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Radiation-Induced Transformation of Graphite to Diamond
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It is demonstrated theoretically that particle irradiation may lead to a destabilization of graphitic
structures with respect to low-pressure growth of diamond. This is due to the large difference in
the cross sections for irradiation-induced displacements of carbon atoms in diamond and graphite.
A nonequilibrium phase diagram is calculated that shows the stability of graphite and diamond as
a function of the displacement rate of atoms. The theoretical results are related to the experimen-
tally observed transformation of spherical graphitic onions to diamond under electron irradiation.
[S0031-9007(97)04417-7]
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The transformation of graphite to diamond is of consid-tion might favor the formation of diamondlike structures
erable technical importance and has been studied both lduring ion deposition [5]. In all these cases, due to the
experiment and theory for several decades. This trandar-from-equilibrium processes that take place during par-
formation generally requires high pressures, high temticle irradiation, a phase which is thermodynamically stable
peratures, and, for obtaining reasonable diamond yieldsinder equilibrium conditions transforms into a metastable
the presence of catalysts. Recent investigations, howevegshase. In general terms, irradiation-induced phase changes
demonstrate that high pressure is not indispensable: Amay thus be conceived as self-organization phenomena
shown experimentally [1] and to be discussed theoretitaking place in open nonequilibrium systems [6].
cally in the present paper, under the nonequilibrium con- In the case of metallic alloys, a long-standing theoretical
ditions of intense particle irradiation the graphite-diamondeffort has been devoted to the calculation of modifications
transformation can be carried out at zero pressure anof phase stability and phase evolution due to irradiation
moderate temperatures. (for an overview see [7]). The basic idea of the models

Concentric-shell graphitic onions (“bucky onions”) built is that, in an irradiated phase, atoms may change position
up of spherical graphene layers may serve as nanoscopiot only by thermally activated processes, but also by
pressure cells for the nucleation of diamond crystals [1]“ballistic” displacements enforced by the irradiation. This
Such onions form under intense irradiation of graphitic oris taken into account using a master-equation description
amorphous carbon with electrons or ions [2]. At irradia-
tion temperatures above 600 I, situ annealing of radia-
tion defects leads to perfectly coherent shells of extreme
strength. Because of the loss of atoms resulting from |
knockon collisions with the irradiating particles [3], the
shells contract and exert pressure that increases towards
the center of the onions. High pressure and the presence 7
of sp3 cross-links between the shells eventually lead to the 3‘ /,
nucleation of diamond crystals in the onion cores (Fig. 1).

Once nucleated, these crystals grow under continuing irra- % '!,,
diation until almost the whole graphitic onions have trans- !,'
formed to diamond. Since during diamond growth the L §¢#
graphite shells relax and their number decreases, the late™
stages of the growth process take place at quite low, pos- &
sibly even at zero pressure [1].

In the present paper, this transformation is general- & S
ized and considered from the viewpoint of an irradiation- %, "”a,.gc”‘
induced reversal of phase stability in the diamond-graphite 54 % };\;ﬁ A
system. Comparable modifications of phase stability by & 45;‘?5(-. s ﬁ

irradiation are observed in a large class of solid systems. gﬁ&ﬁ’“ o— -’ <A T A% i’:
Examples are order-disorder transitions in metallic alloys i i 1 h Pl i L e L SRS R AR R
or the formation of amorphous and quasicrystalline phase§IG. 1. Transmission electron micrograph of a small spherical

[4]. In the case of carbon, it has been proposed that thgoncentric-shell carbon onion with a diamond core. The object
higher stability ofsp3 relative tosp? sites during irradia- has developed under electron irradiation at 1000 K.
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of the phase-evolution kinetics as worked out in [8]. Thewhere® is the irradiation flux and-¢ andop are the total
models have been developed mainly for coherent phasaoss sections for displacement of atoms from the graphite
transitions (e.g., order-disorder transitions) which preservand diamond lattices, respectively. The master equation
an underlying lattice structure, i.e., they cannot be appliedor the probabilityPy, of finding Np atoms on diamond
directly to the graphite-diamond transition. However, welattice sites is

shall demonstrate that a straightforward generalization of

the models is possible if nucleation problems are excluded 1 9Py, — Fg{DPND—1 + 1"tl(7)t-C?11>1\,D+1
and the phase transformation is considered as the motion N; ot
of a phase boundary separating two solid modifications of — [T&¢ + 8PPy, , (4)

the same element.

We consider a block ol carbon atomsd,, of which whereN; is the number of atoms at the interface and the

: XY _ 1XY X-Y —
are arranged on the sites of a diamond lattice, while théot@! jump rates ard’y,’ = L'y, + I, (X-¥ = D-G
or G-D). We consider the solution of this master equation

remaining(l1 — Np) atoms form a graphite lattice. It is q q giti . deall ith
assumed that the diamond and graphite phases are sepgder steady-state conditions. Since we are dealing wit

rated by a sharp interfaceN is taken sufficiently large & closed system, steady state implies no net flux of matter.

such that the contribution of the interface to the total Gibbd ©" Ed- (4();_Lt)his rquire%_éhat the condition of detailed
free energy (we consider conditions of constant pressur alance, I'g;” Py, -1 = I'g” Py,,, is fulfilled. It then

may be neglected. Under irradiation, carbon atoms locatetfadily follows that

at the interface may pass from diamond to graphite, and Py, = N exd—¥(Np)],
vice versa, in two manners: (i) They may cross the inter-
face via thermally activated processes. This gives rise to
“thermal” jump rated' > andI'5“ obeying the relation-
shipT$? /TEC = exd—BAG], whereAG is the Gibbs

free energy difference between diamond and graphite, afd€"® 7V is a normalization constant. In the absence of
B = (kyT)~', in which kg is the Boltzmann’s constant irradiation, the “stochastic potentiall corresponds to the

Gibbs free energy of the system dividedAyT. By anal-
ogy, for the irradiated system a nonequilibrium “effective
free energy’G.¢; can be defined which governs phase sta-

Np—1 D-G

)
V(Np) = V() + > 'nr‘%r (5)
0

tot

andT is the temperature. Introducing the total ratg of
thermally activated jumps across the interface gives

rg}-G = pP Oy, Fff,'D = p° P, (1)  bility underirradiation. The difference in the effective free
energies per atom on the diamond and graphite lattice is
where the probabilitiep”-¢ and p©-" are AGe; = kgT[W(N) — ¥(0)]/N. Using Egs. (1) to (5)
1 one finds
PG =
1 + exd—BAG]’ +
X -BAG] ) AGes = AG — kBTIn[M] (6)
6-p _ _ eXd—BAG] 1+ ®op/vm
P 1 + exd—-BAG]” In the absence of irradiatio®® = 0) as well as at high

In addition to the thermally activated jumps across theemperatures (v, > op®,0¢®) where a thermal
interface, under irradiation the ballistic processes magxchange of atoms across the interface prevailS,
lead to an exchange of atoms between the two phaseigduces to the Gibbs free energy differerdog. On the
Such ballistic jumps take place in two steps: In aother hand, during irradiation at not too high temperatures

first step, carbon atoms are displaced from diamondallistic jumps are predominantry, < op®,oc®).

or graphite lattice sites due to collisions by irradiating Provided that the cross section for ballistic displacements
particles. In a second step, the thus produced interstPf atoms from the sites of the diamond lattice is smaller
tials annihilate on vacant interface or bulk lattice sitesthan that for displacements from graphite lattice sites,
of the opposite phase. For describing the resulting’c/op > 1, this leads to a reduction of the nonequilib-
jump rates, we make the following simplifying assump- rium effective free energy of the atoms in the dia_lmond
tions: (i) Only single interstitials and vacancies arelattice by an amount of aboutgT In[oG/op] with
produced by the irradiation (no cascade damage); (ii) extespect to the Gibbs free energy.

change of atoms between diamond and graphite is due only The impact of irradiation on a crystalline structure can
to interstitials produced directly at the interface; (iii) the be characterized by the displacement threshold engggy
probabilities for an interface interstitial to recombine i-€., the minimum energy that must be transferred to a lat-
either on a graphite or a diamond lattice site are governefice atom to induce its permanent displacement. While
by the Gibbs free energies of the two phases, i.e., thelp diamond, Eq is of the order of 35 eV [9] and only
correspond to the respective probabilitigd ¢ and p¢->  weakly anisotropic, in graphite the threshold energy is

defined in Eq. (2). Then the ballistic jump rates are strongly direction'dependent. Our own irradiation experi-
ments on graphitic carbon nanostructures revealed values

IéP = gsdpcP, b6 = gpdpPC, (3) of Eq = 10-20 eV, depending on the type of irradiated
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structure. WhileEq = 10 eV can be considered an ap- place in an intermediate temperature range, the extension
propriate value for displacements along thexis, a larger of which depends on the irradiation intensity as well as
value of Eg = 20 eV applies to the case of isotropic ir- on the ratio of the total displacement cross sections. The
radiation. Calculations of the displacement cross sectionsiechanism leading to phase stability reversal may be ratio-
in diamond and graphite performed with thegevalues nalized as follows: Atthe interface, ballistic displacements
indicate that at electron energies less than about 150 keMad to the production of interstitials which stem predomi-
permanent displacements can be induced in graphite batantly from graphite lattice sites. If for these interstitials
not in diamond,os/op = . This ratio decreases with the probabilities to relax into diamond or graphite lattice
increasing electron energy, butis stil; /op = 2 atelec- configurations are of the same order of magnitude, this al-
tron energies of about 1.5 MeV. Thus the necessary condready causes a net flux of atoms from the graphite to the
tion for an irradiation-induced inversion of phase stability,diamond phase, i.e., the phase stability is reversed.
og/op > 1, is well fulfilled. If T exceeds an upper critical temperature, thermal
Further parameters entering the effective free energjumps, which lead to a net transport of matter from dia-
differenceAGr are the differenc@ G in the Gibbs free  mond to graphite, predominate over the ballistic ones, so
energies, the ratey, of thermal jumps of atoms across the that graphite remains the stable phase. In Eqg. (6) this is
interface, and temperature. We assumg = vy expX manifested by the fact that for largg, the nonequilibrium
[—BG;] to be governed by an Arrhenius law, whersg  correction is too small to mak&G. negative. At lower
is an attempt frequency an@; is the characteristic free temperatures, the thermal jump rate soon becomes quite
activation energy required for crossing the interface. Imsmall. Provided thal” exceeds a lower critical tempera-
our calculations, we took the characteristic valuge=  ture, the nonequilibrium term, which is then approximately
10'? s~! and an activation enthalpy of the order of typical kg T In[o¢/op], may cause a change in the signaf.;,
bond energies;; = 4 eV [10]. For calculating the Gibbs i.e., a phase-stability reversal. The lower critical tempera-
free energy differences, we used the experimental values tifire is almost independent on the irradiation intensity,
AG(T) at zero pressure and the atomic volumes compiledut strongly dependent on the ratio of the displacement
in [10]. cross sections (Fig. 2). If the energy of the irradiation is
With these parameters, calculations of the effective fresuch that atoms are displaced in graphite but not in dia-
energy differenc@ G were performed for different dis- mond, the phase stability may be changed even at very low
placement cross-section ratios. Under irradiation, diatemperatures.
mond is more stable than graphite provided thét.;; < An important question concerns the rate of transforma-
0. Using this criterion, nonequilibrium phase diagramstion. From the master equation (5) an expression for the
at zero pressure have been calculated. In Fig. 2, phaswerage transformation rate of graphite to diamond, or vice
boundaries are given in terms of temperature and irradiarersa, may be deduced. This can be expressed in terms of
tion intensity, where the latter is characterized by the rat¢he velocityv of the motion of the diamond-graphite inter-
o P of atomic displacements in graphite. [The unit“dpa” face. In a coordinate system fixed to the graphite lattice,
(displacements per atom) is the irradiation dose requirethis is given byv = (I'G;? — T'2:%)b, whereb = Q'/3
to displace, on the average, each atom once from its laf{} is the atomic volume of graphite). A positive cor-
tice site.] It is seen that reversal of phase stability takesesponds to the growth of the diamond phase. In Fig. 3,
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FIG. 3. Velocity v of the diamond-graphite transformation
FIG. 2. Nonequilibrium phase diagram (irradiation intensity as a function of temperature for two different displacement
vs temperature) of the diamond-graphite system under electracross-section ratios; irradiation intensitys® = 1072 dpg/s

irradiation; displacement cross section ratig /op = 3 (full (curves 2#3a), 1 dpds (curves 2Jp3b); dotted line (curve 1):
line), oc/op = 2 (inset, dashed line); for other parameters seeMaodification of v for og/op = 5 by a hydrostatic pressure of
text. 1 GPa; negativer indicates graphite growth.
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the temperature dependencevdf depicted for two differ- mond, respectively) under electron irradiation was already
ent values ofos/op and different irradiation intensities. achieved, even without the presence of onionlike structures
The zeros ofv correspond to the critical parameters for [11]. As to graphitic onions with diamond core, the theory
phase-stability reversal. It is interesting to note that irrateproduces all essential qualitative features of their behav-
diation, which at intermediate temperatures leads to diator during irradiation. These are the existence of a tem-
mond growth, at low temperatures actually promotes theerature regime where diamond growth may be observed
transformation of diamond to graphite. (In the absence oand the dependence of the growth velocity on irradiation
irradiation, this would be “frozen in” because of the negli- intensity and temperature. The calculated values of the
gibly small thermal jump rates.) Except in the vicinity of lower critical temperature and the diamond growth veloc-
the upper critical temperature (dashed lines in Fig. 3), théy are in qualitative agreement with the experimental data.
transformation velocity is proportional to the displacement-urther experiments will be able to review the theoreti-
rate, irrespective of the direction of the transformation. Atcal model and refine the underlying parameters. From a
a typical displacement rate of;® = 10! dpa/s during  theoretical point of view, further work is required to ac-
irradiation in a high-voltage electron microscope and forcount for the influence of point defects produced in the
b = 2.1 A, one finds that a value af =~ 0.205®b char-  bulk of the graphite and diamond phases and recombining
acteristic ofo/op = 5andT = 1000 K corresponds to at the interface. In particular, the pronounced anisotropy
a diamond growth rate of about 15 fim of interstitial diffusion in graphite, where the basal planes
The theoretical results in Figs. 2 and 3 match wellact as diffusion barriers, may be crucial for understanding
the experimental data that have been measured up tbe observed orientation of the interface during diamond
date. Under electron irradiation in an electron microscopegrowth.
in graphitic onions displacement rates up to 0.1/dpa  We thank Professor W. Frank and Professor A. Seeger
were attained. A ratio of displacement cross sections offor stimulating discussions.
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