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It is demonstrated theoretically that particle irradiation may lead to a destabilization of grap
structures with respect to low-pressure growth of diamond. This is due to the large differen
the cross sections for irradiation-induced displacements of carbon atoms in diamond and gra
A nonequilibrium phase diagram is calculated that shows the stability of graphite and diamon
a function of the displacement rate of atoms. The theoretical results are related to the expe
tally observed transformation of spherical graphitic onions to diamond under electron irradia
[S0031-9007(97)04417-7]
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The transformation of graphite to diamond is of consid
erable technical importance and has been studied both
experiment and theory for several decades. This tra
formation generally requires high pressures, high te
peratures, and, for obtaining reasonable diamond yiel
the presence of catalysts. Recent investigations, howe
demonstrate that high pressure is not indispensable:
shown experimentally [1] and to be discussed theore
cally in the present paper, under the nonequilibrium co
ditions of intense particle irradiation the graphite-diamon
transformation can be carried out at zero pressure a
moderate temperatures.

Concentric-shell graphitic onions (“bucky onions”) buil
up of spherical graphene layers may serve as nanosco
pressure cells for the nucleation of diamond crystals [1
Such onions form under intense irradiation of graphitic
amorphous carbon with electrons or ions [2]. At irradia
tion temperatures above 600 K,in situ annealing of radia-
tion defects leads to perfectly coherent shells of extrem
strength. Because of the loss of atoms resulting fro
knockon collisions with the irradiating particles [3], the
shells contract and exert pressure that increases towa
the center of the onions. High pressure and the prese
of sp3 cross-links between the shells eventually lead to t
nucleation of diamond crystals in the onion cores (Fig. 1
Once nucleated, these crystals grow under continuing ir
diation until almost the whole graphitic onions have tran
formed to diamond. Since during diamond growth th
graphite shells relax and their number decreases, the
stages of the growth process take place at quite low, p
sibly even at zero pressure [1].

In the present paper, this transformation is gener
ized and considered from the viewpoint of an irradiation
induced reversal of phase stability in the diamond-graph
system. Comparable modifications of phase stability
irradiation are observed in a large class of solid system
Examples are order-disorder transitions in metallic allo
or the formation of amorphous and quasicrystalline phas
[4]. In the case of carbon, it has been proposed that
higher stability ofsp3 relative tosp2 sites during irradia-
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tion might favor the formation of diamondlike structure
during ion deposition [5]. In all these cases, due to t
far-from-equilibrium processes that take place during p
ticle irradiation, a phase which is thermodynamically stab
under equilibrium conditions transforms into a metastab
phase. In general terms, irradiation-induced phase chan
may thus be conceived as self-organization phenom
taking place in open nonequilibrium systems [6].

In the case of metallic alloys, a long-standing theoretic
effort has been devoted to the calculation of modificatio
of phase stability and phase evolution due to irradiati
(for an overview see [7]). The basic idea of the mode
is that, in an irradiated phase, atoms may change posi
not only by thermally activated processes, but also
“ballistic” displacements enforced by the irradiation. Th
is taken into account using a master-equation descript

FIG. 1. Transmission electron micrograph of a small spheric
concentric-shell carbon onion with a diamond core. The obje
has developed under electron irradiation at 1000 K.
© 1997 The American Physical Society
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of the phase-evolution kinetics as worked out in [8]. Th
models have been developed mainly for coherent pha
transitions (e.g., order-disorder transitions) which preser
an underlying lattice structure, i.e., they cannot be appli
directly to the graphite-diamond transition. However, w
shall demonstrate that a straightforward generalization
the models is possible if nucleation problems are exclud
and the phase transformation is considered as the mo
of a phase boundary separating two solid modifications
the same element.

We consider a block ofN carbon atoms,ND of which
are arranged on the sites of a diamond lattice, while t
remainings1 2 NDd atoms form a graphite lattice. It is
assumed that the diamond and graphite phases are s
rated by a sharp interface.N is taken sufficiently large
such that the contribution of the interface to the total Gib
free energy (we consider conditions of constant pressu
may be neglected. Under irradiation, carbon atoms loca
at the interface may pass from diamond to graphite, a
vice versa, in two manners: (i) They may cross the inte
face via thermally activated processes. This gives rise
“thermal” jump ratesGG-D

th andG
D-G
th obeying the relation-

shipG
G-D
th yG

D-G
th  expf2bDGg, whereDG is the Gibbs

free energy difference between diamond and graphite, a
b  skBT d21, in which kB is the Boltzmann’s constant
andT is the temperature. Introducing the total ratenth of
thermally activated jumps across the interface gives

GD-G
th  pD-Gnth, GG-D

th  pG-Dnth , (1)

where the probabilitiespD-G andpG-D are

pD-G 
1

1 1 expf2bDGg
,

pG-D 
expf2bDGg

1 1 expf2bDGg
.

(2)

In addition to the thermally activated jumps across th
interface, under irradiation the ballistic processes m
lead to an exchange of atoms between the two phas
Such ballistic jumps take place in two steps: In
first step, carbon atoms are displaced from diamo
or graphite lattice sites due to collisions by irradiatin
particles. In a second step, the thus produced inter
tials annihilate on vacant interface or bulk lattice site
of the opposite phase. For describing the resulti
jump rates, we make the following simplifying assump
tions: (i) Only single interstitials and vacancies ar
produced by the irradiation (no cascade damage); (ii) e
change of atoms between diamond and graphite is due o
to interstitials produced directly at the interface; (iii) th
probabilities for an interface interstitial to recombin
either on a graphite or a diamond lattice site are govern
by the Gibbs free energies of the two phases, i.e., th
correspond to the respective probabilitiespD-G andpG-D

defined in Eq. (2). Then the ballistic jump rates are

GG-D
irr  sGFpG-D , GD-G

irr  sDFpD-G , (3)
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whereF is the irradiation flux andsG andsD are the total
cross sections for displacement of atoms from the graph
and diamond lattices, respectively. The master equat
for the probabilityPND of finding ND atoms on diamond
lattice sites is

1
Ni

≠PND

≠t
 GG-D

tot PND21 1 GD-G
tot PND11

2 fGD-G
tot 1 GG-D

tot gPND
, (4)

whereNi is the number of atoms at the interface and th
total jump rates areGX-Y

tot  G
X-Y
th 1 G

X-Y
irr (X-Y  D-G

or G-D). We consider the solution of this master equatio
under steady-state conditions. Since we are dealing w
a closed system, steady state implies no net flux of mat
For Eq. (4) this requires that the condition of detaile
balance,GG-D

tot PND21  GD-G
tot PND

, is fulfilled. It then
readily follows that

PND
 N expf2CsNDdg ,

CsNDd  Cs0d 1

ND21X
0

ln
GD-G

tot

G
G-D
tot

. (5)

Here N is a normalization constant. In the absence
irradiation, the “stochastic potential”C corresponds to the
Gibbs free energy of the system divided bykBT . By anal-
ogy, for the irradiated system a nonequilibrium “effectiv
free energy”Geff can be defined which governs phase st
bility under irradiation. The difference in the effective fre
energies per atom on the diamond and graphite lattice
DGeff  kBT fCsNd 2 Cs0dgyN . Using Eqs. (1) to (5)
one finds

DGeff  DG 2 kBT ln

∑
1 1 FsGynth

1 1 FsDynth

∏
. (6)

In the absence of irradiationsF  0d as well as at high
temperatures snth ¿ sDF, sGFd where a thermal
exchange of atoms across the interface prevails,DGeff
reduces to the Gibbs free energy differenceDG. On the
other hand, during irradiation at not too high temperatur
ballistic jumps are predominantsnth ø sDF, sGFd.
Provided that the cross section for ballistic displacemen
of atoms from the sites of the diamond lattice is small
than that for displacements from graphite lattice site
sGysD . 1, this leads to a reduction of the nonequilib
rium effective free energy of the atoms in the diamon
lattice by an amount of aboutkBT lnfsGysDg with
respect to the Gibbs free energy.

The impact of irradiation on a crystalline structure ca
be characterized by the displacement threshold energyEd,
i.e., the minimum energy that must be transferred to a l
tice atom to induce its permanent displacement. Wh
in diamond,Ed is of the order of 35 eV [9] and only
weakly anisotropic, in graphite the threshold energy
strongly direction dependent. Our own irradiation expe
ments on graphitic carbon nanostructures revealed val
of Ed  10 20 eV, depending on the type of irradiated
3681
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structure. WhileEd  10 eV can be considered an ap
propriate value for displacements along thec axis, a larger
value of Ed ø 20 eV applies to the case of isotropic ir-
radiation. Calculations of the displacement cross sectio
in diamond and graphite performed with theseEd values
indicate that at electron energies less than about 150 k
permanent displacements can be induced in graphite
not in diamond,sGysD  `. This ratio decreases with
increasing electron energy, but is stillsGysD ø 2 at elec-
tron energies of about 1.5 MeV. Thus the necessary con
tion for an irradiation-induced inversion of phase stabilit
sGysD . 1, is well fulfilled.

Further parameters entering the effective free ener
differenceDGeff are the differenceDG in the Gibbs free
energies, the ratenth of thermal jumps of atoms across th
interface, and temperature. We assumenth  n0 exp3

f2bGig to be governed by an Arrhenius law, wheren0
is an attempt frequency andGi is the characteristic free
activation energy required for crossing the interface.
our calculations, we took the characteristic valuen0 
1012 s21 and an activation enthalpy of the order of typica
bond energies,Gi  4 eV [10]. For calculating the Gibbs
free energy differences, we used the experimental value
DGsTd at zero pressure and the atomic volumes compil
in [10].

With these parameters, calculations of the effective fr
energy differenceDGeff were performed for different dis-
placement cross-section ratios. Under irradiation, d
mond is more stable than graphite provided thatDGeff ,

0. Using this criterion, nonequilibrium phase diagram
at zero pressure have been calculated. In Fig. 2, ph
boundaries are given in terms of temperature and irrad
tion intensity, where the latter is characterized by the ra
sGF of atomic displacements in graphite. [The unit “dpa
(displacements per atom) is the irradiation dose requir
to displace, on the average, each atom once from its
tice site.] It is seen that reversal of phase stability tak

FIG. 2. Nonequilibrium phase diagram (irradiation intensit
vs temperature) of the diamond-graphite system under elect
irradiation; displacement cross section ratiosGysD  3 (full
line), sGysD  2 (inset, dashed line); for other parameters se
text.
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place in an intermediate temperature range, the extens
of which depends on the irradiation intensity as well a
on the ratio of the total displacement cross sections. T
mechanism leading to phase stability reversal may be rat
nalized as follows: At the interface, ballistic displacemen
lead to the production of interstitials which stem predom
nantly from graphite lattice sites. If for these interstitial
the probabilities to relax into diamond or graphite lattic
configurations are of the same order of magnitude, this a
ready causes a net flux of atoms from the graphite to t
diamond phase, i.e., the phase stability is reversed.

If T exceeds an upper critical temperature, therm
jumps, which lead to a net transport of matter from dia
mond to graphite, predominate over the ballistic ones,
that graphite remains the stable phase. In Eq. (6) this
manifested by the fact that for largenth the nonequilibrium
correction is too small to makeDGeff negative. At lower
temperatures, the thermal jump rate soon becomes qu
small. Provided thatT exceeds a lower critical tempera-
ture, the nonequilibrium term, which is then approximatel
kBT lnfsGysDg, may cause a change in the sign ofDGeff,
i.e., a phase-stability reversal. The lower critical temper
ture is almost independent on the irradiation intensit
but strongly dependent on the ratio of the displaceme
cross sections (Fig. 2). If the energy of the irradiation
such that atoms are displaced in graphite but not in di
mond, the phase stability may be changed even at very lo
temperatures.

An important question concerns the rate of transform
tion. From the master equation (5) an expression for th
average transformation rate of graphite to diamond, or vi
versa, may be deduced. This can be expressed in term
the velocityy of the motion of the diamond-graphite inter-
face. In a coordinate system fixed to the graphite lattic
this is given byy  sGG-D

tot 2 GD-G
tot db, whereb  V1y3

(V is the atomic volume of graphite). A positivey cor-
responds to the growth of the diamond phase. In Fig.

FIG. 3. Velocity y of the diamond-graphite transformation
as a function of temperature for two different displacemen
cross-section ratios; irradiation intensitysGF  1022 dpays
(curves 2ay3a), 1 dpays (curves 2by3b); dotted line (curve 1):
Modification of y for sGysD  5 by a hydrostatic pressure of
1 GPa; negativey indicates graphite growth.
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the temperature dependence ofy is depicted for two differ-
ent values ofsGysD and different irradiation intensities.
The zeros ofy correspond to the critical parameters fo
phase-stability reversal. It is interesting to note that irr
diation, which at intermediate temperatures leads to d
mond growth, at low temperatures actually promotes t
transformation of diamond to graphite. (In the absence
irradiation, this would be “frozen in” because of the negl
gibly small thermal jump rates.) Except in the vicinity o
the upper critical temperature (dashed lines in Fig. 3), t
transformation velocity is proportional to the displaceme
rate, irrespective of the direction of the transformation.
a typical displacement rate ofsGF  1021 dpays during
irradiation in a high-voltage electron microscope and f
b  2.1 Å, one finds that a value ofy ø 0.2sGFb char-
acteristic ofsGysD  5 andT ø 1000 K corresponds to
a diamond growth rate of about 15 nmyh.

The theoretical results in Figs. 2 and 3 match we
the experimental data that have been measured up
date. Under electron irradiation in an electron microscop
in graphitic onions displacement rates up to 0.1 dpays
were attained. A ratio of displacement cross sections
sGysD  5 has been estimated [1]. The transformatio
has so far been investigated at 300 K and in the range 67
1000 K. The growth velocity of the diamond core wa
y ø 30 nmyh at 1000 K and a displacement rate of th
order of magnitude of 0.1 dpays. It decreased by a facto
of 10 to 20 when the beam intensity was reduced by
factor of 10. Diamond growth within the graphitic onion
was found to take place in an almost isotropic mann
with the diamond-graphite interface nearly parallel to th
graphitic basal planes, but without preferential orientati
with respect to the diamond lattice.

At 300 K neither growth nor shrinkagesy  0d of the
diamond cores was observed. Increasing the tempera
from 675 to 1000 K results in an increase of the grow
velocity of the diamond core by a factor of 2. Unde
constant temperature and radiation flux, a slight decre
in growth velocity is observed during diamond growth
Since hydrostatic pressure is expected to accelerate
graphite-diamond transition (dotted line in Fig. 3), this
attributed to the decreasing pressure exerted by the o
shells of the graphitic onions.

The present theory predicts that the graphite-diamo
transformation under irradiation, provided that a diamo
nucleus is present, should not only take place in graph
onions, where the anisotropy is constrained, but also
planar graphite. This still has to be confirmed expe
mentally. However, the transformation from hexagon
to cubic boron nitride (isostructural to graphite and dia
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mond, respectively) under electron irradiation was alrea
achieved, even without the presence of onionlike structu
[11]. As to graphitic onions with diamond core, the theo
reproduces all essential qualitative features of their beh
ior during irradiation. These are the existence of a te
perature regime where diamond growth may be observ
and the dependence of the growth velocity on irradiati
intensity and temperature. The calculated values of
lower critical temperature and the diamond growth velo
ity are in qualitative agreement with the experimental da
Further experiments will be able to review the theore
cal model and refine the underlying parameters. From
theoretical point of view, further work is required to ac
count for the influence of point defects produced in th
bulk of the graphite and diamond phases and recombin
at the interface. In particular, the pronounced anisotro
of interstitial diffusion in graphite, where the basal plane
act as diffusion barriers, may be crucial for understandi
the observed orientation of the interface during diamo
growth.
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[1] F. Banhart and P. M. Ajayan, Nature (London)382, 433
(1996); F. Banhart, J. Appl. Phys.81, 3440 (1997).

[2] D. Ugarte, Nature (London)359, 707 (1992); T. Cabioc’h,
J. P. Riviere, and J. Delafond, J. Mater. Sci.30, 4787
(1995).

[3] F. Banhart, T. Füller, Ph. Redlich, and P. M. Ajayan
Chem. Phys. Lett.269, 349 (1997).

[4] S. Banerjee, K. Urban, and M. Wilkens, Acta Metall.32,
299 (1984); K. Urban, N. Moser, and H. Kronmüller
Phys. Status Solidi (a)91, 411 (1985); J. A. Knapp and
D. M. Follstaedt, Phys. Rev. Lett.55, 1591 (1985).

[5] Y. Lifshitz, S. R. Kasi, and J. W. Rabalais, Phys. Rev. Le
62, 1290 (1989); W. Möller, Appl. Phys. Lett.59, 2391
(1991); H. P. Kaukonen and R. M. Nieminen, Phys. Re
Lett. 68, 620 (1992).

[6] G. Nicolis and I. Prigogine,Self-Organization in Nonequi-
librium Systems(Wiley, New York, 1977).

[7] G. Martin, F. Soisson, and P. Bellon, J. Nucl. Mater.205,
301 (1993).

[8] P. Bellon and G. Martin, Phys. Rev. B38, 2570 (1988);
39, 2403 (1989); F. Haider, P. Bellon, and G. Martin
Phys. Rev. B42, 8274 (1990).

[9] D. W. Palmer, in Growth and Properties of Diamond,
edited by G. Davies (INSPEC, London, 1994), p. 143.

[10] Gmelin Handbook of Inorganic Chemistry(Springer-
Verlag, Berlin, 1968), Vol. 14B.

[11] F. Banhart and Y. Lyutovich (to be published).
3683


