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Irradiation-induced transformation of graphite to diamond: A quantitative study
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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 padetaiser and Banhart, Phys. Rev. Let®, 3680(1997)]. In the present study, a
gquantitative 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.

[. INTRODUCTION In the present paper, a detailed quantitative study of the
nonequilibrium phase diagram of carbon under irradiation is

The transformation of graphite to diamond has been #@resented. The phase boundaries and transformation veloci-
challenge since its first successful undertaking in thdies are investigated as functions of temperature, irradiation
1950s? Until recently, it has been assumed that high presintensity, and energy of the irradiating particlésere we
sure is generally needed to carry out this transformationrestrict our experiments and considerations to high-energetic
Graphite is the stable phase of carbon at low pressure, and®ctrons. The experiments are carried out bysitu trans-
kinetic route from graphite to diamond at low pressure hadnission electron microscop§TEM) where irradiation and

not been discovered. The only way of producing diamond aftomic-scale imaging are done at the same time and in the
low pressure has been the immediate nucleation of diamongpMe Instrument. TF’ interpret the experlm_ental findings, we
se a modified version of the model by Zaiser and Barthart.

from the gas phase where the formation of the more stabl . : .
gas p he theoretical treatment is based on the master equation

phase, graphite, is kinetically hinderdédlhe reversal of ) S ) o~
phase stability is, at moderate temperatures, not obtained uﬁt_pproach towards phase evolution kinetics under irradiation

til pressures of a few gigapascals are exceddedwever, worked out by Bellon and Martitf This is generalized to an

when graphite is exposed to increasing pressure, the kinetigfeor?aeégmbg\;\?esgntrt%\? sforhrgggts)n +r;1\go'\;'ngr(§gihm|%t;%2 ci];atr;]e
barrier between the two phases still prevents the direct trans; p X PP

formation at the equilibrium phase boundary so that eithefjenmtIon of a nonequilibrium effective free energy which

extreme pressures, high temperatures and pressures, or, tegﬁyerns phase stability under iradiation and yields quantita-

nically most important, the use of catalysts is necessary fo ve predictions of the mterfa_lce velocity Wh'C.h can be di-
the transformation of reasonable amounts of graphite to diar-eCtIy compared to the experimental observations.
mond.

In a recent study, graphitic carbon onions have been irra- II. EXPERIMENT
diated with an intense high-energetic electron beam at high
temperaturé.lt has been shown that under these conditions, The irradiation studies were carried out by using a speci-
carbon onions undergo heavy self-compressfowhich ~ men containing a graphite-diamond interface which was in-
leads to the nucleation of diamond crystals in their coresvestigated in a TEM at high resolution. As in a previous
Surprisingly, the diamond nuclei were seen to grow undestudy? a chemical vapor depositiofCVD) diamond film
further irradiation until the graphitic onions had wholly was thinned by Af ion sputtering so as to be transparent to
transformed to diamondsThis phenomenon is remarkable electrons. After ion sputtering and annealing at temperatures
because the late stages of this transformation occur undebove 1000 K the diamond specimen had a graphite layer of
low or even vanishing pressure. Starting out from this obserup to 150 nm in thickness on the diamond surface. The in-
vation, a theoretical model was developathich predicts terface between the diamond crystal and the graphite surface
that irradiation with energetic particles may, in a certain re-ayer was imaged and irradiated in high-resolution TEM's.
gime of irradiation temperatures and intensities, reversénstruments operating at 1250 kMeol ARM 1250 and at
phase stability in the graphite-diamond system. In a80-400 kV (Jeol 4000FX were used. The irradiation was
follow-up study, it was confirmed experimentally that the carried out at electron energies of 150, 200, 400, and 1250
irradiation-induced transformation of graphite to diamond iskeV. Heating specimen stages enabled us to vary the speci-
feasible on a general scalég., not restricted to carbon on- men temperature in the range from 290-1270 K. The beam
ions with their particular geometry. current density was varied in the range from 5-240 Alcm
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a R s b = n‘m‘-.‘ we may consider as the order parameter of the graphite-to-
DRIy diamond transition.

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

(i) Carbon atoms may pass from diamond to graphite and
vice versa through processes which are governed by thermal

7 3 activation only. This is expressed in terms of net thermal
;f;",;.;.'q:;»_-‘,{{;:‘:t;‘;\‘t / jump rates across the interfat§ " (from graphite to dia-
‘Gra_p,hvite;?*‘:;g;’""» Lt i mond andI';~¢ (from diamond to graphie Due to local

v thermal equilibrium, these rates must obey the relationship

rg® AG
R

: @

whereAG=Gp— Gg is the Gibbs free energy difference be-
tween diamond and graphité&g is Boltzmann’s constant,
and T temperature. Introducing the total raﬁeh=FtGh‘D

FIG. 1. Atomic resolution electron micrographs of a graphite-_|_1“t'%—G of thermally activated jumps across the interface,
diamond interface(a) before irradiation(b) after 220 min of 1250-  gne may write
keV electron irradiation af=1000 K with a current density of
30 A/cn?. Under these conditions, diamond grows at the expense FR]_GZ pD_Gyth, Ft?]_Dz pG_Dyth, 2)
of graphite.

where the probabilitiesp®¢ and p®P=(1-pP°©) are

The beam current was measured by using Faraday(igs ~ 9'Ven by
a slight inaccuracy due to the escape of an unknown fraction

of backscattered and secondary electyons pP O (3a
During the irradiation, lattice images showing the location 1+ex;{ _ E}

of the interface were recorded on photographic film or by a kgT

slow-scan charge-coupled deviggCD) camera. The veloc-

ity of the interface, moving either towards the graphite or the AG

diamond region, depending on whether graphite or diamond exy — keT

grew, could hence be measured. pCP= G (3b)
Figure 1 illustrates the initial and final stage of the trans- 1+ex;{ i

formation of a graphite surface layer to diamond under elec- ksT

tron irradiation. After 220 min irradiation with 1250-keV ; o ;
{ X Due to the thermodynamic stability of graphitA G>0),
electrons at 1000 K and a beam intensity of 30 Adcthe p®P is smaller thanp®=C for all T. The total ratev, of

graphite layer with an initial thickness of 7 nm has com-.4herma|” jumps of atoms across the interface is assumed to
pletely transformed to diamond. be governed by an Arrhenius law with an effective activation
energyGy,
Il THEORY

: 4

G
We consider a model system consistinghfcarbon at- Vth= Vo ex;{ - ﬁ

B
oms and assume thhl, of these atoms are arranged on the
sites of a diamond lattice, while the remaining{Np) at- wherevy~10 s ! is an attempt frequency of the order of
oms form a graphite lattice, and that both phases are sep#ie Debye frequency.
rated by an atomically sharp interface. Thermodynamically, (ii) In addition to the thermally activated jumps across the
the system is characterized by a Gibbs free en&gMp) interface, under patrticle irradiation nonequilibrium processes
~NpGp+(1—Np)Gg, where Gy and G are the Gibbs involving the ballistic displacement of atoms may lead to an
free energies of carbon atoms in the bulk diamond anegxchange of atoms between the two phases. We conceive
graphite phases, respectivel(ince the atomic volumes of such “ballistic” jumps as two-step processes: In a first step,
diamond and graphite are quite different, the volume of thecollision with an incident particle leads to the displacement
system is not constant whe, changes. Hence one must of a carbon atom from a diamond or graphite lattice site to
use the Gibbs free enerdy rather than the Helmholtz free the interfacgproduction of an interface interstitjaln a sec-
energyF for characterizing the thermodynamic state of theond step, the interface interstitial relaxes to a vacant interface
system). Note that we may always take sufficiently large  or bulk lattice site.
such that the contribution of the interface to the total free The displacement process can be characterized by the dis-
energy can be neglected. The free energies are assumed fhlacement threshold enerdly, i.e., the minimum energy
same as for an unirradiated crystal, i.e., we neglect damagéat must be transferred to an atom in order to produce a
accumulation(cf. below). Hence the Gibbs free energy de- stable vacancy-interstitial pair. In crystalline structuregin
pends for a given system size on the ratig/N only, which  general depends on the direction of the displacement. In the
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120 ' ' ' ] 1 s ! at 320 K(Ref. 14], and that accumulation of inter-
face interstitials can be neglected. Hence the net ballistic
50- | jump rates from graphite to diamond and vice versa can be
= written as
o s
2, e
© 4wl [ P=06®p™, T ®=op®p™¢, (5)
! where® is the irradiation fluxgg andop, are the respective
0 — i i cross sections for displacement of atoms from graphite and
0 400 800 1200 1600 diamond lattice sites, ang"® and p'~® denote the average
Ee- [keV] probabilities for an interface interstitial to relax to a diamond

_ _ or graphite lattice site, respectively.
FIG. 2. Cross section for the displacement of carbon atoms by These probabilities can again be formulated within a ther-

electrons as a function of the electron energy for displaceme : : AN
threshold energies of 15 and 30 eV. The full lines pertain to singlrelllnOdynémIC framework. When doing so, it is important to

atom displacements, the dashed lines are corrected for the effect E]ote that the relaxat'lon probabllltlgs do nqt depend on the

cascades leading to the production of multiple defects. ree energy of the f'”?" statégraphite or dlam<_)nd lattice
atom) but on the effective energy barriers required to reach

present work, we use isotropic effective displacement thresHhis from the irradiation-produced metastable initial state

olds TX .4 (X=D for diamond and %G for graphit¢ ob- terface interstitigl In this respect, the treatment in the pre-

tained from bulk radiation damage experiments. There is ¥0US papetwas erroneous. In the present work, we charac-

significant scatter in the literature data: While in earlier stud-erze the rlelélxanon processes by effective energy barriers

ies (for compilation, see the review by Thrower and G'™" and G~ for the relaxation of interface interstitials to

Mayer)) threshold energies between 24 and 48 eV havdiamond and graphite lattice sites, respectively. Then the re-

been reported for graphite, recent experiments yielded lowed@xation probabilities may be expressed as

values ranging between 1(Ref. 12 and 15-20 e\}? For

diamond, displacement threshold energies compiled in the 1

review by Banhartf range between 30 and 48 eV. In the p G:—AGI' (63
present work, we use the valueEs=15 eV and T3 1+8XF{ KT

=30 eV for graphite and diamond, respectivelgince we B

expect displacement threshold energies close to the diamond- AG

graphite interface to be somewhat lower than in bulk crys- ex;{ __—

tals, we use values corresponding to the lower end of the data I-D kgT

range reported in the literatuyéAs a most important feature b= 1 F{ AG']’ (6b)
+expg —

characterizing the behavior of irradiated carbon it is noted kB_T
that graphite, where atoms can be displaced easily in the
direction of thec axis!* exhibits a lower displacement where AG'=G'"P—G'-€ is the difference in the effective
threshold than diamond. This asymmetry leads to prefererenergy barriers for relaxation of interface interstitials to dia-
tial damage of graphite and is the main reason why the farmond or graphite lattice sitéselaxation barrier asymmetry
from-equilibrium “excitation” by irradiation may drive a Taking into account both ballistic and thermal jump pro-
graphite-to-diamond transformation. cesses, our model system can be characterized by a master
From the displacement threshold energies, displacememiquation for the probabilitf(Np) of finding Ny atoms on
cross sections pertaining to different electron energies can hfiamond lattice sites. This is given by
obtained using the theory of Mott scattering. In our calcula-
tions we have used an algorithm developed by Hohenstein 1 9P(Np)
et al®® In Fig. 2, cross sections for the displacement of N
carbon atoms by electrons are given as a function of the
electron energy for threshold energies of 15 @vaphite — [T S+TEPIP(ND), (7)
and 30 eV(diamond. While the full curves pertain to single
displacements, the dashed curves are corrected for cascadbere the total jump rates ame, =T +T% " (X=Y
effects, accounting for the fact that at high transferred ener=D-G or G-D, all rates are understood as average jump
gies the displaced atom may cause secondary displacementates per interface atom, ah is the number of such atoms.
leading to the formation of more than one stable defect.
After an interface interstitial has been produced, there is a
large number of nearby interface sites where it may recom- o ) ) )
bine, i.e., its relaxation requires only a few diffusional It is instructive to consider the solution of the master

jumps. In the range of temperatures and displacement rat@§luation(7) under steady-state conditions. This is obtained
relevant to the present study, this implies that the relaxatioRy _ requiring  detailed  balance, I'g;°P(Np—1)
process is fast as compared to the time between two atomie 'y P(Np). It readily follows that the steady-state solu-
displacementgin diamond, interstitials are mobile already tion of Eq.(7) is

below room temperatufavhile in graphite annealing studies

indicate that interstitials reach a jump frequency of about P(Np)=Nexd —¥(Np)], (8)

Nt~ Lt P(Np=1)+Tg °P(Np+1)
I

A. Nonequilibrium effective free energy
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Np—1 D-G 2 T T T T T
W(Np)=¥(0)+ ; In—o 9) o1 Graphite

G-D’
tot

Here N is a normalization constant chosen such that
END=OP(ND):J—-

In the expressioii8), the “stochastic potentialV of the
nonequilibrium system plays much the same role as the ther-

. . .. A -144
modynamic potential divided bggT for an equilibrium sys- el / . . .
tem. This analogy leads us to the concept of a nonequilib- 400 600 800 1000 1200 1400
rium “effective free energy” G which governs phase TIK]
stability under irradiation. We define the difference in the

effective free energies per atom on the diamond and graphite FIG. 3. Nonequilibrium phase diagrafdisplacement rate vs
lattice as temperatureof the diamond-graphite system under electron irradia-

tion; parametersiog=104 b, op=40 b, AG'=0.047 eV, Gy,
AGes=kgT[W(N)—¥(0)]/N. (10) =3.2 eV, the displacement rate refers to the graphite phase.

Diamond

Graphite

Log (@ [dpa/s])

12

Using Eqs.(2)=(5), (9), and(10) one finds reversed. Note thaf; depends on the ratio of the displace-

Dog p° ment cross sections in graphite and diamond and on the re-
1+ laxation barrier asymmetra G', but not on the irradiation
AGo=AG—KaT | vin p® P intensity®: Since only irradiation-induced processes are rel-
eff— —KglIn ’ (11) H . .
dop p'C evant at low temperatures, in this regime all rates are propor-
Vi oG tional to®. Hence a change in irradiation intensity modifies
the velocity but not the direction of the transformation.
while according to Eq.(8) the probability distribution is At high temperatures the “thermal” jump rateg, can no
P(Np)=Nexd —NpAGg/kgT]. longer be neglected. Above an upper critical temperafyre

In the absence of irradiationd(=0) as well as at high where the effects of thermal and ballistic jumps balance each
temperatures ;,>®op,P o) where thermal exchange of other, thermal jumps lead to a net transport of matter from
atoms across the interface prevailsG. reduces to the diamond to graphite and make graphite again the stable
Gibbs free-energy differenckG, i.e., the system behaves as phase. This upper critical temperature decreases with de-
in thermal equilibrium. On the other hand, during irradiation creasing displacement rate. At a lower critical displacement
at not too high temperatures, ballistic jumps may becomeate, the upper and lower critical temperature branches
predominant ¢y,<op®,0cP). In this case the second term merge, and below this critical displacement rate graphite is
on the right-hand side of E¢11) may lead to a reduction of gy gJ| temperatures the stable phase.
the nonequilibrium effective free energy of the atoms in the This behavior is illustrated in Fig. 3 which shows a non-
diamond lattice and eventually to a negative effective freexqyilibrium phase diagram calculated for irradiation with
energy differencel Ge between diamond and graphite, in- 1550 kev electrons. Displacement cross sections have been

dicating reversal of phase stability unde( irradiation. In thedetermined using the parameteﬂ'§ﬁ= 15 eV and TeDﬁ
low-temperature regime where thermal jumps may be ne-

glected @y—0), the condition for phase stability reversal =30 eV and accounting for cascade effe¢ts. dashed

. . . . _ 727 2
AG..<0 ding to Eqs(3), (6). and (11) | . curves in Fig. 2 This yielded 0g=10.4x10"“" m~ and
(AG¢=0) according to Eqs(3), (6), and (11) is approxi op=4%X10"2" m?. The differenceAG=AG(p,T) in the

matel
y (equilibrium) Gibbs free energies of graphite and diamond
og| AG was taken from literature datd,and the parameterdG'
In — T (120  =0.047 eV andGy;,=3.2 eV were assumedFor determi-
D B

nation of these parameters, see Sec) IM. Fig. 3, phase

In this regime, the qualitative behavior of the system de-boundaries are given in terms of temperature and irradiation
pends on the sign of the relaxation barrier asymmgt@)_ intensity, where the latter is characterized by the rate of
[In the previous papétthis has been equated to the differ- atomic displacements in graphit€The unit “dpa” (dis-
ence AG in bulk free energies_ In the present paper, Weplacements per atonis the irradiation dose required to dis-
determineAG' from the experimental nonequilibrium phase Place, on the average, each atom once from its lattice site.
diagram (Sec. 1V).] When interface interstitials recombine

preferentially on diamond sited G'<0, Eq.(12) is always ) _

fulfilled (i.e., phase stability is reversedince o> op. If, B. Phase transformation velocity

on the other hand, recombination takes place preferentially \While the steady-state solution of the master equaffon

on graphite sites{G'>0), Eq.(12) defines a lower critical yields information about phase stability in terms of an effec-
temperaturél’; for phase stability reversal. BeloW;, jumps tive free energy of the nonequilibrium system, this equation
from diamond to graphite prevail €, ®>TS™) in spite of  may be also used to study the time-dependent behavior, i.e.,
the larger displacement cross section in graphite spiceé  the phase transformation dynamics.

<p'~©. Only aboveT; the probability for relaxation to a We consider the transient behavior during diamond
diamond site is sufficiently large such that phase stability igrowth, when botiP(0) andP(N) can be assumed negligi-
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FIG. 4. Experimentally determined nonequilibrium phase dia- F|G. 5. Velocity of the diamond-graphite transformation as a
gram (irradiation intensity vs temperatyrefor irradiation with  fynction of temperature for irradiation with 1250-keV electrons and
1250-keV electrons; open circles: diamond growt<0), black 3 peam intensity of 100 A/cfnfull line: theoretical curve accord-
squares: graphite growth; full line: theoretical curve calculated foling to Eq.(14), parameters as in Figs. 3 and 4.
the same parameters as in Fig. 3.

The open circles denote those parameters where irradiation-
bly small. Then from Eq(7) the evolution of the average induced diamond growth has been observed, while black
number of atoms on diamond lattice site§Np)  squares indicate graphite growth. Note that the irradiation

=E§NDP(ND), follows as intensity is given in linear scale, as opposed to the logarith-
b DG mic scale of Fig. 3. Diamond growth is observed only above
d(Np) =Ni(F'gi = Tig ). (13 a critical temperatur@;~570 K. According to the model

From this we obtain the average velocity of the diamond_presented in the previous section, the observation of a lower

rahite interface in a coordinate svstem attached to the di critical temperature is interpreted in terms of preferential re-
grap [G-D_ 'D-G Y Zombination of irradiation-induced interface interstitials on

mond Iat'.uce,vi=b(' fot ot ) wh.e.reb.= \./1'3/3 a”q Vo is graphite sitegpositive relaxation barrier asymmettyG').
the atomic volume in diamond. Positive indicate diamond As predicted by the theor§T,, does not depend on irradiation
growth. At the phase boundary whek& =0, alsov; goes  ihtansity. FromT, the relaxation barrier asymmettyG' is
through zero and becomes negative Tox T, and T>T,. obtained using Eq(12). With o=10.4x10"2" m? and
We note that the same mechanidoallistic creation+ ther- op=4x10"2 m? (displacement cross sections for 1250-
mal relaxation of interface interstitiglsvhich for T;<T keV electrons and€ =15 eV, T =30 eV, cf. abovione
<T, leads to diamond growth, at low temperatures promote%btains AG'=0 04$‘ eV, At ’hig[])h temper'atu.res diamond
the transformation of diamond to graphite which in the ab- rowth dependé on bot.h temperature and irrad,iation inten-

sence of irradiation would be kinetically frozen in because O@ity: While for an irradiation intensity of 100 A/cindia-
the negligibly small thermal jump rates.

Using Egs.(2)—(7), we get an explicit expression for the _mond _growth was observed up to 1270 K, for a much lower
interface velocit intensity of about 5 A/crhthe graphite layer was observed
Y to grow at 1223 K. Temperatures above 1270 K were not
AG! accessible with the specimen stage used in this study. The
;{ ) —0p available high-temperature data are consistent with a charac-
teristic activation enthalpp,,=3.2+0.1 eV.

G' Measured phase transformation velocitiesean veloci-
1+exp ———= . . L . -
kgT ties of the diamond-graphite interfacare given in Fig. 5 for
1250 keV electron irradiation with an intensity of
AG 100 A/cnt and various irradiation temperatures. These ve-
l-exp — 7=
AG, kgT locities were determined during the initial stages of the trans-
- Vob ex - k T AG .

. exp{ - ﬁ) transformation velocity on the orientation of the interface
B with respect to the diamond or graphite lattices was ob-
For temperatures well beloW,, the first term on the right- Served.(During the very last stages of the transformation of
hand side of this equation predominates. In this regime, théhe graphite layer, on the other hand, curved onionlike struc-
velocity of the irradiation-driven phase transformation is di-tures emerged within the residual graphitic material, and dia-

rectly proportional to the irradiation intensity, irrespective of mond was found to grow preferentially into these structyres.
the direction of the transformation. The experimental data are well represented by the theoretical

curve calculated from Eq(14) using the parameterAG'
=0.047 eV andGy,=3.2 eV as determined from the non-
equilibrium phase diagram. For irradiation with 400-keV

For irradiation with 1250-keV electrons, phase transfor-electrons, phase transformation velocities have been mea-
mation velocities have been determined for various temperasured as a function of temperature for an irradiation intensity
tures and irradiation intensities. Figure 4 gives a nonequilibof 150 A/cnt (Fig. 6). Displacement cross sections for this
rium phase diagram for 1250-keV electron irradiation andelectron energy have been determined in a similar manner as
zero pressure in terms of irradiation intensity vs temperaturefor 1250-keV electrons, yieldingrg=5.8x10"2" m? and

(149 formation when no systematic dependency of the phase

IV. RESULTS AND DISCUSSION



PRB 62 IRRADIATION-INDUCED TRANSFORMATION OF . .. 3063

10 ' ' ' ' ' 10 . . :
101 ] . -
>F 0 & o2 N
i o i
g ° [o] ° @L 0 9! .\‘
E o0 > ] \
- 5] ° °© ] w.? % @ @ @-90-110 A/crni ‘.‘ ]
2 X @ ©-4570 Aem v 1
-104 400 keV, @ = 150 A/lcm | 357 S ooem e : )
O ®=5-15 Acem® o
1 0 600 800 1000 12 40 : . S
200 400 600 800 1000 1200 1400 400 800 1200
TIK] TIK]

FIG. 6. Velocity of the diamond-graphite transformation as a  FIG. 7. Scaled velocity of the diamond-graphite transformation
function of temperature for irradiation with 400-keV electrons and a@S & function of temperature; compilation of data pertaining to irra-

beam intensity of 150 A/cfj full line: theoretical curve calculated diation with 1250-keV electrons and irradiation intensities ranging
with o5=58 b andop=15 b (displacement cross sections for from 5 to 100 Alcrd; full lines: theoretical curves for beam inten-

400-keV electrons, cf. Fig.)2other parameters as in Figs. 3-5.  Sities of 5 Afcnf (dashed lingand 100 A/cr (full line), all other
parameters as in Figs. 3-5.

op=1.5x10"?" m?. Phase transformation velocities calcu-
lated with these cross sectioffsll line in Fig. 6) are again  experimentally observed phase transformation velocities was
in good agreement with the experimental data. obtained for irradiation with both 400- and 1250-keV elec-
To assess the dependency of phase transformation velottons in a temperature range from 290 to 1270 K. We note
ity on irradiation intensity, measurments performed undethat the relaxation barrier asymmethG' deduced from the
irradiation with 1250-keV electrons at various intensitiesnonequilibrium phase diagram is of the order of magnitude
have been compiled in Fig. 7. All velocities have been scale®f the difference in lattice energies of diamond and
by the respective irradiation intensities times the atomic vol-graphite!® Because of this, the qualitative predictions of the
ume in diamond. (For illustration: With V,=5.67 earlier papétremain valid whereA G' was implicitly identi-
x10%° m23 and ®=100 Alcn? (i.e., 6.25 fied with the difference in bulk free energies.
X107 e"/[m?s]), a scaled velocity of %10 8 corre- We note that the experimental findings reported in the
sponds to a dimensional value of about 6 ninffhe scaled present paper rule out certain alternative mechanisms for the
velocities are compared with the predictions of the theoretistabilization of diamond vs graphite under irradiation which
cal model(full and dashed lines in Fig.)7According to the have been proposed in the literature:
model, at low and intermediate temperatures the transforma- (i) It has been proposed that during irradiation the higher
tion velocities are expected proportional to the irradiationdamage rate in graphite may lead to an accumulation of de-
intensity, i.e., the scaled velocities are intensity independenfects such that the free energy of graphite may be raised
Close to the upper critical temperature, on the other handabove the free energy of diamoh@dAccording to this ther-
one expects a significant dependence of the scaled velocitiggodynamic argument, phase stability reversal is expected to
on irradiation intensity. Both predictions are consistent withprevail at low temperatures where the free-energy difference
the experimental data. between graphite and diamond is smallest and damage accu-
The experimental observations compiled in the presenmulation in graphite is most efficient. This is clearly incon-
section are in good agreement with the predictions of theistent with our observations: At low temperatures, we find
theoretical model developed in Sec. Il that irradiation actually promotes the transformation of dia-
. . _ ._mond to graphite, while at temperatures where irradiation-
* Irradiation-induced diamond growth takes place in an iny,q,ced defects anneal out rapidly and little accumulation of
termediate temperature regime. o _ visible damage takes pla¢&diamond growth is observed.
e The upper critical temperature increases with increasing (i) A more “atomistic” line of reasoning has been ad-

irradiation intensity, while the lower critical temperature is y,gnced by several authdfg®which point out that during ion

intensity independent. deposition, the formation of diamondlike structures may be
* At low and intermediate temperatures, the phase transfofayored by the fact that under irradiatiep® may be more

mation velocity is proportional to the irradiation intensity. stable than;pz sites. The preferentia| damagegﬁz sites is,

in the present study, reflected by a lower displacement

Irradiation-induced diamond growth is interpreted inthreshold in graphite. This is a necessary condition for
terms of preferential damage of graphikewer displacement jrradiation-induced diamond growth, but it is not sufficient to
threshold energy while the observation of a lower critical explain all the observations. Additional thermodynamic con-
temperature is related to the preferential recombination ojderations are required to understand why below a critical
interface interstitials on graphite sites. Using effective diS-temperature irradiation promotes not diamond but graphite
placement threshold energi@&eﬁz 15 eV for graphite and  growth.
Taeﬁz 30 eV for diamond, an activation energ®y, An intrinsic limitation of the experimental method used in
=3.2 eV and a relaxation barrier asymmetrxG' the present work stems from the fact that the observations are
=0.047 eV, the nonequilibrium phase diagram observed fomade on thin film specimens, where surface effects cannot be
1250 keV electron irradiation could be reproduced, andcompletely ruled out. In spite of this, the agreement between
guantitative agreement between theoretically calculated anithe experimental observations and predictions of the theoret-
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