reactions dur-

ing annealing. In this work we have exploited the effects
of the different nitrogen impurity structures available in
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diamond. In type IIa diamond, which approximates to
pure diamond, V predominates over V; in type Ib dia-
mond V is found in preference to V; and in type Ia dia-
mond V and V coexist. We will derive the migration
energy of V, and show that in the common type Ia dia-
mond the migration of the vacancy is mediated through
V, with V centers decaying by first undergoing charge
conversion to V . By combining the data with the mea-
sured radiative decay times of the vacancy-related bands,
we will suggest that in nitrogen-rich diamonds the nitro-
gen is the dominant trap for the migrating vacancies and
that all the vacancies can be accounted for in terms of
their neutral and negative charge states. We will show
that in type Ia diamond the concentration of V always
exceeds that of V, partially explaining the failure to
detect V in recent positron annihilation measure-
ments.

II. SAMPLES AND EXPERIMENTAL DETAILS

Samples of types Ia, IIa, and Ib diamond have been
used in this work. The type IIa (relatively pure) natural
diamonds were chosen to contain negligible nitrogen (in
practice less than —10' cm ) on the basis of the lack of
one-phonon optical absorption. We have chosen type Ia
natural diamonds (containing nitrogen in the A and 8 ag-
gregated forms) so that either the A aggregates or the 8
aggregates dominated in capturing the mobile vacancies.
We will follow the convention of referring to these dia-
monds as type IaA and type IaB diamonds, respectively.
They had between (3.S and 6.2) X 10' cm nitrogen in
the A form, and between (0.03 and 1.8) X 10' cm nitro-
gen in the 8 form, as measured from the optical absorp-
tion in the one lattice-phonon region. ' In the type IaA
sample with the highest ratio of the concentrations of 8
to A nitrogen, Xz/X~ =0.29, the ratio of absorption
generated in the H4 and H3 zero-phonon lines was
A H4 / A H3 7 X 10 . This is consistent with earlier
correlations of the absorption coefficients integrated
across the H4 and H3 zero-phonon lines [in the manner
detailed below in Eq. (2.3)]:

A„4yA»—0.2SX,yX, . (2. 1)

Since the H3 and H4 bands are almost identical, the A

aggregates dominated over the 8 aggregates for capturing
vacancies in all our type IaA samples.

Three type IaB natural diamonds have been used with
nitrogen concentrations in the 8 aggregated form of be-
tween (1.6 and 2.0) X 10 cm, and in the A form of less
than 3 X 10' cm . A further three type IaB diamonds
of lower nitrogen concentrations (1.3 to 8)X10' cm
but also of significantly worse crystal morphology have
been examined.

The type Ib diamonds were synthetic diamonds grown
with a getter to reduce the concentration of nitrogen sub-
stantially belo~ the leve} found in commercial synthetic
diamonds so that they were optically transparent in the
region of the ND1 zero-phonon line. From the optical
absorption in the ultraviolet, ' the mean nitrogen concen-
tration was estimated to be 2 X 10' cm, but with con-
siderable variations in the different growth sectors.

All the diamonds were about 1.5 mm thick. They were
irradiated at nominal room temperature with doses of
10' —10' cm 2-MeV electrons. Irradiations carried
out at nominal room temperature in rare natural semi-
conducting diamond show that the rate of loss of the ac-
tive boron acceptors is

hp= —0.27 cm (2.2)

implying that the rate of production of damage centers is
of this order. A similar figure (0.3 cm ') for vacancy
production by 3.5-MeV irradiations has been derived re-
cently using positron annihilation data. In the work re-
ported here the radiation doses are small enough that the
concentration of V centers is linearly proportional to the
radiation dose.

The samples were annealed at temperatures between
600 and 800'C in a quartz tube evacuated to 10 Torr
to prevent graphitization. The upper limit on the tern-
perature was fixed by the need to keep the heating time of
the tube substantially less than the anneal times, and the
lower limit by the need for an acceptably quick result.

Absorption spectra were recorded with the samples at
77 K in the full white light of a tungsten lamp. Order
sorting for the dispersive monochromator was by filters
placed after the sample. From the representative spectra
of Fig. 1 it is clear that the total absorption in the vibron-
ic bands is difficult to measure since the absorption con-
tinuum underlying each band cannot be defined unambi-
guously. In contrast, the zero-phonon lines can be easily
defined. Consequently in all cases we have measured the
strength of absorption A for each band by integrating the
absorption coefficient p(E) (measured in cm ') at photon
energy E (measured in meV) over the relevant zero-
phonon line:

A = J dEp(E) . (2 3)

III. OVKRVIK%' OF THK DATA

In this section we present results based on the iso-
thermal annealing of four type IIa diamonds, eight type
IaA diamonds, and three type Ib diamonds, and on the
isochronal annealing of three type IaB diamonds. The
data are introduced with the minimum of analysis, and
they will be analyzed in detail in Secs. IV —IX.

A. Type IIa diamond

Electron irradiation of type IIa diamonds creates the
GR1 band of V, but negligible ND1 absorption of V
[Fig. 1(b)]. On annealing between temperatures of 600
and 750 C about 30—50% of the GR1 line decays during
the first stage of annealing. This process is too rapid for
us to measure at these temperatures (Fig. 2), but in this
paper we will be primarily concerned with the remaining
GR1 absorption which decays with half-lives between 1.5
and 200 h. In all our type IIa diamonds the full widths at
half height of the GRl line were 4.4—5.1 meV and
remained constant throughout the annealing.



13 160 DAVIES, LAWSON, COLLINS, MAINWOOD, AND SHARP 46

C. Type IaB diamond
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After electron irradiation the absorption spectra are
dominated by the GR1 and the ND1 bands [Fig. 1(a)]
with strengths closely proportional to each other [Fig.
3(a)]:

FIG. 2. Experimental points show the decrease in GR1 in-

tensity during the annealing at 700 C of a type IIa diamond.
The lines show calculated fits to the slower decay process, i.e.,
ignoring the point measured before annealing. Fits of first- and

second-order kinetics are shown by lines labeled A and B, re-

spectively. The thick line is calculated using Eq. (4.3) with the
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Three type IaB diamonds, containing over 1.6X10
cm nitrogen in the B aggregates, have been annealed
isochronally (1 h at each stage). In each diamond the H4
absorption produced during annealing was at least 14
times larger than the production of H3 absorption. Since
the H3 and H4 bands are almost identical (Sec. I) we have
allowed for the small H3 production by plotting the
growth of H4 plus H3 absorption in Fig. 7. As for the
type IaA diamonds the loss of GR1 absorption mirrors
the growth of the end product (the H4 band here) in these
diamonds with high nitrogen content. Three type IaB
diamonds with lower nitrogen content (8X10' cm )

have also been annealed. For these samples the produc-
tion of H4 absorption was up to 2.2 times smaller, rela-
tive to the initial damage, than for the type IaB diamonds
with higher nitrogen. We will not discuss these samples
further, except to note that in natural diamonds which
contain slip planes and platelets as well as nitrogen, the
vacancies are not predominantly trapped at the nitrogen.

3ND) /3 ~~) =0.53+0.03 (3.1)
0 I

0 50 100 150
GR1 absorption (meV cm ')

The ratio of GR1 and ND1 absorptions may change dur-
ing annealing [Fig. 4(a)]. In the type IaA samples with
low damage (corresponding to Azz, (60 meVcm '),
the ND1 and GR1 absorptions are almost proportional
to each other during the annealing. However, samples
with larger doses show an increase in ND1 absorption in
the first stages of annealing, while the GR1 line decreases
monotonically. This effect has been reported without
comment earlier. In Sec. VI we will associate it with
charge transfer effects between V and V

On annealing each type Ia sample the H3 absorption
was generated simultaneously with the loss of GR1 ab-
sorption (Figs. 5 and 6). There was a direct correlation
between the loss of GR1 and the growth of H3 absorp-
tions in all the samples, but not between the loss of ND1
and the growth of H3 [Fig. 3(b)].

One striking feature during the annealing of all the
type IaA samples was that the full widths measured at
half height of the GR1 and NDl lines decreased during
the first stages of annealing [Figs. 6(b) and 6(c)]. The H3
linewidth was either constant during the annealing, as in
Fig. 6(b), or showed very small increases or decreases;
however, the changes were always much smaller than for
the GR1 and ND1 lines.
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FIG. 3. (a) Experimental data for the strengths of absorption
in the ND1 and GR1 lines (of V and V, respectively), after ir-

radiation and before annealing, measured in eight type IaA dia-

monds. (b) Data from eight type IaA diamonds for the changes
in absorption during isothermal annealing. Squares compare
experimental data for the reduction in absorption in the GR1
line with the increase in H3 absorption. The corresponding
data for the decrease in ND1 and increase in H3 are shown by
the circles.
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D. Type Ib diamond

In our as-irradiated synthetic type Ib diamonds the
ND1 absorption was five to ten times greater than GR1
absorption. In the first stages of annealing the GR1 band
tended to increase in intensity while the ND1 band de-
creased monotonically [Fig. 4(b)]. During the annealing
the 1.945-eV band of the NV center is created, Fig. 8.
There were no detectable variations in widths of the
GR1, ND1, or NV lines during the anneal.

IV. VACANCY MIGRATION ENERGY
IN TYPE IIa DIAMOND

The migration energy E of a vacancy can be mea-
sured from its rate of loss during isothermal annealing, as
long as it is destroyed by migration to a trapping point.
It is necessary to avoid loss of the vacancies through
another species of defect migrating to it. It is possible
that the fast initial decay of GRI absorption (Fig. 2) is
caused by the loss of vacancies by recombination with
mobile self-interstitials. We concentrate here on the

d V /d t = r
1

V—or d V/dt = r2 V— (4.1)

for first- and second-order kinetics, respectively. If both
capture processes have comparable importance we could
expect

dV/dt = r, V—r2V—

giving

(4.2)

slower decay process, which has decay times similar to
those observed at the same temperatures in the type Ia
diamonds.

The loss of vacancies in type IIa diamonds has been
suggested to occur through the formation of vacancy
pairs, in which case second-order kinetics would apply.
At higher temperatures, we assume that the formation of
the vacancy aggregates observed in paramagnetic reso-
nance will take place initially through divacancy forma-
tion, again implying approximately second-order kinetics
for the loss of vacancies. In contrast, trapping at disloca-
tions is expected to proceed through first-order kinetics,
given the small radiation doses and a high density of
trapping points. The slow decay of the GR1 band in type
IIa diamond could therefore be expected to obey either

~ 80-
E

& 60
E

.9 40
CL

0
~ 20

C)

a)

0 I

0 50 100 150
GR1 absorption (meV cm ')

exp(r 1 t) r2+ [exp(r, t) —1],
V Vp r

E

& 100

E

~&50

(3
0

150 ~

(4.3)

8-
E
V

E

Co 4
CL
L0
M

Cl

I

II.O 0.4 0.8 1.2
GR1 absorption (meV cm ')

FIG. 4. Comparison in (a) three type IaA diamonds, and (b)
in three type Ib diamonds, of the ND1 and GR1 absorption
lines during isothermal annealing. For each sample the as-
irradiated condition is shown by the point furthest from the ori-
gin, and successive annealing stages follow the curves towards
the origin. The lines are calculated using the charge transfer
process V ~ V +e with V being captured by the nitrogen,
Eqs. (6.6a) and (6.6b) for the type Ib diamonds and Eq. (6.7) for
the type IaA diamonds. In (a) two of the samples were annealed
at 600 C (squares and triangles) one at 650 C (circles) and in (b)
at 650 C (triangles), 750'C (squares) and 800'C (circles).
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FIG. 5. Data for the isothermal annealing at 600 C of one
type IaA diamond. (a) The decay of the GR1 line and (c) the
growth of the H3 line are fitted using the two-exponential pro-
cesses, Eqs. (5.1) and (5.2). The circles on (b) show measured
data for the ND1 absorption and the line is the fit to the GR1
data from (a).
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E =2.4+0.3 meV . (4.4)

In these type IIa diamonds the absorption band of V
was observed but there was no evidence for the ND1
band of V, strongly suggesting that E is the migration
energy of V .

V. VACANCY MIGRATION ENERGY
IN TYPE IaA DIAMOND

where Vo is the initial concentration of vacancies decay-
ing through these processes. Figure 2 shows fits to the
data for first-order and second-order kinetics, and for the
combined process, Eq. (4.3), which produces the best fit.
However, since both first- and second-order kinetics in-
volve the motion of V, we can obtain the migration ener-
gy E of the vacancy from either, or from the combina-
tion, despite their different mathematical forms. Plots of
1nr, against 1/T for first-order kinetics, or of
in(rz/A oR, ) against 1/T for second-order kinetics, yield
very similar values. The values plotted in Fig. 9 are de-
rived from fits of Eq. (4.3) and show the behavior of r, ,
for ease of comparison with the type IaA diamonds dis-
cussed next. The migration energy is determined to be

lates with loss of GR1, but not of ND1 [Fig. 3(b)]. Con-
sequently, we will initially concentrate on the GR1 band
of V.

Compared to type IIa diamond, type Ia diamond has
two simplifications. First, we know that at least some of
the vacancies migrate to the nitrogen impurity, and
secondly we can identify the end products of the anneal-
ing by the H3 and H4 absorptions. Although the A and
8 nitrogen aggregates act as trapping points for the mi-
grating vacancies, we do not yet know that they are the
only trapping points. However, from Eq. (2.2) the con-
centration of nitrogen is over two orders of magnitude
greater than the vacancy concentration. Consequently
the nitrogen aggregates alone are sufficient for us to ex-
pect the vacancies to decay with first-order kinetics if
they migrate by a random walk. In fact the observed de-
cays of the GR1 ( V ) line in all our type IaA diamonds
are not given by a single exponential [Figs. 5(a) and 6(a)].
%e find that the measured absorption A GR, in the GR1
line can be accurately parametrized by the sum of two ex-
po nentials:
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After irradiation, type IaA diamonds contain both V
and V centers. During annealing H3 production corre-
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FIG. 6. (a) Destruction of GR1 (squares) and growth of H3
(triangles) in a type IaA diamond during isothermal annealing
at 700'C. The lines are calculated using Eqs. (5.1) and (5.2).
The full widths at half height of GR1 [squares on plot (b)], H3
[triangles on plot (b)], and ND1 [circles on plot (c)] are shown
for the same diamond as used for (a). The curved lines on (b)

and (c) are calculated using Eq. (7.1).
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FIG. 7. (a) Data for one type IaB diamond for isochronal an-

neals of 1 h at each stage. The squares show the measured GR1
absorption, the triangles the measured H4 absorption, and the
circles the sum ( A ~R, + —' A ND, ). The lines join points calculat-

ed at each annealing stage as described in Sec. VIII using

~0=1.85X10 s and a migration energy of E =2.2 eV. (b)

Data for three type IaB diamonds taken during isochronal an-

nealing between 450 and 800 C with 1 h at each stage. The "va-

cancy absorption" is (AGR, + 4 A»&) and the "H4 absorption"

is the sum of the H4 absorption and a very small ( & 7%) contri-
bution from H3. The straight lines have gradients correspond-

ing to Eq. (8.1}.
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where AGR, is the initial GR1 absorption and ~„r2are
the two exponential decay times.

The same two-speed process is seen in the growth of
the 2.463 eV H3 zero-phonon line formed when the va-
cancies are captured by the A aggregates of nitrogen. A
close fit to the absorption AH3 in the H3 line is obtained
in all the samples without any free parameters by using
the same decay times as derived from the decay of V in
the form
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FIG. 8. Data for the isothermal annealing at 750'C of one

type Ib diamond. (a) shows the absorption in the ND1 line (cir-

cles) and the GR1 line (squares). The lines are calculated using

the charge transfer process V ~ V +e with V being cap-
tured by the nitrogen, Eqs. (6.6a) and (6.6b). (b) shows the mea-

sured growth of the NV absorption line (diamonds). The line

joins points calculated using Eqs. (6.2), (6.3a), and (6.3b), using

the data plotted in (a).
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where A H3 is the strength of the H3 line after infinite an-
nealing [Figs 5(c) and 6(a)]. The close match between the
decrease in GR1 absorption and increase in H3 absorp-
tion throughout the annealing establishes that vacancies
are trapped at A aggregates of nitrogen during both the
fast and slow modes. Consequently both processes in-
volve the motion of vacancies.

The fraction a, /(a
&
+a 2 ) of the GR1 band which is

destroyed by the faster decay process varied between 0.47
and 0.8 in our seven samples. There was no correlation
of a, /(a, +a2 ) with the concentration of nitrogen in the
diamonds or with the radiation dose. However,
a &/(a, +a2) correlated with the temperature of anneal-

ing (Fig. 10).
Figure 9 shows Arrhenius plots for the fast and slow

decay times in the type IaA diamonds. In this plot we
have used the measured decay times —no correction has
been made for the different nitrogen concentrations in the
samples, and this neglect will be partially justified in Sec.
X. The straight lines through the points show that both

10E

5
0.9 1.0 1.2

Reciprocal temperature (10 K )

FIG. 9. Arrhenius plots of the measured exponential decay
times (1!r&) for the type IIa samples (triangles) and for the

slower (~& ) and faster (~, ) decay times for the type IaA samples

(squares). The lines are calculated for the type IIa diamonds us-

ing Eq. (5.3) with E =2.43 eV and ~o=2.09X10 s. For the

type IaA diamonds Eq. (5.3) has been used with the parameters
of Eqs. (5.4a) and (5.4b).

1.0-
0+
U 0.8

U
0.6

0
0 04-0

0.2-M
U

0 A I I I

550 9OO 95O 1OOO 1O5O

Annealing temperature (K)

FIG. 10. Data from the isothermal annealing of seven type
IaA diamonds. Squares show the fraction a&/(a&+a&) of the

decay of the GR1 absorption band which anneals by the faster
process as a function of the annealing temperature. The outly-

ing sample had a particularly sharp zero-phonon line.
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decay rates are thermally activated in the form

r =~oexp( E/k T), (5.3)

E =2.3+0.2 eV . (5.4a)

and have, within experimental uncertainties, the same ac-
tivation energies of

With these parameters Eq. (6.2) accurately reproduces
the growth of ANv in terms of AGR, and AND, mea-
sured at each stage of the annealing [Fig. 8(b)].

The same ideas can be applied to the growth of the H3
absorption AH3 in type IaA diamond. AH3 is given by
the sum of the changes in the GR1 and ND1 lines from
the start of the anneal:

7~p= 1 ~ 4X 10 s 7p=2 ~ 4X 10 s (5.4b)

The lines on Fig. 9 have been calculated with this value
of E and with preexponential factors AH3=f H3

0 0A GR1 A GRl A ND1 A ND1+fGR1 fND1
(6.4)

for the fast and slow decay processes. The uncertainty in
E creates uncertainties in the ~0 by a factor of 12 on ei-
ther side of the quoted values.

We do not expect different charge states of a defect to
have the same migration energy. Consequently, the simi-
larities of the migration energies measured in the type IIa
and IaA diamonds [Eqs. (2.3) and (5.4a) imply that in

type IaA diamonds the migration predominantly occurs
through motion of V centers at the temperatures used
here. In the remainder of this paper we take this idea to
its limit and assume that the V centers are static during
our annealing experiments.

VI. THE ROLE OF V

f„3/fGR1=0.82+0.03 . (6.5)

So far in this section we have seen that the production of
NV or H3 centers can be consistently accounted for in

terms of the loss of V and V centers. However, the an-

nealing proceeds through the migration of V, not of V

To destroy a V center first requires charge conversion
from V to a mobile V center. In our type Ib diamonds
the ND1 and GR1 absorptions became proportional to
each other at long anneal times, as shown by the data
points near the origin on Fig. 4(b). This proportionality
suggests that an equilibrium is eventually established be-

tween the two charge states. The movement towards
equilibrium is driven by

We have suggested that V centers are static during
the annealing, and that the loss of vacancies occurs
through migration only of the neutral charge state. How-
ever, annealing does destroy the ND1 band which is
characteristic of V [Figs. 5(b) and 8(a)]. To understand
the mechanism by which V centers are destroyed we
will make three assumptions.

(a) All the vacancies are observed either as V or as V
(b) An equilibrium can be established between the two

charge states
(c) During annealing of type Ia and type Ib diamond,

all the vacancies are captured at the nitrogen.
We will apply these ideas first to the type Ib diamonds,

in which the negative vacancies V produce stronger ab-
sorption than the neutral vacancies V [Fig. 8(a)]. We
define f, to relate the zero-phonon absorption A, of the
ith center with the concentration [i] of that species
through

A;=f, [i] . (6.1)

Assumptions (a) and (c) then imply that the concentra-
tion of vacancies present in NV centers is equal to the
changes of V and V centers during the annealing, or,
in terms of the absorption produced by these centers,

ANV

fNv

0 0
A GR1 A GR1 A ND1 A ND1+fGR1 fND1

(6.2)

fND, /fGR, =4.0+0.2,
fN v /f GR,

= 1. 15+0.01 .

(6.3a)

(6.3b)

We have measured A Nv, A GR, , and A ND, during the an-

nealing of three type Ib diamonds. A least-squares fit of
Eq. (6.2) to the data yields

d[V ]
—[V ]/r+[V ]

dt con

(6.6a)

where ~„„is the characteristic time of the charge conver-
sion process and r determines the final equilibrium ratio
of A ND, /A GR, . The capture of the vacancies only
occurs through motion of V, with a characteristic time

~ann

(6.6b)

where the last term allows for the charge conversion be-
tween V and V . The lines through the experimental
points on Figs. 4(b) and 8(a) have been calculated using
Eqs. (6.6a) and (6.6b) with fND, /fGR, =4. For the tem-
peratures of interest here ~„„(~,„„.Consequently the
loss of the vacancies is rate limited by their migration en-
ergy rather than by the charge conversion time.

In type IaA diamond the ND1 and GR1 lines also
come into equilibrium after sufficient annealing, the equi-
librium ratio increasing as the radiation damage initially
present increases [Fig. 4(a)]. We saw in Sec. V that some
V centers are captured by the nitrogen with a shorter
characteristic time than other V centers. By the time
the V and V centers have come into their final equilib-
rium ratio, the more rapidly annealing V centers have
been destroyed, Fig. 5. Evidently it is possible for equi-
librium to be achieved amongst the slowly decaying va-
cancies. The data can be fitted by modifying Eqs. (6.6a)
and (6.6b) so that the V centers come into charge equi-
librium with the slowly decaying component V, of V

and the fast and slow components of V are captured by
the nitrogen with characteristic times ~I„„and8„„:
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d[V ]
dt

—[V ]/r+[V, ]

COI1

(6.7}

dt +ann
f
aIln

d[V ]
dt

Again the fits [Fig. 4(a)] require f~o, /f GR& =4.
Examination of the data for types IaA and Ib diamond

shows that they cannot be fitted if only a one-way conver-
sion of V ~V is used; the charge transfer between V
and V must be reversible. Also, in the type Ia dia-
monds an accurate fit is obtained only if the V centers
come into equilibrium with the slowly decaying com-
ponent of V, not with all the surviving V centers. It is
the existence of the two-stage annealing and the equilibri-
um only with the slow decaying component which results
in the possibility of S-shaped curves on Fig. 4(a).

We now see why the growth of H3 in type IaA dia-
mond may be calculated from the loss of GR1 absorption
without allowance for the ND1 band, Eq. (5.2} and Fig.
3(b). After irradiation the ND1 absorption is typically
-0.4 of the GR1 absorption, corresponding to an order
of magnitude fewer V centers than V, Eqs. (6.1) and
(6.3a). The behavior of this small concentration of V
centers is almost irrelevant to the total behavior of all the
vacancies.

VII. LOCATION OF THE VACANCIES
IN TYPE IaA DIAMOND

where I 0 and I are the widths observed at the start and
near the end of annealing. The ND1 linewidth obeys a

In Sec. V we showed that the decay of the GR1 band in

type IaA diamond can be described very simply using the
sum of a faster decay and a slower decay. We wi11 contin-
ue to use this description, even though the use of two
(and only two) decay processes is probably a gross
oversimplification.

If each vacancy had two independent methods of de-

cay, the decay would be given by a single exponential in
time with a characteristic time ~ given by a sum of the re-
ciprocals of the individual decay times in the form
1/r=1/r, +1/r2. A sum of two exponential curves
could occur if each vacancy decays either by the faster
process or by slower process. Since the growth of the H3
(N-V-N) centers is also given by the sum of two saturat-
ing exponentials [Figs. 5(c) and 6(a)], both the faster and
the slower processes involve the motion of vacancies to
the nitrogen.

Further insight into the two annealing rates observed
in type IaA diamonds comes from the variation of the
full widths at half height of the GR1 and ND1 lines dur-
ing the anneal. In all cases the lines sharpen during the
faster anneal process. Figure 6(b) shows linewidth data
for a sample whose GR1 and H3 absorptions are shown
in Fig. 6(a). The GR1 width I (t) at anneal time t can be
adequately described with no adjustable parameters using
the faster decay time r, obtained from Eq. (5.1) in the
form

(7.1)

similar dependence [Fig. 6(c)]. In contrast, Fig. 6(b)
shows that the H3 linewidth is essentially constant during
the anneal —in some samples the H3 width decreases
very slightly during the annealing, in others it increases a
little during the first stages of annealing. However, the
changes in width of the H3 line are always small com-
pared to those of the GR1 and ND1 lines. (Note that we
cannot obtain the width of the H3 line immediately after
irradiation, since it is only created after some annealing. )

The "3H" transition on Fig. 1(a) is not the H3
transition —3H occurs at a distinctly different center,
and is destroyed rapidly on annealing.

The widths of zero-phonon lines are caused predom-
inantly by the range of perturbations, particularly by
strain perturbations, of the optical centers in their
different local environments in the samples. The experi-
mental data show that some vacancies are more highly
strained than others, and that the highly strained centers
are amongst those trapped faster at the nitrogen impuri-
ty. Nitrogen is known to be a major source of strain in

type Ia diamonds, ' and its effect on the H3 linewidth is
known. It is possible that the additional GR1 and ND1
linewidths at the start of the anneal are caused by the
faster-annealing V centers being in regions of particular-
ly high nitrogen content. This possibility may be exclud-
ed since H3 centers formed in regions of high nitrogen
would give zero-phonon lines which would be broad at
the start of the anneal and would progressively sharpen
as V centers were formed randomly in the crystal; this
variation in width is not observed [Fig. 6(b)]. A more
likely explanation of the linewidth behavior is that some
V centers are created close to a nitrogen aggregate. In a
quasirandom motion they would be more likely to be cap-
tured first, sharpening the GR1 and ND1 zero-phonon
lines at rates characterized by the fast decay time.

We can estimate the fraction of the vacancies in the
more highly strained environments by using a simple
model. We assume that a fraction f of all the vacancies
is created near the nitrogen, and for simplicity we assume
that these vacancies are equally perturbed. Both the
GR1 and ND1 transitions involve degenerate electronic
states which are split by the symmetry-lowering com-
ponents of the perturbation. Consequently their zero-
phonon lines are discretely perturbed through energies
+DE from the ideal zero-phonon energy. In addition the
background strain in the diamonds is assumed to produce
the linewidths I „observed towards the end of the an-
neals. The observed line at the start of annealing is there-
fore assumed to consist of a central component plus two
outer components displaced by +DE and each containing
f /2 of the total absorption; we will use Lorentzian line
shapes of widths I

„

for the three peaks. As a specific ex-
ample we apply this model to the ND1 data of Fig. 6(c).
The background linewidth of I =3.6 rneV is increased
to 5.6 meV by the discretely perturbed V centers.
These widths do not uniquely define both f and bE.
However, they do define a lower limit to f, f ~ 0.4 corre-
sponding to AE ~2.4 meV.

The value of hE can be used to estimate the proximity
of these highly perturbed V centers to the nitrogen.
The ND1 zero-phonon line is known to be perturbed par-
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ticularly by shear stress, ' a shear strain e producing
perturbations of hhv=Cc44e, where C has been mea-
sured to be 3.9 meV/GPa, and the elastic constant
c44 =578 GPa. The strain produced by a nitrogen ag-
gregate can be estimated by using elastic continuum
theory and regarding the aggregate as a point defect.
The shear strain at a distance r from the nitrogen is thene„=—3xy A /r where the size mismatch of the nitrogen
in the diamond crystal is given by A. A is related to the
lattice expansion 5 V/V produced by a concentration p of
aggregates by b, V/V=12m. Ap(1 —p)/(1+p) where

p =0.2 is an estimated Poisson's ratio. ' The use of a
spherical point defect to represent the nitrogen aggregate
is necessary because we only know the isotropic expan-
sion of the lattice and have no information about the axi-
al perturbations produced by the nitrogen. Combining
the known lattice expansion, ' with the most recent nitro-
gen calibration data, ' A =1.1X10 ' m . Using this
theory we calculate that to generate the extra width of
-2.4 meV in the ND1 line requires the ND1 center to be
about 0.7 nm from the nitrogen, i.e., at only four or five
times the C-C bond length of 0.154 nm.

This estimate suggests that about ~ 40% of the vacan-
cies are found, after the radiation damage, only a few
atomic spacings from the nitrogen. The precise values
cannot be trusted, but they suggest considerable localiza-
tion of vacancies near the nitrogen. For comparison,
with the concentrations of A aggregates used here (typi-
cally 2. 5 X 10' cm ), the total volume within a distance
0.7 nm of a nitrogen aggregate is -3% of the whole
volume of the crystal. Apparently, vacancies are prefer-
entially created near to the nitrogen. To test this deduc-
tion we have irradiated a type IaA diamond containing
1.8X10 cm nitrogen and a type IIa diamond, careful-
ly using the same irradiation conditions and doses [Figs.
1(a) and 1(b)]. Using Eq. (6.3a} to convert the measured
ND1 absorption into equivalent GR1 absorption, the ra-
tio of the vacancy production in the type Ia and IIa dia-
monds was

(7.2)

This observed enhanced production in type Ia diamond
would result in a fraction (1.6 —1)/1.6=0.38 of the va-

cancies being strongly perturbed, very close to the lower
limit of our simple estimate (f ~ 0.4).

VIII. ISOCHRONAL ANNEALING
OF TYPE IRB DIAMOND

As a check on the analysis of the isothermal annealing
in type IaA and type Ib diamond we will apply the same
ideas to the isochronal annealing data of type IaB dia-
monds in which H4 centers are created when the vacan-
cies are trapped at the B aggregates of nitrogen. The as-
sumptions at the start of Sec. VI imply that as long as the
concentration of nitrogen is high enough that the 8 ag-
gregates are the dominant trap for the vacancies, the loss
of V and V centers should correlate linearly with the
growth of H4 centers. From Eq. (6.3a), the concentration
of V and V is proportional to the AGR1+ —,

'
AND1, and

as shown in Fig. 7(b) this quantity decreases linearly with

the growth of the H4 absorption for each of the three
samples. The gradients are equal and give

fH4/f GR, =0.87+0.01, (8.1)

E =2.2+0.2 eV (8.2)

in close agreement with the values of Eqs. (4.4) and (5.4a)
derived from the isothermal data.

Finally we see in Fig. 7 that the growth of the H4 ab-
sorption may be represented without further adjustable
parameters by analogy with Eq. (6.4):

AH4 A H4+fH4
0

0 0A GR1 AGR1 A ND1 A ND1+fGR1 fNDt

(8.3)

where AH4 allows for any absorption in the H4 line
which is present in the type IaB samples before irradia-
tion, and f~4/fGR, is known from Eq. (8.1). The equa-
tion accurately describes the growth of the H4 band (Fig.
7}.

IX. DETAILED BALANCE

In Secs. VI and VIII, two of the assumptions used to
relate the growth of H3, H4, and NV with the loss of va-
cancies were that all the vacancies are present either as
V or as V, and they are all eventually trapped at the
nitrogen and at no other traps. These same assumptions
allow us to link the strengths of the vacancy-related ab-
sorption bands to the radiative lifetimes of the transitions
using detailed balance which gives

2
mcAf dE p(E)= n +2 [C], (9.1)

gg w„E

where J b ddE p(E) is the total absorption in a vibronic
band, ~„is the radiative lifetime and E is the mean energy
of the luminescence transition, g, and g are the degen-
eracies of the excited and ground states of the transition,
[C] is the concentration of the optical center, and n is the
refractive index at the optical center. For convenience,
a11 quantities are expressed in S.I. units. Equation (9.1)
contains known physical constants (the Planck constant
and the speed of light) but n is difficult to define. We ar-
gue that a11 the vacancy centers discussed here may be re-
garded either as simply vacancies or as vacancies per-
turbed by neighboring nitrogen atoms, so that n is simi-
lar for each center. In our experiments we have mea-
sured the absorption A; in each zero-phonon line, which

close to the value in Eq. (6.4) for the similar H3 center.
To fit the isochronal annealing data of the type IaB

diamonds with a minimum number of adjustable parame-
ters, we assume that at each temperature the vacancies
anneal with a characteristic time ~ which is thermally ac-
tivated: r=roexp(E/kT) Fig.ure 7(a) shows that close
fits to the isochronal data can be made, treating 70 and E
as adjustable parameters. A least-squares fit to the data
for the loss of GR1 and ND1 absorption in the three
samples yields
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is a fraction z; of the total absorption in each band.
Values of z,-, g„gz,and ~„for each band are listed in
Table I.

First we rationalize the data for the production of H3
and H4 centers. By combining Eqs. (6.5) and (8.1) for the
annealing of types IaA and IaB diamond, we see that the
ratio of the zero-phonon absorptions produced by one H3
center and one H4 center is

H3fH3 ge ~H3

H3 2
gg rH&Em

=0.82 .

Evaluating Eq. (9.4) for ro„,gives

&GR1-42 ns .

GR1
~e GR1

GR1 2
~g +GR1EGR1

(9.4)

(9.5a)

fH3 /f g4 0.95+0.05 (9.2) Similarly, combining Eq. (6.3b) and the parallel of Eq.
(9.4}for the conversion of V to an NV center gives

From Eq. (9.1}and Table I, the ratio is expected to be
'7GR1 28 ns . (9.5b)

H3
fH3 ge H3

fH4 gg rH3EH3
H3 2

H4
~e zH4

H4 2
~g +H4 H4

=0.84+0.9, (9.3)

in agreement with Eq. (9.2) within the uncertainties.
Similarly, Eqs. (6.3b) and (6.5) show that one H3 center
produces 0.71+0.03 times the zero-phonon absorption of
one NV center. From Eq. (9.1) and Table I we would ex-
pect 1.0+0.07. These figures do not agree within the ex-
perimental errors, and possibly demonstrate the limita-
tions of these simple detailed balance arguments. It is
known that when Eq. (9.1) is applied to optical centers in
silicon, the group-IV semiconductor next to diamond, its
uncertainty is up to a factor of 2. Within these limits,
the similarity of the measured and predicted ratios from
independent data using both synthetic diamonds and nat-
ural diamonds with very different geological histories
suggests that the underlying assumptions are valid —that
essentially all the vacancies in these diamonds are either
V or V, and that during migration virtually all are
trapped at nitrogen.

Similar arguments allow us to estimate the true radia-
tive decay time ~GR1 of the GR1 luminescence band.
roR& is not known, only the measured decay time (-2.5
ns as T~0 K) which is affected by strong nonradiative
processes. Equation (6.5) gives the measured ratio
A Hz /A oa, of absorption in the H3 and GR1 lines for
the same concentrations of N- V-N and V centers. Using
Eq. (9.1), it can be rewritten as

The radiative decay time of the GR1 band in the absence
of competing nonradiative channels is therefore expected
to be -35+7 ns, of a similar magnitude to values typical
for diamond (Table I).

Direct application of Eq. (9.1) to the GR1 center, and
using n =2.44 as for perfect diamond and vGR1=35 ns,
we obtain foa& =2 X 10 ' meV cm . In the type IIa dia-
mond used for Fig. 1(a) the GR1 absorption was
A GR1

=45 meV cm ' after a dose of 3 X 10' cm 2
MeV electrons cm, implying a vacancy production rate
of 0.075 cm '. From Eq. (2.2) the measured compensa-
tion rate of boron acceptors in p-type diamond during 2-
MeV irradiation is 4 times larger, but may be caused by
both vacancy and self-interstitial effects; however, the
evidence is that Eq. (9.1) underestimates the concentra-
tion of the centers by about at least a factor of 2.

X. DISCUSSION

The migration energy of V has been measured to be
E =2.3+0.3 eV [Eqs. (4.4), (5.4a), and (8.2)]. In unpub-
lished work, Palmer annealed one type IIa diamond at
successively higher temperatures of 500, 600, and 700'C
and derived two activation energies for the destruction of
the V centers, 1.62 and 2.35 eV. The latter value is very
close to our value of E, and the former may be associat-
ed with the fast destruction of some V centers during the
first stages of annealing. Bernholc et al. have calculat-
ed the difference in energy between having a carbon atom
at the saddle point between two vacant sites and the Td

TABLE I. Relevant properties of the vacancy centers.

Name

GR1
ND1
NV
H3
H4

Energy
(eV)

1.673
3.150
1.945
2.463
2.498

Center

Vo

V
N-V

N- V-N
V+B'

z.'
I

0.042
0.041
0.024
0.05
0.05

b
fg fe

C

(ns)

2.55+0.1

n /a'
130+0.5

16.7+0.5
19.1+1.0

References

3,4,9
3,12

3,22,35
3,40,42
3,41,43

z; is the fraction, at low temperature, of the measured absorption in each vibronic band which lies in
the zero-phonon line.

g~ and g, are the orbital degeneracies of the ground and excited states of the optical transition.
r, is the radiative decay time as measured at low temperature; for the GR1 band v.

„

is reduced from its
true value by nonradiative decay channels.
No luminescence has been detected from the 3.150 eV transition.

'B indicates the B nitrogen aggregate.
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vacancy, obtaining 1.9 eV with an estimated uncertainty
of 0.1 eV. To convert this value into the migration ener-

gy requires the addition of the Jahn-Teller stabilization
energy in the ground state of V, which from the vibronic
band shapes is about 0.2 eV. Their value is then
E =2. 1+0.1 eV, in close agreement with our experi-
mental value.

In Sec. VII we showed that vacancy production by 2-

MeV electrons is about 40%%uo larger in type Ia diamond
than in type IIa diamond, and that the extra vacancies
are in highly perturbed environments within a few atomic
radii of the nitrogen aggregates. We concluded that pref-
erential creation of vacancies occurs in a small volume
near the A nitrogen aggregates. The preferential creation
is presumably not a consequence of lattice distortions
near the nitrogen since the migration energy for these lo-
calized vacancies is indistinguishable from that of the
randomly created vacancies, suggesting that there is no
weakening of the lattice near the nitrogen. One possibili-

ty is as follows. During electron irradiation many of the
self-interstitials undergo rapid correlated recombination
with their vacancies, so that only a fraction of the atomic
displacements survive to be observed in the optical mea-
surements. The nitrogen may reduce the correlated
recombination, so enhancing the rate of production of ob-
servable damage. For example, the nitrogen could cap-
ture the self-interstitial, but then we would not expect to
get a standard H3 center when the vacancy was captured
at the same (nearby) nitrogen aggregate. Alternatively,
the nitrogen could modify the electrical charges on the
vacancy and self-interstitial increasing the probability of
their separating. Further work is required to understand
the magnitude of the correlated recombination, for exam-

ple, by measuring the production of damage in pure dia-
mond as a function of temperature, for which existing
data are sparse.

Although -40% of the vacancies are created in the vi-

cinity of the A nitrogen aggregates, between 55% and
80% anneal by the faster process, the percentage increas-
ing with the annealing temperature (Fig. 10). We suggest
that a substantial fraction of the vacancies, including
those preferentially created near the A aggregates, are
captured relatively rapidly by neighboring nitrogen. For
this reason it was appropriate to plot on Fig. 9 the mea-
sured decay time rather than the measured decay time
multiplied by the concentration of the nitrogen, at least
for the faster annealing component. The fact that the
fraction of vacancies annealing faster increases with the
annealing temperature suggests that the energy of the va-

cancy in its Td site increases as it moves towards the
nitrogen —the vacancy moves "uphill" to the nitrogen.
The energy gradient must be sma11 enough not to affect
the measured migration energy of the vacancy [Eqs. (4.4)
and (5.4a)]. It is possible that this energy gradient is the
cause of the unexpectedly large value of the faster anneal
time ro of Eq (5.4b). Assuming a typical vibration fre-

quency for vacancies in diamond of 10' Hz (40 meV),
~f=1.4X10 s corresponds to 1.4X10 jumps, for va-

cancies which are created within a few atomic sites of the
nitrogen trapping points. The kinetics require further de-
tailed modeling.

where ~ is the characteristic capture time of vacancies
at the A aggregate. These equations yield

—f/~
(1 —e ) r&(1 ——e

[N-V-N]= [V]0 (r —r/)
(10.1)

where [ V]0 is the initial concentration of vacancies. With
finite ~f there is a slower initial growth of N-V-N centers
than loss of vacancies as the vacancies are bottlenecked
in the N-N-V configuratio. We do not observe this slow
initial rise in H3 absorption, but our data only allow us to
deduce that Ef &2.8 eV, and it is even possible that the
final conversion is exothermic.

We have shown in Sec. VI that the annealing of V

proceeds by conversion first to V . Charge transfer pro-
cesses are inevitably specimen dependent since the elec-
tron liberated in the ionization V ~V +e must be
trapped elsewhere. We have no knowledge of the nature
of these traps. In type IaA diamonds the charge transfer
processes become more apparent with increasing radia-
tion dose [Fig. 4(a)], possibly through the creation of
different electron traps (e.g. , interstitial clusters) with in-

creasing dose. We have noted that in type IaA diamonds
the V and V centers come into charge equilibrium for
those vacancies which are captured relatively slowly at
the nitrogen. Qualitatively it appears that vacancies
created relatively close to the nitrogen aggregates have
their charge states pinned by the nitrogen, but our data
are too sparse to make this statement quantitative. How-
ever, the charge transfer process has allowed us to deter-
mine the relative absorption in the GR1 and ND1 bands
per vacancy, f&D, /foR& =4.0+0.2 and that value agrees
with the value we have derived from the conversion of V
and V to NV and H3 centers. A similar value can be
deduced from published data of Dyer and du Preez. '

They studied the interconversion of GR1 and ND1 bands

by heat treatments and photochromic effects, using very
low resolution measurements. They quoted values for the
total absorption in the vibronic bands, after subtracting
underlying absorption, which convert into our nomencla-
ture in the range f&D~ /foe~ =5.5 —10. It would be use-

ful to repeat the Dyer and du Preez experiments using

When the vacancy is captured by the N-N nitrogen ag-
gregate in type Ia diamond, giving N-N-V, it must con-
vert to the N- V-N structure of the H3 center —some res-
tructuring is necessary since the observed point group of
H3, C2„is not a subgroup of the D3d symmetry of the A

aggregate. ' If the conversion requires a formation
barrier of energy Ef to be overcome, the mean time
for the final conversion is expected to be

Tf rfoezp( Ef IkT) . Since the conversion involves one
atomic jump, we expect the characteristic time ~fo to be
of the order of the time period of an atomic vibration,
which we assume is —10 ' s as is typical for vacancy
complexes in diamond. We can therefore model the pro-
duction of H3 centers by the differential equations

d [N-N-V]/dt =[V]/r~ —[N N V]l-rf-,

d [N-V-N]/dt =[N-N-V]/rf,
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modern equipment.
Finally we note that throughout this paper it has been

possible to ignore the interstitials, except possibly for the
rapid initial decay of V centers in type IIa diamonds. It
has long been known that irradiating type Ia diamond
with y rays creates highly perturbed V centers and, con-
sequently, broad GR1 bands. ' Annealing these diamonds
can result in a loss of 75% of the V centers with no
creation of H3 centers, consistent with the suggestion
that vacancy-interstitial recombination is occurring in
this initial annealing phase. ' We have shown that in type
I diamonds irradiated at room temperature with 2-MeV
electrons there is no evidence for vacancy-interstitial
recombination —the loss of vacancy centers correlates
with the creation of H3, H4, or NV centers. Consequent-
ly we have established one simplification in radiation
damage studies of type I diamond, that the reaction paths
of self-interstitials and vacancies do not interfere with
each other.

Xi. SUMMARY

In a pure crystal we expect the vacancies to be found in
one charge state. In the relatively pure type IIa diamond
V is observed, but not V . The migration energy of the
vacancy measured in type IIa has therefore been assigned
to the value for V . In type IaA diamond, containing
pairs of substitutional nitrogen atoms, we have measured
the same vacancy migration energy, implying that V is
the mobile species even though, for reasons which we do
not understand, both V and V exist in these diamonds.
In nitrogen-containing diamonds our annealing data are
consistent with a charge transfer occurring, possibly dur-
ing the heat treatments, between V and V . The static
V is destroyed on annealing by first converting to the
mobile V . From the reversible charge transfers we have
derived a value for the relative absorption per vacancy in
the two bands. The value agrees with an independent as-
sessment obtained by comparing the destruction of V
and V with the production of H3 (or NV) centers in

type Ia (or Ib) diamond. We have shown that irradiating
type Ia diamond with 2-MeV electrons creates about 10
times more V centers than V centers. The lack of re-
ported positron annihilation at V in irradiated type Ia
diamond is consistent with this result. The self-
consistent picture emerging here suggests that the under-
lying assumptions are valid —that effectively all the va-
cancies in types Ia and Ib diamond are present either in
their neutral or singly negative charge states, and that
during annealing the vast majority of the vacancies are
trapped at the nitrogen impurity. The same assumptions

have been used to determine a value for the true radiative
lifetime roR, (in the absence of the nonradiative channels)
of the GR1 band and have given two independent, and
closely agreeing, values of ~Gz, . It appears that, as far as
vacancy migration is concerned, type IaA diamonds
which contain mainly A nitrogen aggregates and type Ib
diamonds can be regarded as high-quality diamond crys-
tals with one dominant impurity, nitrogen, and no other
significant crystal Qaws.

In type Ia diamonds there is an increase in vacancy
production by -40%%uo over type IIa diamond as a result
of some of the vacancies being created close to (within a
few lattice spacings of) the nitrogen impurity. The local-
ized vacancies are rapidly destroyed on annealing by a
relatively fast capture at the nitrogen. With increasing
temperature of anneal the fraction of the vacancies un-

dergoing this fast anneal increases, suggesting that, in ad-
dition to the localized vacancies some of the other vacan-
cies can also move rapidly to the nitrogen. Possibly the
vacancy energy increases slightly towards the nitrogen, so
that there is a short-range repulsion of the vacancies from
the nitrogen. However, we have no evidence of an energy
barrier hindering the final formation of the H3 centers.

This work has demonstrated that radiation effects in
diamond, which were first systematically studied over
thirty years ago, are still not fully understood. For exam-

ple, we need to determine why there is a greater creation
of vacancies near the nitrogen in the common type IaA
diamonds, and why there is a fixed ratio of the concentra-
tions of V and V in these diamonds. We have shown
that it is possible, in types Ia, Ib, and IIa diamonds, to
consider all the vacancies as being in either the neutral or
negative charge state. The dynamics of the reversible

charge transfers between V and V require further in-

vestigation, to locate the ground states of the centers rela-
tive to the electronic band states of the host lattice. This
leaves the positive charge state of the vacancy as an
essentially unexplored center; since natural p-type semi-
conducting natural diamond usually has low levels of ac-
ceptors (10' cm ), V+ may be more readily studied by
irradiation of heavily doped p-type synthetic diamond.
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