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A model is proposed to explain the irradiation-induced amorphization of graphite. This model assumes that
the single-vacancy concentration saturates to Cvs(T) at irradiation temperature T; that the single-vacancy
contained regions gradually transform to disordered regions, of which accumulation leads to amorphization;
and that the transformation rate is proportional to the single-vacancy concentration. Utilizing Cvs(T) as a
fitting parameter, this model explains the dose and the temperature dependencies of the Raman spectra of 25
keV He+-irradiated highly oriented pyrolytic graphite, Also, the Arrhenius plot of the obtained values of Cvs,
which indicates the critical doses of amorphization, corresponds well to a previous TEM study, which showed
two activation energies of 0.036 eV below -573 K and 0.25 eV above -573 K. By analyzing the chemical
kinetics of the steady state, activation energies for single and di-interstitial migration of 0.14 and 0.86 eV,
respectively, are obtained. The stored energy is attributed to a significant accumulation of di-interstitials below
-573 K, which originated in the reduced annihilation with vacancies due to a barrier. By extending the theory
to the quasisteady state with the collapsed line formation and the loop growth, the dimensional changes before
amorphization can be also explained. This model should provide insight into the graphitization process and the
formation mechanism of various carbon clusters.

I. INTRODUCTION

The formation of lattice defects in solids under high-

energy particle irradiations induce property changes and, in
extreme cases, can lead to the loss of the long-range periodic
order of the solids (amorphization). This type of irradiation-
induced amorphization has been found in intermetallic com-
pounds, ceramics, ordered alloys, ionic solids, etc. ' Al-
though a number of experiments and theoretical models has
been attempted to clarify the amorphization mechanism, it is
still not clear in terms of a defect-related process. Even for a
simple solid such as Si it is unclear if amorphization occurs
by quenching of an amorphous region produced by the col-
lision cascade along a single ion track (heterogeneous forma-
tion) or by damage accumulation in the material until a criti-
cal threshold in the defect density is reached (homogeneous
formation).

Graphite, which amorphizes under irradiation, " is an
ideal system to investigate the kinetic process of amorphiza-
tion due to the presence of only carbon. However, a number
of previous investigations on irradiated graphite, intended to
study its usage as an atomic reactor material, ' ' has re-
vealed that graphite behaves in a complex manner under ir-
radiation. This is attributed to two main reasons. First, the
anisotropy of the graphite lattice requires a description of the
motion of interstitials and vacancies in terms of activation
energies parallel and perpendicular to the basal planes. For
example, interstitial diffusion along the c axis is inhibited
due to the very high activation energy of mobility required.
Thus most of the interstitials which escape from the recom-
bination of vacancies are considered to be reserved between
the basal planes. Moreover, submicroscopic interstitial clus-
ters consisting of 4~2 atoms' can move at rather low tem-
peratures, but we have been unable to investigate the activa-
tion energy of mobility for these interstitial clusters. The
activation energy of the mobility for vacancies, on the other

hand, is very high and it has been shown that the effect of the
motion of vacancies in the basal planes does not appear be-
low -650 C. ' ' Second, vacancy and interstitial clusters
are believed to be unstable. Submicroscopic interstitial clus-
ters may decompose to smaller ones and move around at
rather low temperatures. ' Also vacancy clusters may be-
come a collapsed line of vacancy lattice sites, which are
unable to recombine with interstitials. ' '

Recently, Raman spectrosco y has been widely used for
the characterization of graphite ' and investigations on the
graphitization process ' and on the change of graphite
structure under irradiation. ' The advantages of this
method for the examination of graphite are a selective sen-
sitiveness to the structural changes in the basal plane, such as
crystalline size or the formation of a single vacancy or its
clusters, ' and extensive and continuous sensitivity over
the range from ordered to amorphized graphite. ' ' The
present author and co-workers have been systematically in-

vestigating the defect structures and amorphization of graph-
ite under 25 keV D+ and He+ irradiation or neutron irradia-
tion by means of Raman spectroscopy and scannin and
transmission electron microscopy (SEM, TEM). '
We have shown that the effects of cascade and implanted
species are negligibly small on the amorphization process of
ion irradiation. ' ' Therefore, we can discuss the amor-
phization mechanism as an homogeneous reaction of
irradiation-produced defects.

In this paper, we will first review our previous experimen-
tal results on the changes of Raman spectra and the corre-
sponding TEM diffraction patterns in Sec. II and discuss the
relation between the defect formation and Raman spectra in
Sec. III. Assuming a steady state with a saturation concen-
tration of single vacancies, two models which can predict the
Raman spectral changes will be presented; one is the single-
vacancy-induced amorphization (SVIA) model and the other
is the collapse-line- (divacancy-) induced amorphization
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FIG. 1. Changes in the Raman spectra for HOPG foils irradiated
with 25 keV He+ at three different temperatures: RT and 673 and
973 K. The appearance of the TEM diffraction pattern of the foils is
denoted by s (spot), hs (halo and spot), and h (halo).

(CLIA) model. Both the models lead to the same conclu-
sions, though they are completely different in terms of the
detailed functions on the Raman spectral changes. Since we
do not have theoretical and experimental models of a col-
lapsed line, we will analyze the experimental results with the
former model in Sec. IV and the latter model will be intro-
duced in the Appendix. The changes of Raman spectra cal-
culated by the model will be compared with the experimental
results. The critical dose of amorphization predicted by the
model will be also compared with the TEM result. It will be
shown that the calculated results are in very good agreement
with the experimental results.

Furthermore, analyzing the steady state with single and
di-interstitials and single vacancies by chemical kinetics, the
mobilities of single and di-interstitials will be estimated to be
0.14 and 0.86 eV, respectively. In Sec. V, the transformation
mechanism from the crystalline to the amorphous phase, the
stored energy, and the dimensional changes will be dis-
cussed. It will be shown that the dimensional changes can be
explained by extending the theory from the steady state to
the quasisteady state, taking the formation of interstitial
loops and collapsed lines into account. It will be shown that
a divacancy may transform into a collapsed line containing
two five membered carbon rings, which are stable against
approaches of interstitials. Finally, the mechanism of amor-
phization will be summarized. It will be demonstrated that
most of the property changes of graphite under irradiation
can be systematically explained by the present model.

II. RAMAN SPECTRA AND TEM DIFFRACTION PATTERN
OF 25 keV He+ IRRADIATED CRAPHITE

Highly oriented pyrolytic graphite (HOPG) foils were ir-
radiated with 25 keV He+ at temperatures ranging from
room temperature (RT) to 973 K. The specimens were exam-
ined by means of transmission electron microscopy (TEM)
and Raman spectroscopy. Details of experimental procedure
have been explained elsewhere.

Figure 1 compares the changes of Raman spectra of
HOPG foils irradiated with 25 keV He at RT and 673 and
973 K. The spectrum before irradiation is given at the bottom
of the figure, where the Raman active F2 mode can only be
found at 1580 cm '. After irradiation, a new peak appears

around 1355 cm ', which can be assigned as the maximum
phonon density of states, caused by the relaxation of the
wave-vector selection rule. "' The appearance of the (1010)
diffraction pattern has been investigated with TEM (Ref. 9)
for each specimen and classified into three patterns of spot,
halo and spot, and halo, which are referred as s, hs, and h,
respectively in Fig. 1 and hereafter. One can see that the
Raman spectral change closely correlates with the TEM dif-
fraction change. The onset of amorphization denoted by hs
corresponds to the onset of a remarkable increase of the two
main Raman peaks, while the completion of amorphization
denoted by h corresponds to a complete overlapping of the
two peaks. Increasing the irradiation temperature is seen to
delay the onset of the amorphization.

The Raman spectra are deconvoluted into several charac-
teristic peaks with a least-squares algorithm. The spectra of
the irradiated graphite denoted by s and hs are decomposed
into four Lorenzian peaks: two dominant Lorenzian peaks
at about 1355 and 1580 cm ' and additional two minor
Lorenzian peaks at about 1200 and 1500 cm ', while the
spectra denoted by h cannot be fitted well by the Lorenzians,
but can so by Gaussians.

Figures 2(a) and 2(b) show the changes of the intensity
ratio of the two peak (It355/I$5so) and a full width at half
maximum of the 1580 cm ' peak (FWHM, 5so), determined
by the fitting analysis, against the dose. A difference can be
clearly observed between the two. Below 473 K, the
I $ 355/I ] 5 8 p is already larger than 1 at the initial stage of
irradiation. After reaching a maximum, it gradually decreases
and levels off at a value of -0.9. Above 573 K, the
Ii 3 55/I i 5 8p lilcreases steadily and levels off at -0.9. The
amorphization corresponds to the dose range where the
I] 3 5 5/I i 5 g(j levels off. On the other hand, the FWHM»8p
gradually increases at the initial stage, but it increases dra-
matically when amorphization starts. The final stage of amor-
phization, denoted by h, corresponds to a value of -180
cm '. Thus the change of the FWHM»gp more closely cor-
relates with the amorphization process than that of the

I1355/I158p.
Figure 3 shows how the FWHM»gp changes in relation to

the dose, as the irradiated graphite becomes amorphous. Lin-
ear relationships can be seen at each irradiation temperature,
but the increase rate decreases with increasing irradiation
temperature. A significant reduction of the increase rate can
be found between 573 and 673 K. Figure 4 shows the rela-
tion between the FWHM, 5&p and the I,3/5/I]5gp under 25
keV He+ irradiation. The three linear relations can be seen to
correspond to the appearance of the TEM diffraction pattern
of s, hs, and h. One should note, however, that several data
below 473 K deviate from this relation, indicating different
paths from the solid line to the dashed one.

III. RAMAN SPECTRA AND IRRADIATION-PRODUCED
DEFECTS

The intensity ratio of I&355/I&58p for various grades of
graphite has been accepted to have an inverse proportionality
against a "crystalline size La." However, Niwase, Tanabe,
and Tanaka have found a significant reduction of the

I»5&/I&&8p for RT-irradiated HOPG on annealing at 473 K,
which cannot be explained by the crystalline size change.



RT 373Kshsh
T 0 0 0

K 0 0 5
V V V
0 0+bbi

K o. -

200

E
U

100

I RADIATION INDUJCED AMORPHIZATION OF GRAPHITE

I

473 K 573 K

0
4 6
0ose (10"m ')

8

Q I I I 11111l I

191A ) O20
I I 11111

't 021 't 022

Dose (m ')

FIG. 3.. 3. Peak width of 15

stage. Th e peak widths are
e ose range corrorresponds to the amo

peratures ranging

seen to linearl y increase against the

2QO

150O

shs h
o o ~

473K» ~
573

relatio
def

tion between th oncentration of the atomic co

as

o t e in-plane
lo»»/I»&o has been found

CI'= k(IIssg /Itsso) ,

where k isis a constant. 8 r e ~ with C'y replacing the C V

O'= IV 1355 II1580)

50

I I I I I IIIl I I I I I I l

1 02Q
I I 1 I I III'

]O21 1 Q22

Dose (m ')

RT
373 K
473 K
573 K
873 K
773 K
873 K
S73 K

,

' 01

&'50

g, 2.5

La (nm)
20 10 5 4

1 l 25+~A j

10 y'0
50

50$ «25
50 g, 25

shs h
OOOhkk
a a a
VVV
0 0+baal
99%
O I

. (a) The intensitFIG. 2. a si y ratio of I& /I the peak
h

dhffractton pattern of t
s (halo and spot) d

gui es for eyes.
, and h (halo). The solid

I is reduction oonly occurred for

d adlatlon sh ld
ln the

t edefects l

after. N
d f k 1355

"'""'"'"""-'rance of the

Nk dKiN tajimahave fou d h
iona to the s uare

n t atthe I, /I
square root of irrad oreiatlon dose bef

aine this result as

--'-.'":
h -d lo e, an important

10
0.7

50)
2.5 ~ 0.5

10 5 0.2 ~
50 0$
~50 ~ 01

0.1 0.1
QQ — 10

2.5
~&9&0.s

0 1 0.1
0.5 {x]0 He/re)

FIG. 4. Peakeak width of 1580 cm
G

tures rangin f
foils irr d d ih25k

e intensit

in-pl t ll'

diffrac-

s a ine size L
pot, and h h

La calculated b
(halo). The

(R f. 22e . is also indicated
oenig's

phonon correl ation len th
e in-plane cry t 11 , but to thes a ine size

in t e text.
e in-plane d fe ects, as de-



15 788 KEISUKE NIWASE 52

We define the in-plane defect concentration C~ expressed by
the value of I»»/I»80 as the one in Raman intensity units
(R.I. units) and use it hereafter.

From Eq. (2), one can consider that the decrease in the
value of the Ii355/Ii58o at the point where it deviates from
the solid line with increasing the irradiation temperature
found in Fig. 4 corresponds to a decrease of the saturated
concentration of in-plane defects, as mentioned in a previous
paper, Moreover, one can estimate the amount of in-plane
defects which is repaired upon annealing. It has been shown
that the intensity ratio, which reaches values of about 0.9 and
1.5, after 25 keV D+ irradiation at RT to doses of
5.0X10' /m and 1.0X10 /m, respectively, remarkably de-
creases on annealing at 473 K, and at 873 K finally reaches
values of -0.1 and -0.3, respectively. From Eq. (2), it is
estimated that 98Vo and 96Vo of the in-plane defect are re-
covered on annealing, respectively. This amount is incredibly
large at such a low annealing temperature where vacancies
are immobile. In general, most irradiated metals do not show
such a significant recovery at vacancy-immobile tempera-
tures since the amount of interstitial atoms which can anni-
hilate with vacancies is less than 1% of the vacancies after
irradiation due to an easy escape to specimen surfaces.
Thus we can conclude that a significant amount of intersti-
tials, which is almost comparable with vacancies, remains in
irradiated graphite as an unstable form before amorphization.
This is probably due to the very high value of the activation
energy on the migration of interstitials along the c axis,
which inhibits them from passing across the basal planes.

After the onset of amorphization, the Raman spectra sig-
nificantly broaden as shown in Fig. 1, suggesting the appear-
ance of another defect relating to the amorphization. Niwase
and Tanabe have investigated the relation between Raman
spectra and defect structures by a combined study of Raman
and high-resolution electron microscopy (HRTEM). They
have found little disorder in the lattice image except for the
reduction of the contrast for unamorphized graphite when the
corresponding Raman spectra show sharp features, support-
ing the above conclusion on the formation of in-plane defects
which easily disappear on annealing. On the other hand, after
the onset of amorphization the turbulence of the basal planes
appeared when the corresponding Raman spectra signifi-
cantly broadened. The defects found by the HRTEM image
must be related to amorphization, and we will refer to them
as "disordered regions" (D regions) hereafter. The D regions
are stable on annealing at 873 K. The concentration of the
D regions may be expressed similarly to Eq. (1) as their
existence would reduce the phonon correlation length. How-
ever, one should note that the intensity ratio gradually de-
creases with increasing the D regions below 473 K, as shown
in Fig. 2(a), thereby indicating the weaker contribution from
the D regions to the intensity ratio.

IV. THEORY AND COMPARISON WITH EXPERIMENT

A. Model on the change of Raman spectra
(SVIA model)

The Raman intensity ratio of I&35&/Ii&8O and the peak
width of the FWHMi580 give different information on the
formation of the in-plane defects and D regions, as described

in the last section. The change of Raman spectra is now
considered with the following assumptions.

(a) In-plane defects, detectable by Raman spectroscopy,
are single vacancies and uncollapsed vacancy clusters. Single
vacancies are saturated to the concentration of Cvs(T) at an
irradiation temperature T to a dose ti.

(b) Graphite structural regions with single vacancies (G
regions) gradually transform into D regions. The transforma-
tion rate is proportional to the saturated concentration of
single vacancies Cvs(T). A detailed discussion of this as-
sumption will be given in Sec. V A.

(c) The Raman intensity ratio (I1355/I15so) and a peak
width of 1580 cm ' (FWHM, sso) are exPressed by the sum
of Raman components from the G and D regions.

(d) The I1355/I, sso has a square-root dePendence on the
concentration of the in-plane defect and D regions. The
FWHM»8O has a square-root dependence on the concentra-
tion of the in-plane defects, but has a proportional depen-
dence on the concentration of the D regions.

It should be noted that there is a clear difference in the
definition between Cvs and C~. The Cvs represents the satu-
rated concentration of single vacancies in the G regions,
while the C~ corresponds to the concentration of the in-plane
defect in the total volume. Therefore, there may appear a
case that the C~ becomes almost zero in spite of Cvs being a
high value if the C& becomes significantly higher than the
C~; i.e., the graphite structure is highly amorphized.

According to (a) and (b), the concentration of the D re-
gions, CD, at a dose of t2 is given by

Co(t2) kCvs(T)(t2 t—1), — (3)

where k is a reaction constant. The value of C&, formed
before saturation of the in-plane defects, is negligibly small
after several repetitions of t, . From (c) and (d) the intensity
ratio and the peak width of the 1580 cm ' at t2 are, respec-
tively, expressed as

I1355/I1580(t2) = Cv(t2) +A CD(t2)

FWHM15so(t2) =E+BCv(t2) +DCD(t2),

(4)

(5)

where A, 8, and C are constant parameters and F is the peak
width of virgin HOPG at room temperature. One should note
that Cz and Cz are not expressed in atomic concentration,
but in R.I. units, which are defined in the last section. From
Eqs. (3)—(5), the FWHM, sso is exPressed as

FWHM1580(t2) ++~(I1355 /I1580(t2)

—Ak' C (T)1 (t —t )' ]
+DkCvs(T)(t2 t1)—

B.Application of the model to the experimental results

Now, in comparing the model with the experimental re-
sults, it is clear that Eq. (6) cannot predict the changes of
Raman spectra only by itself, as it contains three variable
Parameters of FWHM1sso(t2) I13ss/I1sso(t2), and Cvs(T).
Then we use the exPerimental results of I,355/I1sso [Fig.
2(a)] to give information on the changes of concentration of
C~ and C~ under irradiation. All the constant parameters k,
A, B, D, and E can be definitely obtained from the experi-
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mental results to be 0.2, 2/3, 30, 200, and 22, respectively.
With these parameters and the experimental results of
I$ 3 5 5/I $ 5 go the model can predict the dose and temperature
dependences of FWHM&5go, using the saturated concentra-
tion of single vacancies, Cvs(T), in the 6 regions as a fitting
parameter at each irradiation temperature. The procedures on
the determination of the parameters and the fitting are ex-
plained in Appendix A. The results on the saturated concen-
tration of Cvs and the saturation time t, determined by the
fitting analysis, the changes of the FWHM, ~go, Cv and Co
predicted by the model, and the experimental results of the
I] 3 5 5/I ] 5 go used in this calculation are summarized in Table
I. The significant importance on the temperature dependence
of the Cvs(T) obtained will be discussed in the following
sections.

Figure 5 compares the experimental and predicted results
of the dose dependence of the FWHM&~go at each irradiation
temperature. Symbols represents the experimental results,
while solid curves are the calculated results. The theoretical
curves closely match the experimental results; the gradual
increase of the FWHM&5go before amorphization and the re-
markable increase after the onset of amorphization are well
predicted. However, one should note that the present model
is only applicable until the value of the FWHM, 5go reaches
—200 cm ', as shown in the figure. This is reasonable be-
cause the SVIA model is based on the graphite structure,
before it is highly damaged. The effect of the increase of the
D regions on the transformation will be discussed in Sec.
V A. Figure 6 shows the relation between the FWHM&5go and
the I)355/I$5go as given by the calculation. By comparing
with the experimental results shown in Fig. 4, one can find
close correspondence between the model and experimental
data, such as the detailed changes on the dose and tempera-
ture dependences. These very good predictions of the experi-
mental results strongly support the present model.

Also, this model provides insight into the detailed
changes of the concentrations of the in-plane defect C~ and
D regions, Cz&, as shown in Figs. 7(a) and 7(b). At RT, Cv
decreases with increasing dose from the initial value of -1.5
and falls to zero at a dose of -3X10 He/m . A similar
decrease of the C~ can be found for the irradiations at 373
and 473 K, though C~ remains almost constant during the
initial stage of irradiation. Above 573 K, the trend
changes: Cz at the initial dose is less than 0.2 and gradu-
ally increases to a certain value -0.8 at 573 K, for example,
and then decreases. Thus changes of C~ can be clearly clas-
sified into two temperature ranges below 473 K and above
573 K. From the changes of the C~ and the C~, we can
clearly see that a decrease of C~ after the maximum is due to
the transformation from the G regions to the D regions; the
decrease of Cv in Fig. 7(a) corresponds to an increase of CD
when C~ becomes larger than -0.5, as shown in Fig. 7(b).

Moreover, it should be noted that, although maximums of
Cz below 673 K almost coincide with the saturated concen-
tration of Cvs, corresponding to assumption (a) in Sec.
IVA, Cz above 773 K is significantly higher than Cvs.
From the definition of C~ and Cvs in this model, the value of
(Cv —Cvs) can be attributed to uncollapsed vacancy clusters.
It has been shown that interstitial loops are decorated by a
second population of smaller vacancy loops at 923 K, ' sug-
gesting a rather high mobility of vacancies. Thus one can

propose that vacancies begin to move at -773 K, resulting in
the formation of clusters, which cannot transform to col-
lapsed lines and are practically undetectable by a conven-
tional electron microscope.

Cvstc=A '. (7)

where A' is k 'A. This indicates that the critical dose of
amorphization, tc, is inversely proportional to the saturated
concentration of single vacancies, Cvs.

Figure 8 shows the Arrhenius plot of the Cv&, of which
value is determined as the fitting parameter in the model
calculation in the last section. We can find two linear rela-
tions, showing two activation energies of 0.036 eV below
-573 K and of 0.25 eV above -573 K. These values will be
discussed in the next section. It is interesting to compare the
change of Cvs with the TEM diffraction pattern on amor-
phization. Notably, two lines parallel to the Raman results
can be drawn passing between the two points denoted by hs
and h at each temperature, as shown in Fig. 8. The correla-
tion of the temperature dependence of the critical dose of
amorphization given by the two different methods strongly
supports the present model of the changes of the Raman
spectra.

D. Analysis by chemical kinetics

Here we discuss the two activation energies found by the
Arrhenius plot of the Cvs in Fig. 8 by chemical kinetics with
the following assumptions.

(a) Vacancies exist only as singles and cannot move.
(b) Interstitials exist as singles and in pairs. The former

can move freely above RT, while the latter are immobile
below -573 K, but mobile above -573 K. Both defects
move only between the basal planes two dimensionally.

(c) A collision of a di-interstitial with a single vacancy
induces their annihilation, making a residual interstitial
which instantaneously annihilates with a single vacancy.

It will be shown in Sec. V C that now we do not need to
consider the existence of dislocation loops as sink effects in
this analysis. Thus a variation of the single interstitial con-
centration of CI is

C. Critical dose of amorphization and saturated concentration
of single vacancies

Niwase et al. have investigated the temperature depen-
dence of the critical dose of amorphization by the change of
the TEM diffraction pattern. ' They considered that the
critical dose exists between the halo and spot pattern (hs)
and the halo pattern (h) and found a significant change in the
apparent activation energy from their Arrhenius plot. In the
present model, based on changes of the Raman spectra, we
can clearly define the critical dose of amorphization (t,); that
is, the dose at which the D regions reach a critical amount of
A, thereby causing the disappearance of diffraction spots and
the appearance of the halo in the TEM diffraction pattern of
the irradiated graphite. Using Eq. (3) and neglecting the satu-
ration time t, since t, &&t, as shown in Table I, the amor-
phization condition can be expressed as
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TABLE I. Values of the FWHM&58p, Cy', and Cz calculated with the present model using the Cvs as a fitting parameter and the

exPerimental results of I/355/I)58o. The values of C &, Cz', and Cvs are exPressed in the R.I. Unit defined in Sec. III.

irradiation
temp.

RT

373

473

573

673

773

873

973

t)
(10 He/m )

0.0
0.1

0.1

0.1

0.1

0.0
0.1

0.1

0.0
0.0
0.7
0.7
0.7
0.0
0.0
0.7
0.7
0.7
0.7
0.0
0.0
0.7
0.7
0.7
0.7
0.7
0.0
0.0
0.7
0.7
0.7
0.7
0.0
0.0
0.7
0.7
0.7
0.7
0.0
0.0
0.7
0.7
0,7
0.7

t2
(10 He/m~)

0.1

0.2
0.5
1.0
2.5
0.1

0.5
2.5
0.1
0.5
1.0
2.5
5.0
0.1

0.5
1.0
2.5
5.0

10.0
0.1

0.5
1.0
2.5
5.0

10.0
25.0
0.1

0.5
1.0
2.5

10.0
50.0
0.1

0.5
1.0
2.5

10.0
50.0
0.1

0.5
1.0
2.5

10.0
50.0

Cvs
(R.I. Unit)

0.0
2.8
2.8
2.8
2.8
0.0
1.5
1.5
0.0
1.0
1.0
1.0
1.0
0.0
0.0
0.7
0.7
0.7
0.7
0.0
0.0
0.17
0.17
0.17
0.17
0.17
0.00
0.00
0.04
0.04
0.04
0.04
0.000
0.006
0.012
0.012
0.012
0.012
0.000
0.000
0.006
0.006
0.006
0.006

( 1/2
V

(R.I. Unit)

1.460
1.262
0.904
0.477
0.057
1.260
1.181
0.324
0.980
0.907
0.871
0.398
0.220
0.130
0.410
0.803
0.375
0,353
0.069
0.080
0.280
0.564
0.408
0.549
0.511
0.343
0.060
0.200
0.157
0.210
0.558
0.461
0.070
0,324
0.082
0.146
0.180
0.451
0.070
0.100
0.097
0.179
0.310
0.498

( 1/2

(R.I. Unit)

0.000
0.237
0.473
0.710
1.159
0.000
0.346
0.849
0.000
0.200
0.283
0.693
0.990
0.000
0.000
0.205
0.502
0.776
1.141
0.000
0.000
0.099
0.244
0.377
0.554
0.895
0.000
0.000
0.049
0.120
0.273
0.628
0,000
0.024
0.027
0.066
0.149
0.344
0.000
0.000
0.019
0.046
0.106
0.243

I1355/I1580

1.46
1.42
1.22
0.95
0.83
1.26
1.41
0.89
0.98
1.04
1.06
0.86
0.88
0.13
0.41
0.94
0,71
0.87
0.83
0.08
0.28
0.63
0.57
0.80
0.88
0.94
0.06
0.20
0.19
0.29
0.74
0.88
0.07
0.34
0.10
0.19
0.28
0.68
0.07
0.10
0.11
0.21
0.38
0.66

FWHM &58p

(cm ')

65.8
71.1
93.9

137.1
292.5
59.8
81.4

175.7
51.4
57.2
64.1

129.9
224.6

25.9
34.3
54.5
83.7

153.0
284.5

24.4
30.4
40.9
46.1

66.8
98.7

192.7
23.8
28.0
27.2
31.2
53.6

114.7
24. 1

31.8
24.6
27.2
31.9
59.2
24. 1

25.0
25.0
27.8
33.5
48.8

dCI Idt= P —Z&MrCrCv 2Z2M

where P is the production rate of Frenkel pairs, MI is the
mobility of single interstitial atoms characterized by the mi-
gration activation energy E as vt exp( E /kT), and Z's-
are the site numbers of the spontaneous reaction of each
process. The second term shows the mutual annihilation of

single interstitial atoms and vacancies. The third term is the
formation of di-interstitials. At temperatures below -573 K,
where di-interstitials are immobile, the corresponding varia-
tion of single vacancies is given by

d C &/dt =P Z, M ICIC & 2Q CzI—Cv—
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FIG. 5. Comparison of the peak width of 1580 cm ' calculated

by the present model with the experimental result. The calculated
values are shown as solid curves.

where C2I is the concentration of di-interstitials. The last
term indicates the disappearance of di-interstitials with va-
cancies at a temperature-independent reaction rate Q when a
di-interstitial and a single vacancy are formed within a spon-
taneous reaction region. A variation of di-interstitial concen-
tration is shown by
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2

The total concentration of vacancies is equal to that of inter-
stitials which have escaped from mutual recombination, as
experimentally evidenced by the annealing experiment:
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At the steady state of irradiation when Cz reaches the
saturation concentration of Cvs, Eqs. (8), (9), and (10) equal
zero; we define these equations as Eqs. (8), (9), and (10),
respectively. These relations lead to

FIG. 7. Variations of the square root of the concentrations of (a)
the in-plane defects, C I,', and (b) the D regions, CD', given by the
present model calculation. The square root of the saturated concen-
tration of single vacancies, Cv's, at each irradiation temperature
determined by the fitting analysis is shown in (a). The values of
C &, CD, and Cv& are expressed in R.I. units defined in Sec. III.
C& below 673 K remarkably decreases after saturating at the value

-Cvs due to the transformation to the D regions, while Cz above
773 K becomes significantly higher than Cvs, indicating the for-
mation of uncollapsed vacancy clusters.

0
0

I

1.0 2.0 ZqMtCt = QCptCvs.2= (12)
I1355/I1580

FIG. 6. Relation between the peak width of 1580 cm ' and the
intensity ratio of Ii355II»so predicted by the present model. The
values of C& are expressed in R.I. units defined in Sec. III.

As ZzMt&)Q from (a) and (b), Eqs. (11) and (12) lead to
Cvs&Czt~ Ct. Then Eq. (11) can be expressed as

C2I=,
'

Cvs/2.
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estimated to be about -10 /s. If the recombination were to
occur at every vibrational frequency when a di-interstitial
and a vacancy are formed in the reaction volume, i.e.,
Q=zzv2, the values of the intercept at 1/kT would be the
same for the two lines in Fig. 8. Correspondingly, the con-
centration of di-interstitials below -573 K given by Eq. (16)
would be about two orders of magnitude less than the real
value. This implies that the very small value of the reaction
rate of Q compared to the factor Zsv2 is the origin of the
accumulation of di-interstitials, that is, the signer energy,
thereby suggesting the existence of some barrier on the an-
nihilation of di-interstitials and vacancies when di-
interstitials are immobile.

V. DISCUSSION

I I I I I I I 1 I I I I I I I I I I I I I

1.0 2.0
1000/T (K ')

3.0

FIG. 8. Arrhenius plot of Cvs determined by the fitting analysis.
The values of Cvs are expressed in R.I. units defined in Sec. III.
This plot corresponds to the critical dose of amorphization as ex-
pressed by Eq. (7). Two linear relations are clearly seen, giving
activation energies of 0.036 eV below -573 K and 0.25 eV above
-573 K. Our previous TEM results on the change of diffraction
pattern from halo and spot to halo (Ref. 33) can be seen to give two
similar linear relations.

By substituting this relation into Eq. (12), C/ is given by

(2
—1/2Z —1/2) C Q 1/2M —I/2

As Cvs&)C/, Eq. (8) is approximated as

P —Z i M ICICvs =. 0.

(14)

At temperatures above -573 K where di-interstitials can
move, one can deduce the Cvs by replacing the term of Q
with Z3M2I,

=(2 4Z "Z" Z " )Pvs 2I 1 2 3 I 21
(17)

where M2I is the jump frequency of di-interstitials character-
ized by their migration activation energy F. as
I/2 exp( —E /kT).

From Eqs. (16) and (17), it is found that the activation
energies given below 573 K and above 573 K in Fig. 8
correspond to one-fourth of the migration energy of single
interstitials and one-fourth of the sum of the migration en-

ergy of single and di-interstitials, respectively. Thus we have
values of E =0.14 eV and E =0.86 eV.

Also of interest is the significant difference in the values
of the intercept at 1/kT=O between the two lines in Fig. 8,
which is about 2.4 in the logarithmic scale. According to the
analysis given above, it corresponds to the difference in the
coefficients between Q and Zst/2, of which ratio is given as
Q/Z31/2 10 . Assuming that Z3= 10 and P2—-10' /s, Q is

By substituting Eq. (14) to Eq. (15), one can finally find the
saturated concentration of single vacancies Cvs, as

C„=2C„=(2"4Z '"Z"4)p'"Q "4M '" (16)-

There are many reports suggesting that -573 K is a criti-
cal temperature where the properties of graphite drastically
change: Stored energy is not important at irradiation tem-
peratures above 573 K the single-crystal expansion coeN-
cient is changed by irradiation below -573 K and the dose
dependence of Young's modulus shows a very complex qual-
ity below -573 K.' As clearly shown in the last section,
-573 K is a critical temperature where di-interstitials start to
significantly decrease. This suggests that the above property
changes closely to correlate with the accumulation of di-
interstitials below -573 K. In this section, we discuss the
transformation mechanism, the stored energy, the dimen-
sional changes of graphite, and finally summarize the mecha-
nism of amorphization and the property changes under irra-
diation.

d Cc/dt =kCc. (18)

Taking an initial value of Cc= 1 at to=0, the solution can be
expressed as

Cc= exp( —kt).

From the conservation relation of C&+ CD=1, CD is

CD= 1 —exp( —kt) (20)

By replacing t' =kt, we can compare Eq. (3) with Eq. (20)
as shown in Fig. 9.According to Eq. (20), the transformation
rate from the G regions to the D regions gradually decreases
with increasing dose due to the decrease in the total amount
of G regions. However, as shown by a linear increase of the

A. Transformation mechanism

The present model of the change of Raman spectra ex-
plains the experimental results, by assuming that the trans-
formation rate from the G regions into the D regions is pro-
portional to the single-vacancy concentration. The
assumption implies that the transformation is a first-order
reaction, like nuclear disintegration. However, a strict discus-
sion of the self-collapsing process with this assumption does
not lead to the dose dependence of the concentration of the D
regions expressed in Eq. (3) without an additional factor as
described in the following.

Let us consider the transformation from the G regions
(Cc) to the D regions (Ctl) with a transformation rate of k.
The transformation is
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1.0 regions under these conditions. Further study on this phe-
nomena may clarify the origin of the transformation.

0.5

0
0

Irradiation Time
2.0

FIG. 9. Change of the concentration of the D regions, Cz,
against the irradiation dose: (a) constant transformation rate ex-
pressed by Eq. (3); (b) a first-order reaction expressed by Eq. (20).

FWHM)58p against the irradiation dose in Fig. 3, the constant
transformation rate is experimentally supported. This means
that some accelerating factor exists on the transformation,
which increases as the number of D regions increases. One
should remember that the transformation is not independent
of the circumference, which is different from the case of
nuclear disintegration.

We can suggest two possibilities as the circumference ef-
fect on the transformation of the G regions by the increase of
the D regions: One is an energetical effect and the other is
a kinetic effect. If the amorphization is assumed to occur in a
localized region, in which the total energy E exceeds a criti-
cal value Ec, E would be expressed not only by the defect
concentration, but by the interface between the G and D
regions. On the other hand, if the interface were to act as a
preferential sink for interstitials, the vacancy concentration
can increase after reaching C», thereby accelerating the
transformation rate. It should also be noted that the amor-
phization does not continue without irradiation, in spite of
the existence of residual single vacancies in the matrix. This
indicates that a mixing process of the position of fixed num-

ber of the saturated single vacancies under irradiation is im-
portant to the transformation and that the transformation oc-
curs when the G regions realize a certain condition by
chance sequences.

It is of interest to compare the amorphization process with
the graphitization process. In both processes, vacancy plays a
dominant role, but the result is completely opposite. The ori-
gin of the difference can be explained by the mobility of
vacancies. When a vacancy is mobile, it acts to eliminate
energetically high regions, i.e., disordered regions, thereby
leading to graphitization. On the other hand, when a vacancy
is immobile, random production of vacancies to the system
such as irradiation at low temperatures makes the original
structure unstable, which may induce transformation to dis-
ordered structures at a critical condition, eventually leading
to amorphization. Recently, it has been found that graphite
tubes or amorphous carbon are transformed under very in-
tense and high-energy electron irradiation into an aggregate
of fullerene clusters which are known as "bucky
onions. " ' According to the present model, some effect
must inhibit the transformation from the G regions to the D

B. Stored energy

A characteristic phenomenon of neutron-irradiated graph-
ite is striking release of the stored energy around 473 K,
which is well known as the Wigner energy release. It has
been shown that the stored energy release spectra behave in
complex manners; the peak in the stored energy release rate
at 473 K rises and then decreases with increasing dose; the
rate at which energy is stored decreases with increasing irra-
diation temperature. ' Several empirical relations, which can
predict the behavior, have been proposed, but the relation
between the stored energy and irradiation-produced defects
is still not clear.

Judging from the significant value of the stored energy,
we can easily guess that the stored energy relates to the re-
combination of interstitials and vacancies. As described in
Sec. IV D, the single interstitial concentration is negligibly
small compared to the di-interstitial concentration, and we
can thus attribute the stored energy to the existence of di-
interstitials and the corresponding vacancies. Accordingly,
we may consider that the saturated concentration of di-
interstitials expressed by Eqs. (16) and (17) is proportional to
the maximum stored energy at each irradiation temperature.
The temperature dependence of the maximum total stored
energy can be found by viewing Fig. 8 upside down, as the
total stored energy is proportional to the C». It is clearly
seen that the stored energy significantly decreases at -573
K, corresponding to the experimental results. Moreover, the
present model predicts that the total stored energy would
decrease by further irradiation after the establishment of the
steady state due to the transformation to the D regions,
which is rather stable on annealing. We can find the corre-
sponding decrease of the energy release rate of neutron-
irradiated graphite with increasing the dose. '

One might guess that Eqs. (16) and (17) can give the
activation energies of the mobility of both single interstitials
and di-interstitials by measuring the temperature dependence
of the maximum total stored energy. However, it is almost
impossible in reality as it is not possible to measure the
corresponding values due to the complicated process which
releases the stored energy. The stored energy which we ex-
perirnentally measure would be less than the values given in
the equations due to absorption of di-interstitials by intersti-
tial loops or the clustering process. However, the basic equa-
tions on the stored energy would be useful to analyze the
process.

C. Dimensional changes

Activation energies on the mobility of a single interstitial
and a di-interstitial are given well by the present model as
discussed so far. However, the model does not offer any pos-
sible explanation on the nonsaturation of the dimensional
changes of the basal plane contraction and the elongation
along the c axis observed in neutron-irradiated graphite be-
fore amorphization; ' nor was there agreement with the ob-
served interstitial loops which are a preferential sink for in-
terstitials, since the present model only takes single
vacancies and single and di-interstitials into account.
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In order to explain the basal plane contraction, Kelly et al.
have postulated that the collapsed lines are produced from
linear vacancy groups in the basal plane. ' The collapsed
lines can grow only by displacements occurring close to their
ends, followed by immediate collapse, but cannot recombine
with interstitials. Kelly has explained the crystal dimensional
changes with chemical kinetics using the above idea of the
collapse of lines of vacant lattice sites and adapted the theory
to high irradiation temperatures where vacancies can move
in the basal plane. ' He pointed out that the generation of
submicroscopic interstitial clusters and their associated va-
cancies must be included to apply the theory at low tempera-
tures. Lidiard and Pemn have also discussed the dimensional
changes by the theory of loop growth with the model of
collapsed vacancy lines. They compared this theory to the
crystal dimensional changes and electron microscope studies
with a constant density of loops and demonstrated that agree-
ment could only be obtained if the uniform single-vacancy
concentration which annihilates with interstitials saturates
rapidly. They also showed that to account for the lattice pa-
rameter changes at temperatures below 573 K, it was neces-
sary to consider the presence of an equilibrium concentration
of small interstitial groups.

We should note that both the former and latter authors
have needed single vacancies and small interstitial groups to
explain the experimental results of the dimensional changes.
Specifically, the latter author's conclusion of the saturation
of the two types of defects coincides with the assumptions
used in the present model. In order to explain the dimen-
sional change along the c axis and of the basal plane in the
present model, we must give additional terms on the growth
of interstitial loops and the production of the collapsed lines
into the present simplified chemical kinetics. It would appear
that these additional terms would change the present results
completely; however, they do not with an assumption of a
quasisteady state as explained in the following.

From the coincidence of the present model and Lidiard's
conclusion, it is suggested that two balancing relations are
established at the initial stage of irradiation,

TI(submicroscopic interstitial clusters)

= Tv(uncollapsed vacancies)

TI(interstitial loops)=T&(collapsed lines)

(21)

(22)

where TI and T~ indicate the total concentration of intersti-
tials and vacancies contained in the defect clusters shown
within parentheses, respectively. We define the state with
Eqs. (21) and (22) as the quasisteady state. The establish-
ment of the quasisteady state can be found after a short pe-
riod of irradiation in the detailed results calculated by Kelly
et al. ; both the total concentrations of interstitials in the
interstitial loops and the vacancies in the collapsed lines pro-
portionally increase against the irradiation dose, maintaining
equality. At the same time, the single-vacancy concentration
is kept constant. The relations on the dimensional changes
can be easily included in the present simplified equations
only by adding the terms of the left- and right-hand sides of
Eq. (22) to Eqs. (8) and (9), respectively. But further theo-
retical works are needed to clarify the reason why a quasi-
steady state is established under irradiation.

/
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FIG. 10. Probable structure of the collapsed line formed from a

divacancy. Note that the collapsed line contains two pentagons and
one octagon. The collapsed line is stable against the approaches of
single and di-interstitials.

dC Idr=Z(2' Z Z Z ) P 'M 'MI 2I

(To —573 K).

Correspondingly, the interstitial concentration contained in
the interstitial loops proportionally increases against the dose
at the rate of N times these relations. Then it can be con-
cluded that Eqs. (23) and (24) correspond to the rate of the
dimensional changes when the formation of the D regions is
insignificant. According to this relation, the rate of dimen-
sional changes is predicted to significantly decrease at -573
K, agreeing with the experimental results. ' Moreover, the
rate of dimensional changes is suggested to decrease with an
increasing number of D regions, if the contribution to the
dimensional changes from the D regions is insignificant.
However, it has been shown that the turbulence of the basal
planes due to the formation of the D regions may induce an
elongation along the c axis. This suggests that further work
is required to quantitatively discuss this effect.

We can now compare the above relations to the experi-
mental results. Schweitzer has shown the c-expansion rate
(R,) of neutron-irradiated graphite and discussed it in terms
of the mobility of interstitial. From the Arrhenius plot of R,
given for irradiation temperatures from 30 to 180 C, an ac-
tivation energy of E of -0.1 eV can be calculated if N=2.
By increasing N, the value of E becomes less than the
value of 0.14 eV given in Sec. IV D, thereby indicating that
the collapsed line is probably formed by the smallest va-
cancy cluster of divacancies.

Figure 10 shows a probable model of the transformation
from a divacancy to a collapsed line. One should note that
the collapsed line contains two pentagons and one octagon.
To approve the present model on amorphization, the col-
lapsed line must be stable against approaches of both the

In the quasisteady state, the production rate of the col-
lapsed lines is given as dC&zldt=Z4Cvs, if the collapsed
line were formed by N vacancies, where C~~ is the concen-
tration of collapsed lines and Z4 is a geometrical factor,
which is 3 when N=2 for example. Using Eqs. (16) and (17),
this is expressed as

(2&&4Z t&&Z&&4)&P&/2g —&&4M &~4

(23)
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single interstitials and di-interstitials. The ease of formation
of a carbon-five ring and its stability in graphite structure
may give important insight into this phenomenon, which is
necessary to clarify the formation process of various carbon
clusters, such as the fullerenes and graphite tubes.

There is little direct evidence of the existence of collapsed
lines, but it is suggested that the appearance of a sharp halo
ring in the (1010) pattern of ion-irradiated HOPG at the on-
set of the amorphization provides indirect evidence of col-
lapsed lines. To make the sharp halo ring for the HOPG foil,
a random rotation of the irradiated region around the c axis
without introducing heavy disorder is necessary. Production
of the collapsed line shown in Fig. 10 may induce randomly
rotated graphite regions combined with the collapsed lines.
Further insight into the problems of the amorphization of
graphite can be found in the different results of He+- and
D -ion-irradiated HOPG given by Rutherford backscattering
analysis (RBS). ' The critical dose of the completion of
amorphization judged by RBS was about 10 times smaller
than the TEM results. Siegele, Roth, and Scherzer pointed
out that displacement in the "two-dimensional" structure of
graphite and a rearrangement of the surrounding carbon at-
oms could be the origin of the misjudgment of the critical
dose by RBS. Moreover, Ramos and Scherzer have indi-
cated that changes in the damage profile did not occur below
600 K, but occurred instead above 720 K on annealing of a
HOPG sample irradiated at 300 K with 2X10' He/cm,
which is considered to be before the onset of
amorphization. This result is quite different from the sig-
nificant annealing effects observed at 473 K in the Raman
spectra. These differences imply that the defects relating to
the Raman and RBS spectra are completely different: i.e., the
former mainly relates to the uncollapsed vacancies shown in

Eq. (21) while the latter mainly to the collapsed lines in Eq.
(22). Therefore, a detailed comparison of the results given by
the above two methods may clarify the development of the
collapsed lines, which could not be directly detected by Ra-
man spectroscopy.

D. Amorphization and the property changes of graphite

As described in the text, lattice defects formed under ir-
radiation are roughly classified into three types of interstitial
defects (single interstitials, di-interstitials, and interstitial
loops), three types of vacancy defects (single vacancies, col-
lapsed lines, and vacancy loops), and D regions. Figure 11
schematically shows the process of amorphization of graph-
ite under irradiation, given by the present model calculations.
The calculated results of the concentration of the in-plane
defects, C~, consisting of single vacancies and vacancy clus-
ters shown in Fig. 7(a), are also indicated. The interstitial
loops and collapsed lines, from which accumulations of these
are responsible for the dimensional changes, are not indi-
cated in the figure. Although the total number of interstitials
contained in di-interstitials is almost equal to the total num-
ber of vacancies and the number of single interstitials is neg-
ligibly small as described in Sec. IV 0, the ratio among these
defects is not easily portrayed in the figure.

The process of amorphization shown in Fig. 11 and the
property changes of irradiated graphite are summarized as
follows. The concentrations of di-interstitials and the corre-
sponding single vacancies gradually increase and reach a

Single Interstitial
Di-Interstitial
Single Vacancy
Vacancy Cluster
Disordered Region

D

O
4

8+a
log t 4%404 %SF

FIG. 11. Schematic representation of the change in defect dis-
tribution in irradiated graphite observed along the c axis. The varia-
tions of the concentration of the in-plane defects, given in Fig. 7(a),
are shown by solid curves. The ratios between the densities of the
different kinds of defects are ignored. The collapsed lines and in-
terstitial loops relating to the dimensional changes before amor-

phization are not shown in the figure.

quasisteady state at a certain dose. The G regions can trans-
form to the D regions under irradiation. The accumulation of
the D regions eventually leads to amorphization. The trans-
formation rate is proportional to the single-vacancy concen-
tration. Below -573 K di-interstitials hardly move and there
is an unknown barrier to their recombination with vacancies
(Sec. IV D). Then di-interstitials and the corresponding
single vacancies can accumulate to rather high concentra-
tions. We concluded that this is the origin of the Wigner
energy. Above -573 K, on the other hand, di-interstitials can
freely move and easily recombine with vacancies, thereby
resulting in little Wigner energy accumulation. The critical
dose of amorphization is estimated to be inversely propor-
tional to the saturated concentration of single vacancies and
it significantly increases above -573 K. Vacancy clusters are
formed after a long period of irradiation above -773 K,
which can be seen as a gradual increase of Cz.

It should be noted that the formation of the D regions
does not contribute to the property changes of irradiated
graphite until the irradiation dose reaches a high enough or-
der of magnitude, which can be estimated with Cvs using
Eq. (3). This allows us to clearly divide the changes of
graphite under irradiation into two stages: before and after
the onset of amorphization in the logarithmic scale of dose as
shown in Fig. 11.The former and latter stages correspond to
the increasing and decreasing stages of C~', respectively.
The concentration of D regions falls in the range of 10—30 %
after -0.2 displacement per atom (dpa) at room temperature
and after -20 dpa at 773 K, which may be enough order to
significantly affect the properties of graphite. ' Thus we
should discuss the property changes of graphite by dividing
into the two stages of before and after the onset of amor-
phiz ation.

Also it should be noted that a discrepancy still exists per-
taining to the assignment of the two types of interstitials in
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spite of a number of experimental works, ' ' though the two
activation energies of 0.14 and 0.86 eV obtained we have
attributed to the migration energy for single and di-
interstitials, respectively. Most authors treat the interstitials
in a similar manner, but Iwata, Fujita, and Suzuki have as-
signed a value corresponding to the former di-interstitial,
based on the theoretical estimation of a very small value of
0.016 eV for the migration energy for single interstitial
atoms. Moreover, Iwata found three activation energies of
1.34, 1.50, and 1.78 eV on the stored energy release spectra
and attributed them to the activation energies for the decom-
position of interstitial clusters consisting of di-interstitials. '

The present results might be reconsidered with the idea of
Iwata et al. , but it would be a more complicated one and
more unknown factors would have to be introduced. We feel
that more theoretical and experimental evidence is needed to
support the idea of Iwata.

Of one concern in the present model is another possibility
of the transformation mechanism. In the present model, the
collapsed line is assumed to be indetectable by Raman spec-
troscopy due to its rather perfect structure and not related to
amorphization. If it were detectable by Raman spectroscopy,
the present model must be modified with a different assump-
tion, that the formation of D regions originates from the
existence of the collapsed lines in spite of the single vacan-
cies (Appendix B).Correspondingly, the relation between the
Raman spectra and irradiation-produced defects must be
modified. Fortunately, the adapted model gives the same val-
ues for the saturated concentration of single vacancies, Cvs,
and further modification on the latter discussion of the acti-
vation energies of migration of single interstitials and di-
interstitials is not required. But to clarify the amorphization
mechanism, it is important to know which is the origin for
these results, single vacancies or the collapsed lines.

Moreover, though we have not discussed the chemical
state of the irradiation-produced defects, Tanabe et al. have
suggested that the in-plane defects may contain sp
bonding. As we described in Sec. IV D, the recombination
between a di-interstitial and a single vacancy is not simple
when di-interstitials are immobile. Also, a repulsive barrier
U-0.3 eV between an interstitial and a single vacancy has
been suggested by Goggin and Reynold. Therefore, to
clarify the mechanism of amorphization and the other prop-
erty changes more basically, further investigations on the na-
ture on the collapsed lines and single vacancies is needed.

In conclusion, the present model explains the amorphiza-
tion process and property changes of irradiated graphite from
an atomistic point of view. Moreover, the basic idea given by
the model may be useful to clarify the graphitization process
and the formation mechanism of fullerenes or other carbon
clusters.

tion and the property changes have been discussed. The
followings main conclusions have been reached.

(l) The Raman spectra of 25-keV He+-irradiated HOPG,
analyzed by a least-squares algorithm, show characteristic
changes in the intensity ratio (I/355/lj5sa) and a peak width
of 1580 cm ' (FWHM, ~sp). Before amorphization, there is a
linear relation between the FWHM»8() and I&3»/1»~z. After
the onset of amorphization, the data deviate from the linear
relation and the value of I&3&z/I»8&, at the deviation point,
decreases with increasing irradiation temperature. The
FWHM»zo proportionally increases against the dose, while
the irradiated graphite is amorphizing, but the increase rate
decreases with increasing temperature.

(2) A model of the changes of Raman spectra is given
with the following assumptions: The single-vacancy con-
centration is saturated to Cvs in the initial stage of irradia-
tion; single-vacancy-contained regions gradually transform
to disordered regions, of which accumulation leads to amor-
phization; the transformation rate is proportional to the
single-vacancy concentration. The dose and temperature de-
pendences of the Raman spectra of He+-irradiated HOPG
can be accurately predicted by this model using the Cvs as a
fitting parameter.

(3) The Arrhenius plot of the values of Cvs given by the
fitting, which is supposed to correspond to the critical doses
of amorphization, corresponds to the one given by a previous
TEM study, supporting the present model. The plot clearly
shows two apparent activation energies of 0.036 eV below
-573 K and 0.25 eV above -573 K.

(4) Analyzing the steady state with single and di-
interstitials and single vacancies by chemical kinetics, the
relation between Cvs and the mobilities of single and di-
interstitials is deduced. We obtain the activation energies of
migration for single and di-interstitials as 0.14 and 0.86 eV,
respectively. Moreover, it is shown that some barrier exists
on the recombination between di-interstitials and vacancies
below -573 K where di-interstitials are immobile. This bar-
rier is attributed to the origin of high accumulation of di-
interstitials, i.e., of the stored energy.

(5) By extending the theory to the quasisteady state with
the formation of collapsed lines and loop growth, the dimen-
sional changes also can be quantitatively predicted. The
analysis of the c-expansion rate by chemical kinetics indi-
cates that divacancies would transform to a collapsed line.
Uncollapsed vacancy clusters such as loops can be formed
above -773 K, probably due to the vacancy mobility.

The present results can systematically explain the prop-
erty changes of irradiated graphite in terms of irradiation-
produced defects. Moreover, a basic knowledge of the de-
fects in graphite given in the present study is useful to clarify
the graphitization process and the formation mechanism of
fullerene and related textures.

VI. CONCLUSIONS

The Raman spectral changes and associated TEM diffrac-
tion changes of highly orientated pyrolitic graphite (HOPG)
under 25 keV He+ irradiation have been systematically in-
vestigated in terms of irradiation dose and temperature. A
model, based upon the changes observed by Raman spectros-
copy, has been proposed and compared with the experimen-
tal results. The mechanism of irradiation-induced amorphiza-
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APPENDIX A: PROCEDURE OF CALCULATION

APPENDIX B: CLIA MODEL

Though the present model (SVIA model) explains the
changes of Raman spectra of He+-irradiated HOPG, by as-
suming that the irradiation-induced amorphization originates
from the creation of single vacancies, it must be modified if
the collapsed lines are detectable by Raman spectroscopy.
Here we introduce the collapsed-line-induced amorphization
model (CLIA model) with the following assumptions.

(a) The single-vacancy concentration is saturated to
Cvs(T) at a dose of t, at an irradiation temperature of T. All
divacancies transform to the collapsed lines.

(b) The collapsed-line-containing regions gradually trans-
form to the D regions. The transformation rate is propor-
tional to the concentration of collapsed lines, C2~.

(c) The Raman intensity of I,355/I, 580 and the peak width
of the FWHM, 58p are expressed by the sum of Raman com-
ponents consisting of the collapsed lines and D regions.

(d) The FWHM, 580 has a square-root dependence on the
concentration of the collapsed lines and D regions.

As the production rate of the collapsed lines is given by
dC2&/dt=Z4Cvs, its concentration at a dose of t2 is ex-2

pressed as

2V Z4 vs(r2 11)2 (81)

where the amount of the collapsed lines formed before t& is
neglected. The linear increase of C2& against irradiation dose
corresponds well to the result given by Kelly et al. ' Accord-
ing to (a) and (b), the concentration of the disordered regions
Co is given by

CD(r2) =2 'kz4Cvs(T)'(r2 —rl)' (82)

The detailed procedures of the calculation with the SVIA
model are as follows.

(i) Find the constant parameters of A, 8, and F from the
experimental results in Fig. 4. The parameters B and F. are
estimated to be 30 and 22 from the slope of the solid line and
the intercept at the ordinate, respectively. The parameter A is
estimated to be about 2/3 from the change of the value of
I/355/J$58p at RT when graphite amorphizes.

(ii) Find the saturated concentration of the in-plane de-
fects, Cvs and the dose t, for the RT result in Fig. 4. The
value of Cv's is estimated to be about 1.5, but we used 1.67
(Cvs=2. 8), taking account of some annealing effect after
irradiation.

(iii) Find the constant parameters of k and D, which allow
the best fit for the RT results. Judging from the nature of B
and D, the value of D should be larger than that of B. The
values used in the calculation are 0.2 and 200 for k and D,
respectively. Though there is some fIexibility in the choice of
values of k and D, the product of kD must be about 40 to get
a good fitting.

(iv) Find the values of Cvs and the corresponding t, ,
which give the best fitting for each irradiation temperature.

It should be noted the value of C» at each irradiation
temperature can be definitely obtained by the present model
as the values of all the parameters except for Cvs in Eq. (6)
are given experimentally.

where k is a reaction constant. From (c) and (d) the intensity
ratio (I1355/1, 580) and a peak width of 1580 cm
(FWHM, 580) are, respectively, expressed as

I1355/11580(r2) Cv(r2) +A CD(r2)

FWHM1580(r2) ~+~C v(r2) +DC D(r2) ~ (84)

where A shows the difference of the increase rate of
I$ 3 55/I] 5 Sp between the collapsed lines and D regions; B and
D show the increase rates of the peak width for the collapsed
lines and D regions, respectively; and E is the peak width of
the virgin HOPG at room temperature. From Eqs. (82)—
(84), the FWHM158Q 1s expressed as

FWHM1 580(r2) =E+BI1355 /I158Q( t2) + (D AB)—
+(2 kZ4) Cvs(T)(r2 r i) (85)

It should be noted that this relation is similar to Eq. (6) given
by the SVIA model in terms of the relation between Cvs(T)
and t2 —t, . We can compare this model to the experimental
results, using the same process given in Sec. IV B. Using
constant parameters of A, B, D, and E as 2/3, 30, 230, and
22, respectively, and the value of 2 'kZ4 as 0.04, we can
explain the dose and temperature dependence of the
FWHM, 580. Interestingly, the values of Cvs(T) determined

by fitting trials almost coincide with the ones given by the
SVIA model. Therefore, the latter discussions of the values
of the activation energy of migration of single interstitials
and di-interstitials, the stored energy, and the dimensional
changes except for the critical dose of amorphization are the
same with the CLIA model.

Here we discuss the critical dose of amorphization by the
CLIA model. By defining the critical dose of amorphization,

tc, as the dose at which the amount of D regions reaches a
critical amount of A, similarly as in Sec. IV C, the amor-
phization condition deduced with Eq. (82) is

Cvs(T) re=A ', (86)

where A' = (2k 'Z4 '")" and tc&& t, . One should note that
this relation is the same as Eq. (7). Therefore, the modified
model also gives the same conclusion on the critical dose of
amorphization.

Thus the CLIA model leads to the same conclusions as the
SVIA model. However, the two models are completely dif-
ferent in explaining the Raman spectral change and the
amorphization process. The coincidence comes from the dif-
ference in the assumption of the relation between the
FWHM&58p and Cz. Further theoretical and experimental
studies on the relation are awaited to judge the amorphiza-
tion mechanism.
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