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We report experimentally determined self-diffusion coefficients for carbon in a type-IaA diamond at pressure
and temperature conditions within diamond stability field at 10 GPa and 2075–2375 K. The activation energy
of diffusion is 6.8±1.6 eV and a preexponent constant is of 4.1�10−5 m2/s �ln�−10.1±2.0� m2/s�. The acti-
vation energy is approximately 30% lower than results predicted previously from ab initio calculations.
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INTRODUCTION

The diffusivity of carbon in diamond has been investi-
gated by numerical experiments.1,2 These studies determined
the energies associated with atom migration and vacancy for-
mation, but the jumping frequency of carbon atoms has not
been determined due to limitations in computational capabil-
ity. This prevents the determination of self-diffusion coeffi-
cients for carbon in diamond. The direct experimental mea-
surements of carbon diffusivity by physical experiments
provide the data that can be compared to theoretical predic-
tions. We have measured a set of carbon self-diffusion coef-
ficients in diamond at the condition within its field of stabil-
ity: 10 GPa and 2075–2375 K.

Carbon diffusion processes in diamond are generally con-
sidered extremely slow but highly temperature dependent
�i.e., high activation energy�. For this reason, an experimen-
tal determination of diffusion coefficients requires high-
temperature and -pressure conditions where diamond is
stable and an analytical technique that allows concentration
profiling at high spatial and analytical resolution. In this ex-
perimental study, we used a combination of state-of-the-art
experimental and analytical techniques to measure carbon
diffusion. We used a multianvil type high-pressure and
-temperature apparatus to create the conditions of diamond
stability while maintaining extreme high temperatures for an
extended period of time in a near-hydrostatic environment.
High-resolution concentration profiles of C isotopes in run
products were made with a secondary-ion mass spectrometer
�SIMS�.

The diffusion properties of diamond are of interest in
earth sciences, because natural diamonds and their mineral
inclusions provide important information about the
geochemical character and geotherm of the ancient continen-
tal lithosphere. Such diamonds record formation ages as old
as 3�109 years,3 although Shimizu et al.4 have shown the
juvenile character of syngenetic garnet inclusions in some
diamonds and suggested a residence time of only
100 000 years in the mantle. Experimental determination of
carbon self-diffusion in diamond constrains the maximum
possible residence time of diamond in the mantle, because
the time scale of homogenization of C isotope zoning in
many natural diamonds can be calculated once C self-
diffusion coefficients are determined.

EXPERIMENTAL PROCEDURES

The starting materials for the experiments were chips of a
shattered, single-crystal, gem-quality, type-IaA diamond with
approximately 200 ppm nitrogen �Fig. 1�. The diamond was
previously used as an anvil for diamond-anvil-cell �DAC�
high-pressure experiments. The defect structure of the dia-
mond consists dominantly of dispersed and paired
�A-type� nitrogen defects. The roughness of polished sur-
faces was less than 2 nm, which was determined by a stylus-
type surface profilometer �Dektak�. Due to the method used
to produce diamond chips, crystallographic orientation was
not tracked during preparation.

Vitrified glass 13C powder �90% 13C, 10% 12C� was de-
posited on the polished surface of diamond chips using a
pressed pellet of 13C powder that was evaporated under
vacuum above the diamonds by electronic current �vapor
deposition method�. The deposited 13C film was approxi-
mately 30 nm thick and was the source for the diffusant. The
13C film converts to diamond upon heating at high pressure,
thus providing an ideal 13C source for diffusion experiments.

Prepared diamond chips with the 13C coating were an-
nealed at elevated pressure and temperature within the dia-
mond stability field. Experimental conditions were achieved
in a Kawai-type �6–8 configuration� multianvil pressure de-
vice with a split-sphere press at ISEI, Okayama University at
Misasa. The pressure cell was a Cr-doped MgO octahedron
with 14-mm edge lengths, which was compressed using WC
cubes with 8-mm corner truncations �so-called 14/8 cell�

FIG. 1. An IR absorption spectrum of the diamond normalized
to 1 cm thickness. Nitrogen concentration was determined using the
calibration of Boyd et al. �Ref. 5�.
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and pyropholite gaskets. Room-temperature and high-
temperature pressure calibration was made using a set of
fixed-point phase transitions, as described in Walter et al.6

The sample was centrally located within cell, surrounded by
MgO spacers, a cylindrical Re foil heater ��40–80 �m wall
thicknesses� and an outer Zr2O3 insulating sleeve �Fig. 2�.
Temperature was measured using an axially positioned
W95Re5–W70Re30 thermocouple insulated from the heater by
a two-bore alumina sleeve.

To obtain a measurable diffusion profile, it was critical to
conduct high-temperature experiments for the longest pos-
sible duration. For example, a stable condition �e.g., ±10 K�
could be maintained for as long as 6 days at 2073 K. How-
ever, for temperatures above 2273 K, deformation of the Re
heater was significant and led to heater failure after only a
few hours, and also the deterioration of thermocouples was
significant. To mitigate thermocouple degradation we chose
to hold experiments at constant power after an appropriately
long settling in time ��30 min�. We monitored the resistance
of the heater to detect drift. When the resistance varied by
more than 15% of the initial value, we terminated the experi-
ments. In our laboratory, the normal procedure is to regulate
temperature within ±1 K by controlling the heater power.
Comparing our experience with resistance-temperature sys-
tematics in shorter experiments, our constant-power method
suggests a precision better than ±20 K in long duration runs.

ANALYTICAL PROCEDURES

After annealing, diamonds were recovered by dissolving
surrounding MgO spacers using 6 mol L-1HCl solution at
50 °C. Then they were delicately pressed into soft indium
mounts. Prior to SIMS analysis, the mount was coated with
300 Å-thick Au.

Samples were analyzed with a Cameca ims 5f ion micro-
probe at the Pheasant memorial lab, ISEI, Okayama Univer-
sity at Misasa.7 Tuning of the instrument was achieved as
follows: the acceleration voltage of a 16O− primary beam was
12.5 kV, and with a current of 6 nA; the focused beam di-
ameter was approximately 10 �m. A 50�50 �m area was
rastered and the electronic gate was set between 20�20 and
30�30 �m. The secondary acceleration voltage was 4.5 kV

and the energy offset was −20 V. An electron multiplier was
used for counting the incoming carbon ions. The “depth pro-
filing” analytical mode was employed to measure isotopic
variation of diffusion profiles.8

In this study, we chose a relatively small energy offset to
obtain maximum signal. The mass interference by 12C1H
�Ref. 9� was sufficiently negligible for the determination of
diffusion coefficients, because of the drastic difference of the
initial isotopic composition from 90% 13C to 1.1% 13C. Fur-
thermore, the measurement reproducibility of the natural
12C/ 13C abundance ratio was within 1%.

The diffusion coefficient was determined by fitting to the
data a diffusion model of a limited source diffusant. We fitted
the error function iteratively using a least-squares gradient
convergence method and determined the parameters includ-
ing the diffusion coefficient. The model equation was

C

C0
=

1

2�erfc
h − x

2�Dt
+ erfc

h + x

2�Dt
� , �1�

where the concentration C, corresponding distance x, and
duration t are determined from experiments while solving for
the diffusion coefficient D, initial boundary concentration
C0, and initial source thickness, h.

RESULTS

Experimental conditions and calculated diffusion coeffi-
cients are given in Table I. Figure 3 shows a typical result of
the model fit to a concentration profile obtained by SIMS. It
demonstrates the agreement between the fit and data.

The calculated diffusion coefficients for a series of experi-
ments at the same P-T conditions but ranging over a factor
of 3 in run duration show a constant value within the uncer-
tainty �Fig. 4�. The quality of the model fit to the depth
profile data and the constancy of diffusivity over a range of
the time duration provide evidences that we have indeed
measured the diffusion phenomena.

The main source of uncertainty occurs in the measure-
ment of the depth of the crater made by the SIMS beam,

FIG. 2. A schematic cross-section illustration of the experimen-
tal assembly.

TABLE I. Experimental conditions and determined diffusion
coefficients.

Ta �K� tb �min� Dc�m2 /s�

2073 1401 1.4�10−21

2073 1506 2.5�10−21

2073 2884 1.5�10−21

2073 4130 1.6�10−21

2073 4595 1.5�10−21

2273d 480 2.4�10−20

2373 10 2.3�10−19

2373 75 2.2�10−19

aTemperature conditions of diffusion anneal. Pressure conditions
were at 10 GPa.
bExperiment duration.
cDiffusion coefficients.
dTemperature is determined by power consumption.

KOGA et al. PHYSICAL REVIEW B 72, 024108 �2005�

024108-2



rather than the quality of the fit. The surface of diamond and
the bottom of the crater were a slightly nonorthogonal to the
trajectory of the primary beam. By propagating the uncer-
tainty, a ±30% variation was expected as the error associated
with these measurements. This uncertainty is comparable to
the variation of repeated analyses on one sample �1� ranges
from 20% to 40%�.

At the pressure condition of 10 GPa, we have determined
diffusion coefficient at three temperatures. This allowed us to
determine the Arrhenius relationship �Fig. 5�

D�m2/s� = 4.1 � 10−5 exp�− 6.8�eV�
kT

� . �2�

The thermal activation energy of diffusion is 6.8±1.6 eV
�650±160 kJ/mol� and frequency factor is D0=4.1
�10−5 m2 / s �ln�−10.1±2.0� m2 / s�. Due to the limited tem-
perature range of the experiments, the uncertainty of D0 ex-
ceeds an order of magnitude. Extrapolation of the reported
Arrhenius relationship shown in Fig. 5 used beyond the
range of experimental conditions requires caution.

DISCUSSION

The activation energy of carbon self-diffusion in diamond
has been calculated by ab initio methods.1 These studies de-
termined the various types of vacancy formation energies
and the energy of migration of an atom. Addition of the
vacancy formation and migration energies is the activation
energy of intrinsic diffusion. Our experimentally determined
activation energy �6.8 eV� is smaller than that of the energy

of neutral vacancy formation �7.2 eV� and calculated activa-
tion energy for self-diffusion in diamond �9.1 eV�.1 We con-
sider these discrepancies to be reconcilable considering the
uncertainty associated with our result and model dependence
of ab initio calculations. For instance, the activation energy
of migration can be reduced by the choice of electron density
function and/or consideration of polarizability of atoms.

Nitrogen atoms are incorporated in the natural diamond
matrix as impurities and form various clusters of nitrogen-
associated vacancies.10 The kinetics of nitrogen migration
in diamond may be compared to that of carbon, since the rate
of nitrogen migration may be limited by the mobility of car-
bon atoms. Migration and reorganization of nitrogen associ-
ated defects in diamond has been well studied and its activa-
tion energy for A-center formation is determined
experimentally: 6.5 �Ref. 10� and 4.4–6.0 eV �Ref. 11�.
The variation of activation energy from 4.4 to 6.0 eV �Ref.
11� is attributed to the difference in the growth sector studied
�cubic and octahedral�.

It is expected that the abundance and nature of nitrogen
vacancies are important parameters controlling the diffusion
process, considering the quantity of nitrogen in the diamond
�200 ppm�. For example, the presence of nitrogen atoms may
reduce the energies of vacancy formation and migration. The
broadly identical activation energies between nitrogen and
carbon diffusion suggest that the A-center formation is likely
rate limited by carbon self-diffusion but this observation
does not preclude the possibility that the diffusion kinetics of
carbon in diamond is related to nitrogen. Further investiga-
tion is necessary to determine the relationship between car-
bon self-diffusion and nitrogen diffusion processes in dia-
mond with various concentration and vacancy states of
nitrogen atoms.

Last, the diffusion data can constrain the maximum pos-
sible age of diamonds. A typical length scale of carbon iso-
topic zoning �5–50 �m� in a majority of diamonds, which
are from the continental lithosphere, gives the maximum age
more than the age of the Earth �4.5�109 years�. In contrast,
we predict that the rare diamonds originating from the
mantle transition zone should have developed the order of
the mm length scale of isotopic zoning over
4.5�109 years.12.

FIG. 5. An Arrhenius plot of carbon self-diffusion coefficient at
10 GPa. The solid line is the best-fit regression accounting for the
uncertainty in temperature and diffusion coefficients.

FIG. 3. A diffusion model fit to a concentration profile. Circles
are fraction of 13C measured by SIMS. The line is the best-fit model
as discussed in the text.

FIG. 4. Diffusion coefficients determined at 2073 K, 10 GPa is
plotted against experiment duration. No systematic changes are
seen.
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