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Noble-gas species are important impurities in the geological analysis of natural diamond and are also used
in ion implantation on the basis of chemical inertness. We present the results of density functional simulations
of noble-gas atoms in diamond. We show that interstitial species are relatively mobile under geological
conditions but require annealing above ~700 K for laboratory-based experiments. In addition, with the ex-
ception of interstitial helium and neon, the noble-gas atoms are able to react chemically with the diamond due
to the compact diamond lattice. This is of particular significance in terms of ion implanted material where
noble-gas species trapped in lattice vacancies are electrically active and stable to high temperatures.
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I. INTRODUCTION

Noble gases, especially He and Ar, are used for control
experiments in ion-implantation doping'~® because once in-
corporated, it is thought that implanted atoms only weakly
perturb the material characteristics. Noble-gas atoms includ-
ing helium and argon are also detected in natural diamond
with isotope effects elucidating the geological history.*~¢
There are three sources of helium in natural diamond: (1)
during growth; (2) a-particle implantation from radioactive
decay of uranium or thorium in neighboring rocks; and (3)
cosmic-ray spallation.

The origins of helium may be separated via isotopic dif-
ferences. Helium dissolved during growth has the same iso-
tope ratio as the mantle, 4-6 Ra,” and is evenly distributed
through the crystal. In contrast, the penetration of « particles
depends on the energy of the decay but is not more than
10 um and this process produces “He:*He of ~0.01 Ra.
Finally, cosmic rays penetrate right through the diamond and
the spallation reactions with C or N produce *He: *He ratios
of 0.2 to 1. This cosmogenic source is present only when the
diamond resides near the surface of the earth, such as where
it lies in an alluvial deposit, and produces ~100 helium at-
oms per gram of diamond per year at sea level.®°

Hence, accurately determining the isotope ratio discrimi-
nates between, for example, alluvial diamonds and those
from mined kimberlite pipes, and may indicate something of
the history of the diamond. In practice, diamonds have he-
lium isotope ratios in the range from below 1 Ra (predomi-
nantly radiogenic) to above 200 Ra (predominantly cos-
mogenic).

The experimental extraction of helium is performed in a
high-temperature furnace capable of heating the diamond to
2000 °C (i.e., above the graphitization threshold) and col-
lecting the emitted gas in a mass spectrometer. In some cases
the helium isotope ratio decreases by during extraction, im-
plying either a difference in diffusivity of *He and *He, or an
anisotropic distribution of He isotopes in the original sample.

Diffusion Dbarriers are estimated at 1.02+0.21,
1.08 =0.05, and 1.56 eV (Refs. 10-12) but the observations
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vary widely with sample!! and isotope. In one study'? *He
was effused at 500 °C whereas “He required 1700 °C. In a
different study, the effect was reversed, with *He being much
more retentive.'” The inconsistency may suggest that the dif-
fusion being measured is affected by additional interactions,
such as with lattice damage. Indeed, material implanted with
1 meV “He* ions'* shows no diffusion of He in the absence
of graphitization or cracking. It is therefore important to de-
termine the diffusion barriers for atomistic mechanisms from
accurate quantum-chemical methods.

Despite the use of inert gas ion implantation and its sig-
nificance in geological analysis, there is little detailed atom-
istic modeling for the properties of the candidate structures,
such as interstitial noble-gas atoms. Therefore, we present
the results of first-principles calculations within the density
functional approach of the structure, vibrations, electronic
structure, and diffusion characteristics of the noble gases He,
Ne, Ar, Kr, and Xe in diamond. We first outline the method
in Sec. II, report the results in Sec. III, and finally conclude
in Sec. IV.

II. METHOD

Calculations were carried out using the local spin-density
functional technique,'®> implemented in AIMPRO (Refs. 16
and 17) (ab initio modeling program). Simple cubic, 64 and
216 atom supercells of side length 2a, and 3q,, along with
256 atoms, body-centered-cubic cells encapsulate the de-
fects. The cell-size dependence may be determined by calcu-
lating differences in the formation energies, a value which
depends only on the chemical potential of carbon. The level
of convergence is known to depend on the volume displaced
by the impurity.'® In the current systems the differences in
the formation energies of substitutional He and Ar in be-
tween the 64 and 216 atom supercells are 0.1 and 0.2 eV,
respectively. Values presented from simulations using the
larger supercells are therefore expected to be converged with
respect to the cell size to within a few tenths of an eV, the
error increasing with the atomic number of the impurity. In
all cases, we find that there are no qualitative differences
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(e.g., in terms of the chemical reconstructions) between
structures in different cell sizes.

The Brillouin zone is sampled using the Monkhorst-Pack
scheme,!” generally with a mesh of 2X2X2 special k
points. For representative cases we compare total energies
with a finer mesh and the results suggest our values from the
coarser mesh are well converged. Core electrons are elimi-
nated using norm-conserving pseudopotentials.?

The wave-function basis consists of atom-centered
Gaussians.”! For the carbon(silicon) atoms, independent s
and p Gaussians with four widths plus one(two) further set of
d Gaussians are used. For the noble-gas atoms we use inde-
pendent sets of s, p, and d Gaussians with four widths, ex-
cept for helium where six independent sets of s and p Gaus-
sians are employed. The charge density is Fourier
transformed using plane waves with a cutoff of 300 Ry,
yielding total energies converged to ~1 meV. The lattice
constant and bulk modulus are within ~1 and 5%, respec-
tively, of experimental values while the direct and indirect
band gaps at 5.68 and 4.26 eV, respectively, are close to
previously published plane-wave values.??

The zero-temperature formation energy of a system X in
charge-state ¢ may be calculated using

E(X,q) = E(X,q) - 2 i+ q(EX + ). (1)

Here E is the total energy, u; and w, are the chemical
potentials?® of the atoms and electrons, respectively, and Ef
is the energy of valence-band top. Donor or acceptor electri-
cal levels may be estimated using the formation energy
method or by use of the marker method.?">*?> Electrical lev-
els are of a semiquantitative nature, with error bars of several
tenths of an eV resulting from the effects of charged super-
cells and interactions from their periodic images. However,
the calculations are able to place electrical levels in a quali-
tative nature, such as “mid gap,” high or low in the band gap,
or close to a band edge. We define a binding energy by
EP(XY)=FE(X)+E/(Y)-E/(XY).
The chemical potential of atomic gas is given by?®

= Hy + kT In <L><2—Wﬁz)m 2)
MX (gas) X B kBT kaBT P

where Hy is the enthalpy of the atom as calculated by ob-
taining the energy of a single noble-gas atom, kj is the Bolt-
zmann’s constant, p is the gas pressure, my is the mass, and
i is the Planck’s constant divided by 2. For the case of
hydrogen solubility in diamond, the temperature-dependent
component of the chemical potential has been shown to be
rather insignificant.?®

For solids where the pV term is normally small, the Helm-
holtz free energy (i.e., a constant volume constraint), which
is the more natural computational quantity, is a very good
approximation for the Gibbs function. The temperature-
dependent free energy deviates from the zero-temperature
value principally due to entropic terms for heavy species but
there may be important contributions for light species arising
from vibrational contributions.?” The vibrational contribution
to the free energy of each system under a harmonic approxi-
mation may be obtained using®’
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Fo(T) = kBTJOo {In[sinh(%w/2kzT)]}g(w)dw, (3)
0

where g(w) is the phonon density of states. The integral is
approximated by a sum over the zone-center normal modes,
which we obtain by constructing the dynamical matrix using
a finite-difference approximation for the force derivative
when displacing atoms by 0.1 A in each of the x, y, and z
directions, and then diagonalizing to find the normal modes
in the usual way. The total Helmholtz free energy is then
given by

F= Ef + Fvib - TSconfig’ (4)

where the configurational entropy per impurity term is
kg In(Q)/[X], with Q being the enumeration of possible ar-
rangements of the impurity species.

Finally, activation energies for atomic motion have been
obtained using the standard climbing nudged-elastic-band
(NEB) method.?®?° Initially approximate profiles are ob-
tained using the well-optimized end points for the reaction or
diffusion process without a climbing image. These are then
followed by simulations where the highest energy image is
allowed to climb and optimization of the minimum-energy
path proceeds until the saddle-point energy changes by less
than 10 meV between subsequent iterations and the image
forces are all less than 1073 atomic units. In addition, the
number of images are increased until for a given process the
saddle-point energy is found to be independent of this num-
ber (typically on the order of 10 images).

III. RESULTS
A. Interstitial He

Supercells were relaxed containing 64 and 216 host sites
and a single He atom located initially at high-symmetry sites:
the tetrahedral interstitial site (T) and the hexagonal intersti-
tial site (H). Subsequent to the constrained relaxation, the
atom positions were randomly perturbed by ~0.1 A and the
structures rerelaxed.

From these calculations we conclude that the ideal T site
as most stable. In this form the helium nucleus lies 1.58 A
from the four equivalent nearest C neighbors. These nearest-
neighbor carbon atoms are pushed outward in a breathing
mode, resulting in three extended C-C bonds (1.57 A) and
one compressed (1.50 A).

The constrained H-site structure, which is 2.3 eV above
the ground state, also yields He-C internuclear distances of
1.57 A with the C-C bonds in the hexagonal ring dilated at
1.63 A. The H structure possesses a single imaginary mode,
which points along (111) and combined with NEB calcula-
tions we conclude that He; diffuses by hops between T sites
via H sites with a barrier of 2.3 eV.

To shed further light upon this barrier, and noting that the
diffusion barrier of He; in Si is much lower at
0.6+0.1 eV,!° we have also calculated the diffusion barrier
for He; in silicon. We find a diffusion barrier 0.7 eV in ex-
cellent agreement with the experimental determination. We
conclude that our computational method is reliable and
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TABLE I. Local vibrational mode frequencies (cm™) for helium
in diamond. The irreducible representations are indicated in
parentheses.

Structure Symmetry Isotope Frequency (symmetry)

T T, *He 1365 (A)) 1651 (Ty)
T T, “He 1365 (A)) 1483 (Ty)
H Dsy He 1395 (4,,) 2109 (E,)
H Dy, “He 1395 (A,,) 1869 (E,)

hence the relatively high value computed for diamond is
probably correct.

The impact of a high He; diffusion barrier may be mod-
eled as an Arrhenius process. For the attempt frequency, v,,
we may use the calculated local modes of He;, listed in Table
I, or calculate an attempt frequency based on Vineyard’s
theory.?® In the current case, v,(*He)=485 cm™' and
v,(*He)=422 cm™!, around 30% of the respective local-
mode frequencies. This reflects the relatively higher frequen-
cies at the saddle point.

The Arrhenius relation yields an expression for the tem-
perature

T=E%kg[In(v,/v)]. (5)

where v is the hop rate, E is the activation barrier, and v, is
the attempt frequency. The logarithmic dependence on v,
renders resultant temperature relatively insensitive to the iso-
tope and whether we use the local mode or Vineyard theory.
A hop rate characteristic of laboratory-based experiments on
the order of 1 Hz would require a temperature above
~880 K using v, from the Vineyard theory calculation. Al-
lowing for a =£0.2 eV error bar in the activation energy pro-
vides an estimate of the error bar for this temperature at
around =80 K.

However, in a geological context time scales may be bil-
lions of years®' with temperatures above 1000 °C.3>33 To put
this into context, for 7=1000 °C, v,=14 THz (from the
Vineyard calculation), and E“=2.3 eV, v is on the order of
10 kHz. This implies interstitial helium would be very mo-
bile in crystalline diamond during its geological residence.

It is important to compare the calculated value with those
obtained from high-temperature annealing experiments,
which lie in the 1.0-1.5 eV range. This may be a conse-
quence of the measured activation energies corresponding to
a different process, such as diffusion of He; through defec-
tive diamond at the onset of graphitization. Indeed, such a
low barrier seems inconsistent with the presence of helium
dissolved in the diamond persisting to the high temperatures
and long times experienced in the geological context.

Finally, we estimate an approximate solubility for He; in
diamond. In the context of this calculated value we are esti-
mating the equilibrium concentration in a diamond under
annealing conditions where the He assumed to be in equilib-
rium with He gas. It is not an estimate of the concentration of
He expected in equilibrium with a geological growth envi-
ronment. The zero-temperature formation energy of *He; is
6.5 eV, of which ~230 meV is zero-point vibrational con-
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FIG. 1. (Color online) Solubility of He; in diamond for a He gas
pressure of 1 atmosphere, as described in the text. The solid (red)
line includes only the configurational entropy for “He; the long-
dashed (green) line also includes variation in uyy.; the short-dashed
(blue) line also includes F.y, and the dotted (magenta) line shows
the total solubility for ’He.

tribution. Thus, at 7=0 K, the solubility of He; is practically
nil. The temperature-dependent terms in Eq. (4) all tend to
increase the solubility and the calculated temperature depen-
dency is shown in Fig. 1.

At high temperatures the calculated solubility becomes
relatively large. However, we find that He; is relatively mo-
bile, even at 900 K. The equilibrium concentration of He; at
2000 K may be several parts per million. If cooling does not
occur sufficiently quickly the concentration would drop rap-
idly and be well below parts per trillion before He; is frozen
in supersaturation within an otherwise perfect diamond lat-
tice. If, on the other hand, cooling is very rapid all helium
dissolved or radiated into the diamond while it is deep under
the earth’s crust may be frozen in until mined. Indeed, the
time resident in the geological layers from which the samples
are obtained will also impact upon whether the helium re-
mains within the diamond—prolonged anneals at a few
100 °C would be sufficient over the potentially long periods
to allow the He to migrate.

B. Substitutional He

Implanted helium, including radiogenic sources, may re-
sult in helium lying on a carbon site. Given the size and
nonreactive nature of noble gases, such a defect may be
viewed as a complex of a lattice vacancy with He;.

Relaxation has been performed from various starting
structures. From our analysis, we find that the energetically
preferred geometry has C,, symmetry, as shown in Fig. 2(b).
The helium atom is closer to two carbon neighbors (He-C
distances of 1.44 A) with two more distant carbon neighbors
at 2.09 A. This is 1.6 eV lower in energy than where the
helium atom is constrained to lie on the lattice site (four
He-C distances of 1.83 A). However, it is known that mul-
tiplet effects play an important role in diamond and, in par-
ticular, in the neutral vacancy,**° which is similar to the
on-site He, center. Nevertheless, since the multiplet splittings
in V are of the same order as the 1.6 eV relaxation energy we
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(a) (b)

FIG. 2. Schematics of (a) bulk diamond, (b) He,, and (c) He,
—V in diamond. Gray and white atoms are C and He, respectively,
and the cubes indicate the underlying cubic axes. White bonds in-
dicate the nearest neighbors to helium in each case.

report for He,, they are unlikely to significantly affect the
relative stabilities of He, and He; discussed below. In the C,,
structure, there are four defect states in the band gap, char-
acterized by the electronic configuration atbibdal.

Regardless of the detailed structure of He, the center re-
sults in empty gap levels, suggesting that He, may accept
electrons. By comparison with the known acceptor level of
the vacancy-nitrogen complex at E.—2.583 eV (Ref. 36) as
a marker,?! the distorted structure [Fig. 2(b)] possesses an
acceptor level at E.—2.5 eV and we conclude that He; may
act as a mid-gap acceptor. This has obvious implications for
electrical conductivity.

He, may be visible due to the light impurity giving rise to
vibrational infrared absorption. The orthorhombic He, has a
single, IR-active local vibrational mode, lying at 1522 and
1668 cm™' for “He and *He, respectively, corresponding to
stretching modes of the helium atom between the two nearest
carbon atoms. In the likely event of low concentrations of
He,, the direct detection via infrared spectroscopy would be
unlikely. However, they may be resolved as local-mode rep-
licas of an electronic transition: the optical transition be-
tween the highest-occupied and lowest-unoccupied levels is
dipole forbidden but would be rendered allowed with the
participation of the local mode. The clear isotopic depen-
dence would be a key characteristic for experimental inves-
tigations to elucidate the true structure of He, since the on-
site structure will give riser to lower-frequency modes.

Finally, we present the analysis of the thermal stability of
He,. The binding energy of He; to a lattice vacancy may be
estimated using a combination of the current calculations and
the quantum Monte Carlo value for the formation energy of
the lattice vacancy.?> We obtain a value for the binding en-
ergy of 2.2 eV. Then, for dissociation into He; and V, the
activation energy, approximated by the sum of the binding
and diffusion energies, is 4.5 eV.

Alternatively, He, may migrate. An estimate of the diffu-
sion energy for exchange of helium with a nearest neighbor
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from a NEB simulation is found to be just 4.9 eV, lower than
calculated®” for similar processes involving N; or B,.

E/(He,)>E/(He;) so that in equilibrium [He,]<[He;].
The estimated diffusion barrier for He, is comparable to the
experimentally inferred activation energy for N, aggregation
into A centers.?83° In most natural diamond, conversion from
N, into A centers is typically complete. Therefore, provided
that the helium is introduced onto a substitutional site with
sufficient time for the annealing process to occur geologi-
cally, we expect the trapping of He; at a lattice vacancy to
form He, is unlikely to survive. If the He is implanted (cos-
mogenic) while the diamond is near the surface of the earth,
the large binding energy and relatively high migration barrier
may render these centers kinetically stable.

C. He,-vacancy complexes

As shown above, we find a relatively low thermal stability
of He, and He;. Taking the view that helium may be stabi-
lized if more space is afforded to it and taking He, to be
effectively a complex of a monovacancy and He;, we have
also examined complexes made up from He; and multiple
vacancies.

We start with the simple, nearest-neighbor divacancy and
add the noble-gas atom. As with the monovacancy case (He,)
helium energetically prefers the proximity of carbon atoms,
Fig. 2(c), rather than residing at the center of the divacancy,
the structure preferred by a large number of impurity
species.*” However, the split-vacancy structure where helium
is equidistant to six equivalent carbon neighbors is just 0.2
eV higher in energy, indicating a much weaker interaction
than for He;.

The trend extends to larger voids. As a prototypical sys-
tem we place helium in a ring hexavacancy.*! (We particu-
larly do not suppose that natural or synthetic diamonds con-
tain these specific vacancy aggregates but use this structure
as a larger space in which to place the noble-gas species but
which remains a defect which can legitimately be regarded
as pointlike. We note however that there is evidence that
nanosized voids are present in diamond.*>*?) In the case of
helium at the core of the hexavacancy, we find the complex
to be 2.3 eV lower in energy than when in a metastable,
chemically interacted structure (similar to that found for He,
and He,-V).

An important difference between the different sized voids
is seen in the variation in the electron densities in the
“empty” regions. The calculated variations along the C;
(111) axes of the monovacancy, divacancy, and hexavacancy
are plotted in Fig. 3.

The charge density at the center of the hexavacancy is an
order of magnitude lower than the monovacancy and diva-
cancy. Then, in larger voids the helium atoms can adopt lo-
cations where there is a much lower charge density and
hence a reduced overlap between the helium wave functions
and the diamond host. However, for the small voids, such as
a monovacancy, no such site exists and there is an energetic
expedient to the chemical reaction of the noble-gas atom
with the diamond host.

89% of the zero-temperature formation energy of He; is
liberated by placing it at the center of a hexavacancy and the
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FIG. 3. (Color online) Charge density (atomic units) along (111)
axes of the monovacancy (solid line), divacancy (dashes), and hexa-
vacancy (dots). The center of symmetry is at x=0 A in each case.

barrier to dissociation of Vy—He is around 8 eV, a large value
even in a geological context. We therefore conclude that
even relatively small voids may be sufficient to stabilize He
within diamond and that structures of this type may be re-
sponsible for the measured release of He from natural dia-
monds at high temperatures.

D. Other noble-gas impurities

The properties of helium may be put into further context
by comparison with other noble-gas species. Table II lists the
formation energy and diffusion barriers calculated for He,
Ne, Ar, Kr, and Xe. We note that in practice noble-gas spe-
cies are most likely introduced into the diamond via implan-
tation processes. However, once incorporated in such non-
equilibrium mechanisms, formation energies provide some
insight into the likelihood of the species being retained or
diffusing out of the diamond during annealing processes.

Structurally, interstitial noble-gas species are found to be
stable in one of two distinct forms. For the smaller species of
He and Ne, the T site is preferred and both migrate via the H
site.

In contrast, Ar, Kr, and Xe all chemically react with the
lattice and form [001]-oriented split interstitials. The reaction
is highly exothermic so that the split-interstitial configuration
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FIG. 4. (Color online) Calculated formation energies (empty
symbols) and binding energies (filled symbols) for noble-gas cen-
ters in diamond (eV): Ef(X;) B; F/(X,) O; Ef(X;-V,) A: E(X,
—Ve) V: EP(X;,V) @; E*(X;,V,) A;and E*(X;,V,) V.

is 10.8, 13.6, and 14.2 eV lower in energy than the T site for
Ar, Kr, and Xe, respectively. Despite the qualitatively differ-
ent structure, the larger noble gases are also found to migrate
with low barriers. The trajectory is via a through-bond
mechanism also found for interstitial nitrogen.** The diffu-
sion barriers range from 3.0 to 3.7 eV, corresponding to a
temperature range of 1100-1400 K for v=1 Hz and v,
around the one-phonon maximum of the host material [Eq.
(5)]. Thus, over geological time scales and temperatures,
species such as Ar; should be considered as mobile.

We have compared Ar; in diamond with the analogous
cases in silicon where Ar does not exhibit any tendency to
react with the lattice. The qualitative difference between Si
and diamond can be understood as follows. The potential
well in which a nonbonded Ar; site confines the atomic wave
functions, raising their energy. For Ar; at the T site in dia-
mond, this results in a mid-gap level principally comprised
of the Ar 3p electrons. The total energy is then able to be
reduced by rehybridization of these electrons following reac-
tion with the lattice. In contrast, the reduced confinement at
the T site in silicon results in no gap levels and then there is
no energetic expedient for any chemical reaction.

Figure 4 shows a trend in formation energy with atomic
number. Even allowing for a temperature dependence of the
solubility from Eq. (4), the solubility of interstitial helium is

TABLE II. Summary of zero-temperature formation (E/) and migration (E“) energies (eV) calculated for
interstitial noble-gas species in diamond. Energies are from 216-host site supercells and the chemical poten-
tials of the noble-gas impurities are taken from isolated atoms. The migration trajectories are indicated, where
T, H, split, and BC refer to the T site, H site, [001]-split interstitial, and bond-centered configurations,
respectively. AE=FE/(X;)—E/(X,) is positive for species which are more thermodynamically stable as substi-

tutional species.

Species Structure E/(T=0) E° Route AE
He T site 6.3 2.35 T-H-T -3.8
Ne T site 17.9 1.56 T-H-T 3.2
Ar Split 262 3.04 Split-BC-split 6.0
Kr Split 316 3.13 Split-BC—split 8.3
Xe Split 403 372 Split-BC—split 115
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greater than all other species we investigated by many orders
of magnitude.

For the substitutional site, we find that all noble-gas spe-
cies react with the lattice in a similar fashion to that de-
scribed above for He: Ar,, Kr,, and Xe; gain ~0.6 eV by
moving off the lattice site, whereas the saving is smaller at
~0.1 eV for Ne,.

However, there is a very important distinction between
helium and all other substitutional noble-gas impurities: the
formation energies of Ne,, Ar,, Kr,, and Xe, are less than
their interstitial counterparts (AE in Table II). The implica-
tion is that these noble-gas species would be present in dia-
mond preferentially in association with monovacancies, es-
pecially in the context of ion implantation. This trend is
extended in terms of the larger voids so that for Ar, Kr, and
Xe the interstitial site is less favorable than within the diva-
cancy or hexavacancy, even including their large formation
energies.

To place this on a more quantitative basis, we have cal-
culated the diffusion barrier for concerted exchange for Ar,,
obtaining a value of 5.9 eV. In the case of the annealing of
He,, we predict that the diffusion could take the form either
of dissociation or concerted migration activated by 4.5-4.9
eV. However, since Ar, is more stable than Ar;, it is the 5.9
eV diffusion barrier of Ar, that limits its stability.

Binding energies (Fig. 4) rapidly increase with atomic
number and cavity size. For the ring hexavacancy, with the
possible exception of He, the void represents a deep trapping
site, even on a geological scale: the energy required to move
Ne,; from a hexavacancy to a distant interstitial site is 17 eV,
with larger values for Ar, Kr, and Xe.

The large formation energies shown in Fig. 4 indicate the
low probability of formation under equilibrium conditions.
However, ion implantation is highly nonequilibrium and for-
mation of vacancy-impurity complexes is both likely and
will require high-temperature annealing to be reversed.

Finally, we note that although the cage-site interstitials
(He and Ne) are electrically inactive, the split interstitials,
Ar;, Kr;, and Xe; possess occupied electronic states within
the diamond band gap. Using the formation energies, we find
that the chemically reacted interstitials possess both donor
and acceptor levels in the band gap but relatively close to the
band edges in each case. The electrical levels are plotted
schematically in Fig. 5. For example, Ar; has a a donor level
estimated at £,+0.8 eV and an acceptor level around 0.5 eV
below the conduction band.

In contrast, Ar, possesses both occupied and empty bands
in the gap, leading to an acceptor at E,+2.4 eV and a donor
at E,+1.6 eV. Indeed, all substitutional noble-gas defects
(also shown in Fig. 5) are electrically active. The levels of
the substitutional species show clear trends, a consequence
of the common origin, being gap states derived from the four
carbon sites immediately adjacent to the impurity. The noble-
gas impurities in multivacancies also result in levels in the
band gap (not plotted) with electrical levels arising from the
chemically unsatisfied carbon atoms at the void surface.*>*3

Combining the electrical activity with the thermal stabil-
ity, where high concentrations of these “inert” species are
introduced via implantation, they will impact upon the con-
duction characteristics, in line with a suggested mechanism
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FIG. 5. (Color online) Schematic showing the calculated elec-
trical levels obtained using the u,.-dependent formation energies of
selected interstitial and all substitutional species explored in this
study. E,, is the valence-band top, with Eih and E." being the theo-
retical and experimental conduction-band minima, respectively. The
nature of the electrical transitions, viz., double-acceptor (2—/-),
acceptor (=/0), donor (0/+), or double donor (+/2+) is indicated
on the right and transitions of the same type are joined with dashed
lines.

involving the deep levels of the lattice vacancy.*> Indeed, this
may have been observed in practice with Xe implanted dia-
mond exhibiting apparent n-type conductivity,” assigned at
that time to graphitization.

IV. SUMMARY AND CONCLUSIONS

We have presented the results of density functional simu-
lations of noble-gas impurities in diamond and draw a num-
ber of conclusions. First, although one normally considers
noble-gas species as chemically nonreactive, in the closely
packed environment of the diamond lattice, there is an ener-
getic expedient for the formation of chemical bonds.

In the case of He, although at higher temperatures He;
may be relatively soluble, it remains mobile to modest tem-
peratures where the equilibrium solubility under laboratory
annealing conditions is very low. The relative mobility of
noble-gas species in diamond suggests that the helium mea-
sured in annealing natural diamonds to high temperature are
most likely associated with impurities not dissolved in the
lattice but rather trapped at voids, inclusions, or other non-
diamond regions within the samples.

In experiments performed upon natural diamonds, there is
a clear distinction between the diffusion of *He and “He.
However, we have shown that there is no substantive differ-
ence in the diffusion of the two isotopes if they are in the
form of, for example, He; or He,. Rather, the calculations
appear to support the suggestion that the two helium isotopes
are inhomogeneously incorporated in these diamonds so that
they are then released upon graphitization of the regions con-
taining the noble-gas species. The source of the inhomoge-
neous incorporation of the helium isotopes remains to be
explained.

Finally the role of implanted noble-gas species such as Ar
or Xe to produce damage but otherwise leave the material
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unaffected cannot be assumed. We find that all noble-gas
species are likely to interact strongly with lattice damage,
resulting in thermally stable, electrically active centers. Such
damage will have to be taken into account in order to under-
stand the electrical and optical properties of the implantation
damaged diamond samples.
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