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Irradiation-induced transformation of graphite to diamond: A quantitative study

Michael Zaiser, Yuliya Lyutovich, and Florian Banhart
Max-Planck-Institut fu¨r Metallforschung, D-70569 Stuttgart, Germany

~Received 31 August 1999; revised manuscript received 13 January 2000!

High-energetic particle irradiation of carbon structures containing a graphite-diamond interface can lead to
low-pressure diamond growth. A theoretical model predicting irradiation-induced diamond growth has been
presented in a previous paper@Zaiser and Banhart, Phys. Rev. Lett.79, 3680~1997!#. In the present study, a
quantitative experimental investigation of the phase transformation kinetics during electron irradiation in a
high-voltage electron microscope is reported. Phase stability and phase tranformation velocities are determined
as functions of temperature, irradiation energy, and intensity. Experimentally determined phase boundaries and
growth velocities are interpreted in terms of the theoretical model.
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I. INTRODUCTION

The transformation of graphite to diamond has bee
challenge since its first successful undertaking in
1950s.1,2 Until recently, it has been assumed that high pr
sure is generally needed to carry out this transformat
Graphite is the stable phase of carbon at low pressure, a
kinetic route from graphite to diamond at low pressure h
not been discovered. The only way of producing diamond
low pressure has been the immediate nucleation of diam
from the gas phase where the formation of the more sta
phase, graphite, is kinetically hindered.3 The reversal of
phase stability is, at moderate temperatures, not obtained
til pressures of a few gigapascals are exceeded.4 However,
when graphite is exposed to increasing pressure, the kin
barrier between the two phases still prevents the direct tr
formation at the equilibrium phase boundary so that eit
extreme pressures, high temperatures and pressures, or,
nically most important, the use of catalysts is necessary
the transformation of reasonable amounts of graphite to
mond.

In a recent study, graphitic carbon onions have been i
diated with an intense high-energetic electron beam at h
temperature.5 It has been shown that under these conditio
carbon onions undergo heavy self-compression5,6 which
leads to the nucleation of diamond crystals in their cor
Surprisingly, the diamond nuclei were seen to grow un
further irradiation until the graphitic onions had whol
transformed to diamonds.7 This phenomenon is remarkab
because the late stages of this transformation occur u
low or even vanishing pressure. Starting out from this obs
vation, a theoretical model was developed8 which predicts
that irradiation with energetic particles may, in a certain
gime of irradiation temperatures and intensities, reve
phase stability in the graphite-diamond system. In
follow-up study, it was confirmed experimentally that th
irradiation-induced transformation of graphite to diamond
feasible on a general scale,9 i.e., not restricted to carbon on
ions with their particular geometry.
PRB 620163-1829/2000/62~5!/3058~7!/$15.00
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In the present paper, a detailed quantitative study of
nonequilibrium phase diagram of carbon under irradiation
presented. The phase boundaries and transformation ve
ties are investigated as functions of temperature, irradia
intensity, and energy of the irradiating particles~here we
restrict our experiments and considerations to high-energ
electrons!. The experiments are carried out byin situ trans-
mission electron microscopy~TEM! where irradiation and
atomic-scale imaging are done at the same time and in
same instrument. To interpret the experimental findings,
use a modified version of the model by Zaiser and Banha8

The theoretical treatment is based on the master equa
approach towards phase evolution kinetics under irradia
worked out by Bellon and Martin.10 This is generalized to an
incoherent phase transformation involving the motion of
interface between two phases. The approach leads to
definition of a nonequilibrium effective free energy whic
governs phase stability under irradiation and yields quant
tive predictions of the interface velocity which can be d
rectly compared to the experimental observations.

II. EXPERIMENT

The irradiation studies were carried out by using a spe
men containing a graphite-diamond interface which was
vestigated in a TEM at high resolution. As in a previo
study,9 a chemical vapor deposition~CVD! diamond film
was thinned by Ar1 ion sputtering so as to be transparent
electrons. After ion sputtering and annealing at temperatu
above 1000 K the diamond specimen had a graphite laye
up to 150 nm in thickness on the diamond surface. The
terface between the diamond crystal and the graphite sur
layer was imaged and irradiated in high-resolution TEM
Instruments operating at 1250 kV~Jeol ARM 1250! and at
80–400 kV ~Jeol 4000FX! were used. The irradiation wa
carried out at electron energies of 150, 200, 400, and 1
keV. Heating specimen stages enabled us to vary the sp
men temperature in the range from 290–1270 K. The be
current density was varied in the range from 5 –240 A/cm2.
3058 ©2000 The American Physical Society
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The beam current was measured by using Faraday cups~with
a slight inaccuracy due to the escape of an unknown frac
of backscattered and secondary electrons!.

During the irradiation, lattice images showing the locati
of the interface were recorded on photographic film or b
slow-scan charge-coupled device~CCD! camera. The veloc-
ity of the interface, moving either towards the graphite or
diamond region, depending on whether graphite or diam
grew, could hence be measured.

Figure 1 illustrates the initial and final stage of the tran
formation of a graphite surface layer to diamond under e
tron irradiation. After 220 min irradiation with 1250-keV
electrons at 1000 K and a beam intensity of 30 A/cm2, the
graphite layer with an initial thickness of 7 nm has co
pletely transformed to diamond.

III. THEORY

We consider a model system consisting ofN carbon at-
oms and assume thatND of these atoms are arranged on t
sites of a diamond lattice, while the remaining (12ND) at-
oms form a graphite lattice, and that both phases are s
rated by an atomically sharp interface. Thermodynamica
the system is characterized by a Gibbs free energyG(ND)
'NDGD1(12ND)GG, where GD and GG are the Gibbs
free energies of carbon atoms in the bulk diamond a
graphite phases, respectively.~Since the atomic volumes o
diamond and graphite are quite different, the volume of
system is not constant whenND changes. Hence one mu
use the Gibbs free energyG rather than the Helmholtz fre
energyF for characterizing the thermodynamic state of t
system.! Note that we may always takeN sufficiently large
such that the contribution of the interface to the total fr
energy can be neglected. The free energies are assume
same as for an unirradiated crystal, i.e., we neglect dam
accumulation~cf. below!. Hence the Gibbs free energy d
pends for a given system size on the ratioND /N only, which

FIG. 1. Atomic resolution electron micrographs of a graphi
diamond interface;~a! before irradiation,~b! after 220 min of 1250-
keV electron irradiation atT51000 K with a current density o
30 A/cm2. Under these conditions, diamond grows at the expe
of graphite.
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we may consider as the order parameter of the graphite
diamond transition.

Under irradiation, two different kinds of processes m
contribute to an exchange of atoms through the interface
tween both phases:

~i! Carbon atoms may pass from diamond to graphite
vice versa through processes which are governed by the
activation only. This is expressed in terms of net therm
jump rates across the interfaceG th

G–D ~from graphite to dia-
mond! and G th

D–G ~from diamond to graphite!. Due to local
thermal equilibrium, these rates must obey the relationsh

G th
G–D

G th
D–G

5expF2
DG

kBTG , ~1!

whereDG5GD2GG is the Gibbs free energy difference b
tween diamond and graphite,kB is Boltzmann’s constant
and T temperature. Introducing the total raten th5G th

G–D

1G th
D–G of thermally activated jumps across the interfac

one may write

G th
D–G5pD–Gn th , G th

G–D5pG–Dn th , ~2!

where the probabilitiespD–G and pG–D5(12pD–G) are
given by

pD–G5
1

11expF2
DG

kBTG , ~3a!

pG–D5

expF2
DG

kBTG
11expF2

DG

kBTG . ~3b!

Due to the thermodynamic stability of graphite (DG.0),
pG–D is smaller thanpD–G for all T. The total raten th of
‘‘thermal’’ jumps of atoms across the interface is assumed
be governed by an Arrhenius law with an effective activati
energyGth ,

n th5n0 expF2
Gth

kBTG , ~4!

wheren0'1013 s21 is an attempt frequency of the order o
the Debye frequency.

~ii ! In addition to the thermally activated jumps across t
interface, under particle irradiation nonequilibrium proces
involving the ballistic displacement of atoms may lead to
exchange of atoms between the two phases. We conc
such ‘‘ballistic’’ jumps as two-step processes: In a first ste
collision with an incident particle leads to the displaceme
of a carbon atom from a diamond or graphite lattice site
the interface~production of an interface interstitial!. In a sec-
ond step, the interface interstitial relaxes to a vacant interf
or bulk lattice site.

The displacement process can be characterized by the
placement threshold energyTd , i.e., the minimum energy
that must be transferred to an atom in order to produc
stable vacancy-interstitial pair. In crystalline structures,Td in
general depends on the direction of the displacement. In
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3060 PRB 62ZAISER, LYUTOVICH, AND BANHART
present work, we use isotropic effective displacement thre
olds Td,eff

X ~X5D for diamond and X5G for graphite! ob-
tained from bulk radiation damage experiments. There
significant scatter in the literature data: While in earlier stu
ies ~for compilation, see the review by Thrower an
Mayer11! threshold energies between 24 and 48 eV h
been reported for graphite, recent experiments yielded lo
values ranging between 12~Ref. 12! and 15–20 eV.13 For
diamond, displacement threshold energies compiled in
review by Banhart14 range between 30 and 48 eV. In th
present work, we use the valuesTeff

G 515 eV and Teff
D

530 eV for graphite and diamond, respectively.~Since we
expect displacement threshold energies close to the diam
graphite interface to be somewhat lower than in bulk cr
tals, we use values corresponding to the lower end of the
range reported in the literature.! As a most important feature
characterizing the behavior of irradiated carbon it is no
that graphite, where atoms can be displaced easily in
direction of the c axis,14 exhibits a lower displacemen
threshold than diamond. This asymmetry leads to prefe
tial damage of graphite and is the main reason why the
from-equilibrium ‘‘excitation’’ by irradiation may drive a
graphite-to-diamond transformation.

From the displacement threshold energies, displacem
cross sections pertaining to different electron energies ca
obtained using the theory of Mott scattering. In our calcu
tions we have used an algorithm developed by Hohens
et al.15 In Fig. 2, cross sectionss for the displacement o
carbon atoms by electrons are given as a function of
electron energy for threshold energies of 15 eV~graphite!
and 30 eV~diamond!. While the full curves pertain to single
displacements, the dashed curves are corrected for cas
effects, accounting for the fact that at high transferred en
gies the displaced atom may cause secondary displacem
leading to the formation of more than one stable defect.

After an interface interstitial has been produced, there
large number of nearby interface sites where it may reco
bine, i.e., its relaxation requires only a few diffusion
jumps. In the range of temperatures and displacement r
relevant to the present study, this implies that the relaxa
process is fast as compared to the time between two ato
displacements@in diamond, interstitials are mobile alread
below room temperature2 while in graphite annealing studie
indicate that interstitials reach a jump frequency of ab

FIG. 2. Cross section for the displacement of carbon atoms
electrons as a function of the electron energy for displacem
threshold energies of 15 and 30 eV. The full lines pertain to sin
atom displacements, the dashed lines are corrected for the effe
cascades leading to the production of multiple defects.
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1 s21 at 320 K ~Ref. 14!#, and that accumulation of inter
face interstitials can be neglected. Hence the net balli
jump rates from graphite to diamond and vice versa can
written as

G irr
G–D5sGFpI-D, G irr

D–G5sDFpI–G, ~5!

whereF is the irradiation flux,sG andsD are the respective
cross sections for displacement of atoms from graphite
diamond lattice sites, andpI–D and pI–G denote the average
probabilities for an interface interstitial to relax to a diamo
or graphite lattice site, respectively.

These probabilities can again be formulated within a th
modynamic framework. When doing so, it is important
note that the relaxation probabilities do not depend on
free energy of the final state~graphite or diamond lattice
atom! but on the effective energy barriers required to rea
this from the irradiation-produced metastable initial state~in-
terface interstitial!. In this respect, the treatment in the pr
vious paper8 was erroneous. In the present work, we char
terize the relaxation processes by effective energy barr
GI–D andGI–G for the relaxation of interface interstitials t
diamond and graphite lattice sites, respectively. Then the
laxation probabilities may be expressed as

pI–G5
1

11expF2
DGI

kBT G , ~6a!

pI–D5

expF2
DGI

kBT G
11expF2

DGI

kBT G , ~6b!

where DGI5GI–D2GI–G is the difference in the effective
energy barriers for relaxation of interface interstitials to d
mond or graphite lattice sites~relaxation barrier asymmetry!.

Taking into account both ballistic and thermal jump pr
cesses, our model system can be characterized by a m
equation for the probabilityP(ND) of finding ND atoms on
diamond lattice sites. This is given by

1

Ni

]P~ND!

]t
5G tot

G–DP~ND21!1G tot
D–GP~ND11!

2@G tot
D–G1G tot

G–D#P~ND!, ~7!

where the total jump rates areG tot
X–Y5G th

X–Y1G irr
X–Y ~X–Y

5D–G or G–D!, all rates are understood as average ju
rates per interface atom, andNi is the number of such atoms

A. Nonequilibrium effective free energy

It is instructive to consider the solution of the mast
equation~7! under steady-state conditions. This is obtain
by requiring detailed balance, G tot

G–DP(ND21)
5G tot

D–GP(ND). It readily follows that the steady-state solu
tion of Eq. ~7! is

P~ND!5N exp@2C~ND!#, ~8!
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C~ND!5C~0!1 (
0

ND21

ln
G tot

D–G

G tot
G–D

. ~9!

Here N is a normalization constant chosen such t
(ND50

N P(ND)51.

In the expression~8!, the ‘‘stochastic potential’’C of the
nonequilibrium system plays much the same role as the t
modynamic potential divided bykBT for an equilibrium sys-
tem. This analogy leads us to the concept of a nonequ
rium ‘‘effective free energy’’ Geff which governs phase
stability under irradiation. We define the difference in t
effective free energies per atom on the diamond and grap
lattice as

DGeff5kBT@C~N!2C~0!#/N. ~10!

Using Eqs.~2!–~5!, ~9!, and~10! one finds

DGeff5DG2kBT lnF 11
FsG

n th

pI–D

pG–D

11
FsD

n th

pI–G

pD–G

G , ~11!

while according to Eq.~8! the probability distribution is
P(ND)5N exp@2NDDGeff /kBT#.

In the absence of irradiation (F50) as well as at high
temperatures (n th@FsD ,FsG) where thermal exchange o
atoms across the interface prevails,DGeff reduces to the
Gibbs free-energy differenceDG, i.e., the system behaves a
in thermal equilibrium. On the other hand, during irradiati
at not too high temperatures, ballistic jumps may beco
predominant (n th!sDF,sGF). In this case the second term
on the right-hand side of Eq.~11! may lead to a reduction o
the nonequilibrium effective free energy of the atoms in
diamond lattice and eventually to a negative effective fr
energy differenceDGeff between diamond and graphite, in
dicating reversal of phase stability under irradiation. In t
low-temperature regime where thermal jumps may be
glected (n th→0), the condition for phase stability revers
(DGeff<0) according to Eqs.~3!, ~6!, and ~11! is approxi-
mately

lnFsG

sD
G> DGI

kBT
. ~12!

In this regime, the qualitative behavior of the system d
pends on the sign of the relaxation barrier asymmetryDGI.
@In the previous paper,8 this has been equated to the diffe
ence DG in bulk free energies. In the present paper,
determineDGI from the experimental nonequilibrium phas
diagram ~Sec. IV!.# When interface interstitials recombin
preferentially on diamond sites,DGI,0, Eq. ~12! is always
fulfilled ~i.e., phase stability is reversed! sincesG.sD . If,
on the other hand, recombination takes place preferent
on graphite sites (DGI.0), Eq.~12! defines a lower critical
temperatureT1 for phase stability reversal. BelowT1, jumps
from diamond to graphite prevail (G irr

D–G.G irr
G–D) in spite of

the larger displacement cross section in graphite sincepI–D

!pI–G. Only aboveT1 the probability for relaxation to a
diamond site is sufficiently large such that phase stability
t
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reversed. Note thatT1 depends on the ratio of the displac
ment cross sections in graphite and diamond and on the
laxation barrier asymmetryDGI, but not on the irradiation
intensityF: Since only irradiation-induced processes are r
evant at low temperatures, in this regime all rates are prop
tional to F. Hence a change in irradiation intensity modifi
the velocity but not the direction of the transformation.

At high temperatures the ‘‘thermal’’ jump ratesn th can no
longer be neglected. Above an upper critical temperatureT2

where the effects of thermal and ballistic jumps balance e
other, thermal jumps lead to a net transport of matter fr
diamond to graphite and make graphite again the sta
phase. This upper critical temperature decreases with
creasing displacement rate. At a lower critical displacem
rate, the upper and lower critical temperature branc
merge, and below this critical displacement rate graphite
for all temperatures the stable phase.

This behavior is illustrated in Fig. 3 which shows a no
equilibrium phase diagram calculated for irradiation w
1250-keV electrons. Displacement cross sections have b
determined using the parametersTeff

G 515 eV and Teff
D

530 eV and accounting for cascade effects~cf. dashed
curves in Fig. 2!. This yieldedsG510.4310227 m2 and
sD54310227 m2. The differenceDG5DG(p,T) in the
~equilibrium! Gibbs free energies of graphite and diamo
was taken from literature data,16 and the parametersDGI

50.047 eV andGth53.2 eV were assumed.~For determi-
nation of these parameters, see Sec. IV.! In Fig. 3, phase
boundaries are given in terms of temperature and irradia
intensity, where the latter is characterized by the rate
atomic displacements in graphite.@The unit ‘‘dpa’’ ~dis-
placements per atom! is the irradiation dose required to dis
place, on the average, each atom once from its lattice si#

B. Phase transformation velocity

While the steady-state solution of the master equation~7!
yields information about phase stability in terms of an effe
tive free energy of the nonequilibrium system, this equat
may be also used to study the time-dependent behavior,
the phase transformation dynamics.

We consider the transient behavior during diamo
growth, when bothP(0) andP(N) can be assumed neglig

FIG. 3. Nonequilibrium phase diagram~displacement rate vs
temperature! of the diamond-graphite system under electron irrad
tion; parameters:sG5104 b, sD540 b, DGI50.047 eV, Gth

53.2 eV; the displacement rate refers to the graphite phase.
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bly small. Then from Eq.~7! the evolution of the averag
number of atoms on diamond lattice sites,̂ND&
5(0

NNDP(ND), follows as

] t^ND&5Ni~G tot
G–D2G tot

D–G!. ~13!

From this we obtain the average velocity of the diamon
graphite interface in a coordinate system attached to the
mond lattice,v i5b(G tot

G–D2G tot
D–G) whereb5VD

1/3 andVD is
the atomic volume in diamond. Positivev i indicate diamond
growth. At the phase boundary whereDGeff50, alsov i goes
through zero and becomes negative forT,T1 and T.T2.
We note that the same mechanism~ballistic creation1 ther-
mal relaxation of interface interstitials! which for T1,T
,T2 leads to diamond growth, at low temperatures promo
the transformation of diamond to graphite which in the a
sence of irradiation would be kinetically frozen in because
the negligibly small thermal jump rates.

Using Eqs.~2!–~7!, we get an explicit expression for th
interface velocity,

v i5Fb

sG expS 2
DGI

kBT D2sD

11expS 2
DGI

kBT D

2n0b expS 2
DGI

kBT D12expS 2
DG

kBTD
11expS 2

DG

kBTD . ~14!

For temperatures well belowT2, the first term on the right-
hand side of this equation predominates. In this regime,
velocity of the irradiation-driven phase transformation is
rectly proportional to the irradiation intensity, irrespective
the direction of the transformation.

IV. RESULTS AND DISCUSSION

For irradiation with 1250-keV electrons, phase transf
mation velocities have been determined for various temp
tures and irradiation intensities. Figure 4 gives a nonequi
rium phase diagram for 1250-keV electron irradiation a
zero pressure in terms of irradiation intensity vs temperat

FIG. 4. Experimentally determined nonequilibrium phase d
gram ~irradiation intensity vs temperature! for irradiation with
1250-keV electrons; open circles: diamond growth (v i.0), black
squares: graphite growth; full line: theoretical curve calculated
the same parameters as in Fig. 3.
-
ia-

s
-
f

e
-
f

-
a-
-

d
e.

The open circles denote those parameters where irradia
induced diamond growth has been observed, while bl
squares indicate graphite growth. Note that the irradiat
intensity is given in linear scale, as opposed to the logar
mic scale of Fig. 3. Diamond growth is observed only abo
a critical temperatureT1'570 K. According to the mode
presented in the previous section, the observation of a lo
critical temperature is interpreted in terms of preferential
combination of irradiation-induced interface interstitials
graphite sites~positive relaxation barrier asymmetryDGI).
As predicted by the theory,T1 does not depend on irradiatio
intensity. FromT1 the relaxation barrier asymmetryDGI is
obtained using Eq.~12!. With sG510.4310227 m2 and
sD54310227 m2 ~displacement cross sections for 125
keV electrons andTG

eff515 eV, TD
eff530 eV, cf. above! one

obtains DGI50.047 eV. At high temperatures, diamon
growth depends on both temperature and irradiation int
sity: While for an irradiation intensity of 100 A/cm2 dia-
mond growth was observed up to 1270 K, for a much low
intensity of about 5 A/cm2 the graphite layer was observe
to grow at 1223 K. Temperatures above 1270 K were
accessible with the specimen stage used in this study.
available high-temperature data are consistent with a cha
teristic activation enthalpyGth53.260.1 eV.

Measured phase transformation velocities~mean veloci-
ties of the diamond-graphite interface! are given in Fig. 5 for
1250 keV electron irradiation with an intensity o
100 A/cm2 and various irradiation temperatures. These
locities were determined during the initial stages of the tra
formation when no systematic dependency of the ph
transformation velocity on the orientation of the interfa
with respect to the diamond or graphite lattices was
served.~During the very last stages of the transformation
the graphite layer, on the other hand, curved onionlike str
tures emerged within the residual graphitic material, and d
mond was found to grow preferentially into these structure!
The experimental data are well represented by the theore
curve calculated from Eq.~14! using the parametersDGI

50.047 eV andGth53.2 eV as determined from the non
equilibrium phase diagram. For irradiation with 400-ke
electrons, phase transformation velocities have been m
sured as a function of temperature for an irradiation inten
of 150 A/cm2 ~Fig. 6!. Displacement cross sections for th
electron energy have been determined in a similar manne
for 1250-keV electrons, yieldingsG55.8310227 m2 and

-

r

FIG. 5. Velocity of the diamond-graphite transformation as
function of temperature for irradiation with 1250-keV electrons a
a beam intensity of 100 A/cm2; full line: theoretical curve accord-
ing to Eq.~14!, parameters as in Figs. 3 and 4.
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sD51.5310227 m2. Phase transformation velocities calc
lated with these cross sections~full line in Fig. 6! are again
in good agreement with the experimental data.

To assess the dependency of phase transformation v
ity on irradiation intensity, measurments performed un
irradiation with 1250-keV electrons at various intensiti
have been compiled in Fig. 7. All velocities have been sca
by the respective irradiation intensities times the atomic v
ume in diamond. ~For illustration: With Vat55.67
310230 m23 and F5100 A/cm2 ~i.e., 6.25
31024 e2/@m2 s#), a scaled velocity of 531028 corre-
sponds to a dimensional value of about 6 nm/h.! The scaled
velocities are compared with the predictions of the theor
cal model~full and dashed lines in Fig. 7!. According to the
model, at low and intermediate temperatures the transfor
tion velocities are expected proportional to the irradiat
intensity, i.e., the scaled velocities are intensity independ
Close to the upper critical temperature, on the other ha
one expects a significant dependence of the scaled veloc
on irradiation intensity. Both predictions are consistent w
the experimental data.

The experimental observations compiled in the pres
section are in good agreement with the predictions of
theoretical model developed in Sec. II:

• Irradiation-induced diamond growth takes place in an
termediate temperature regime.

• The upper critical temperature increases with increas
irradiation intensity, while the lower critical temperature
intensity independent.

• At low and intermediate temperatures, the phase trans
mation velocity is proportional to the irradiation intensit

Irradiation-induced diamond growth is interpreted
terms of preferential damage of graphite~lower displacement
threshold energy!, while the observation of a lower critica
temperature is related to the preferential recombination
interface interstitials on graphite sites. Using effective d
placement threshold energiesTd,eff

G 515 eV for graphite and
Td,eff

D 530 eV for diamond, an activation energyGth

53.2 eV and a relaxation barrier asymmetryDGI

50.047 eV, the nonequilibrium phase diagram observed
1250 keV electron irradiation could be reproduced, a
quantitative agreement between theoretically calculated

FIG. 6. Velocity of the diamond-graphite transformation as
function of temperature for irradiation with 400-keV electrons an
beam intensity of 150 A/cm2; full line: theoretical curve calculated
with sG558 b andsD515 b ~displacement cross sections fo
400-keV electrons, cf. Fig. 2!; other parameters as in Figs. 3–5.
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experimentally observed phase transformation velocities
obtained for irradiation with both 400- and 1250-keV ele
trons in a temperature range from 290 to 1270 K. We n
that the relaxation barrier asymmetryDGI deduced from the
nonequilibrium phase diagram is of the order of magnitu
of the difference in lattice energies of diamond a
graphite.16 Because of this, the qualitative predictions of t
earlier paper8 remain valid whereDGI was implicitly identi-
fied with the difference in bulk free energies.

We note that the experimental findings reported in
present paper rule out certain alternative mechanisms for
stabilization of diamond vs graphite under irradiation whi
have been proposed in the literature:

~i! It has been proposed that during irradiation the hig
damage rate in graphite may lead to an accumulation of
fects such that the free energy of graphite may be rai
above the free energy of diamond.17 According to this ther-
modynamic argument, phase stability reversal is expecte
prevail at low temperatures where the free-energy differe
between graphite and diamond is smallest and damage a
mulation in graphite is most efficient. This is clearly inco
sistent with our observations: At low temperatures, we fi
that irradiation actually promotes the transformation of d
mond to graphite, while at temperatures where irradiati
induced defects anneal out rapidly and little accumulation
visible damage takes place,13 diamond growth is observed.

~ii ! A more ‘‘atomistic’’ line of reasoning has been ad
vanced by several authors18,19which point out that during ion
deposition, the formation of diamondlike structures may
favored by the fact that under irradiationsp3 may be more
stable thansp2 sites. The preferential damage ofsp2 sites is,
in the present study, reflected by a lower displacem
threshold in graphite. This is a necessary condition
irradiation-induced diamond growth, but it is not sufficient
explain all the observations. Additional thermodynamic co
siderations are required to understand why below a crit
temperature irradiation promotes not diamond but grap
growth.

An intrinsic limitation of the experimental method used
the present work stems from the fact that the observations
made on thin film specimens, where surface effects canno
completely ruled out. In spite of this, the agreement betw
the experimental observations and predictions of the theo

FIG. 7. Scaled velocity of the diamond-graphite transformat
as a function of temperature; compilation of data pertaining to ir
diation with 1250-keV electrons and irradiation intensities rang
from 5 to 100 A/cm2; full lines: theoretical curves for beam inten
sities of 5 A/cm2 ~dashed line! and 100 A/cm2 ~full line!, all other
parameters as in Figs. 3–5.
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ical model is good. This yields strong evidence for the p
posed mechanism of irradiation-induced diamond growth
the result of nonequilibrium processes involving the prod
tion and recombination of interstitials at a diamond-graph
interface.
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