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We report the development of Raman spectroscopy as a powerful tool for quantitative analysis of point defect and defect clusters
in irradiated graphite. Highly oriented pyrolytic graphite (HOPG) was irradiated by 25 keV He* and 20 keV D* ions. Raman spec-
troscopy and transmission electron microscopy revealed a transformation of irradiated graphite into amorphous state. Annealing
experiment indicated a close relation between Raman intensity ratio and vacancy concentration. The change of Raman spectra
under irradiation was empirically analyzed by “disordered-region model,” which assumes the transformation from vacancy-
contained region to disordered region. The model well explains the change of Raman spectra and predicts the critical dose of amor-
phization, but the nature of the disordered region is unclear. Then, we advanced the model into “dislocation accumulation model,”
assigning the disordered region to dislocation dipole. Dislocation accumulation model can simulate the irradiation time depen-
dencies of Raman intensity ratio and the c-axis expansion under irradiation, giving a relation between the absolute concentration
of vacancy and Raman intensity ratio, suggesting an existence of the barrier on the mutual annihilation of vacancy and interstitial.

1. Introduction

Graphite is one of useful materials for thermal nuclear
and fusion reactors due to their outstanding nature with
respect to heat load, neutron activation, and so forth. Since
the fire of Windscale nuclear reactor occurred in 1957
[1] due to a spontaneous release of stored energy from
irradiated graphite, radiation damage has been recognized to
be important problems to be solved for irradiated graphite.
Also, dimensional changes of growth parallel to c-axis and
contraction within the basal planes decrease in c-axis electri-
cal resistivity and so forth occur as serious problems. In spite
of a lot of investigations on irradiated graphite [2-33], the
natures of point defects and defect clusters, and their reaction
kinetics are obscure. This can be attributed to the anisotropy
of the graphite lattice which requires a description of the
motion of interstitials and vacancies in terms of activation
energies parallel and perpendicular to the basal planes, and
the instability of vacancy and interstitial clusters [3, 7].

Raman spectroscopy has been used for the characteri-
zation of graphite and investigations on the graphitization

process and on the change of graphite structure under irra-
diation. The advantages of this method for the examination
of graphite are a selective sensitiveness 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.

In this paper, we review our experimental [8-10, 12,
15] and theoretical studies [18, 19, 26, 29] on irradiated
graphite. Our study started from the discovery of irradiation-
induced amorphization of graphite, which was judged from
the change of TEM diffraction pattern observed along the
c-axis [8]. The TEM specimens were investigated by micro-
Raman spectroscopy, leading us to directly compare the
change of the TEM and the related Raman results [9].
Important Raman results were obtained by annealing of
irradiated HOPG at relatively low temperatures from 373 K
to 873 K. Relaxation of Raman intensity ratio started to
appear at comparatively low temperature of 373 K, which
implies a close relationship between Raman intensity ratio
and vacancy concentration [10].
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FiGgure 1: TEM image of highly oriented pyrolytic graphite (HOPG) irradiated with 20 keV D* at 473 K. The left hand side area (a) of the
image is a part of the specimen covered by a mesh wire and the right hand side area (c) is a part irradiated to a dose of 2.5 x 102! ions/m?.
Selected area diffraction patterns corresponding to the areas (a), (b) and (c) are given below the photograph.

We firstly proposed a semiempirical model of “disor-
dered-region model” to explain the dose and the temperature
dependencies of the change of Raman spectra under
irradiation [18, 19]. The model assumes the transformation
from vacancy-contained region to disordered region and
well explains the change of Raman spectra, predicting the
critical dose of amorphization. However, the disordered-
region model cannot predict the change of the concentration
of point defects and defect clusters under irradiation nor
give information on the structure of the disordered region.
Then, we proposed an advanced model of “dislocation
accumulation model,” which can simulate the square-root
time dependence of Raman intensity ratio under irradiation
and gives a relation between the absolute concentration
of vacancy and the Raman intensity ratio, suggesting an
existence of the barrier on the mutual annihilation of vacancy
and interstitial [26]. Thus, we show Raman spectroscopy as a
powerful tool for the study of radiation damage of graphite.

2. Experimental Results for Irradiated Graphite
2.1. Ion Irradiation to HOPG Foils

2.1.1. TEM Results and Raman Spectra. Thin foils of high-
ly oriented pyrolytic graphite for transmission electron

microscopy (TEM) were irradiated with 25keV He" and
20keV D* at temperatures ranging from room tempera-
ture (RT) to 973K [8]. Figure 1 shows the TEM images
and associated diffraction patterns of 20 keV D*-irradiated
HOPG foil. The left-hand side area, marked with (a), was
covered by a mesh wire, and, then, there remains the original
graphite structure, as confirmed by the [0001] diffraction
pattern of a graphite crystalline lattice shown underneath.
The right hand side area, (c), irradiated with a dose of 2.5 x
102! D/m?, on the other hand, completely loses the extinction
contours and coarse dotty contrast, only halo ring being seen
in the diffraction pattern. The midst side area, (b), irradiated
with an intermediate dose shows a mixed diffraction pattern,
spots, and halo rings. Thus, initially perfect crystalline
graphite gradually loses atomic ordering with increasing dose
and becomes amorphous when the implanted dose is above
a critical value. The critical dose for the amorphous becomes
larger with the increase of the irradiation temperature.

The amorphization, characterized by the disappearance
of the white dotty contrast in the dark field image and the
transition from the spots to the halos in the diffraction
pattern, is also observed in the case of He" irradiation. The
appearance of the [0001] diffraction pattern of the irradiated
specimens in Figure 1 was classified into three patterns of
spot, halo and spot, and halo, which are referred as s, hs, and
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Figure 2: Conditions of appearance of TEM diffraction patterns
of hs (halo and spot) and h (halo) by 20keV D* and 25keV He"
irradiation. The critical conditions of amorphization are indicated
by the solid curve. Note that the critical dpa for the D* irradiation
almost coincides with that for the He* irradiation.
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FiGUure 3: Changes in Raman spectra for HOPG foils irradiated
with 25keV He* at three different temperatures of RT, 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).

h, respectively and hereafter. The critical dose of He* irradi-
ation is much less than that of the D* irradiation. Neverthe-
less, the calculated value of the critical dpa (displacement per
atom) for the amorphization by the He" irradiation was the
same as that for the D* irradiation, as shown in Figure 2. This
indicates that the amorphization is basically controlled by an
atomic displacement and the difference in the nature of the
incident particles or the chemical effect plays a minor role.
The TEM specimens were investigated by micro-Raman
spectroscopy with a resolution of 2 ym. Figure 3 compares
the changes of Raman spectra of HOPG foils irradiated
with 25keV He* at RT and 673 and 973 K. The spectrum
before irradiation is given at the bottom of the figures,
where the Raman-active E;; 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 appearances of the [0001] diffraction
pattern investigated with TEM for each specimen are referred
as s, hs, and h, respectively, in Figure 3. One can see that
the Raman spectral change closely correlates with the TEM
diffraction change. The onset of amorphization denoted
by hs corresponds to the onset of remarkable broadening
of the two main Raman peaks, while the completion of
amorphization denoted by h corresponds to a complete
overlapping of the two peaks. The effect of irradiation on
Raman spectra becomes less appreciable with increasing the
irradiation temperature, because of dynamic annealing dur-
ing irradiation. Increasing the irradiation temperature is seen
to delay the onset of amorphization. Contrary to the close
relation between the broadening of the Raman peak width
and amorphization checked by TEM diffraction pattern, the
reduction of the crystalline size, which is calculated from the
intensity ratio of I13s5/I1580 [34], does not coincide with the
amorphization process investigated by TEM.

2.1.2. Diagram for the Change of Amorphization. Raman
spectra are deconvoluted into several characteristic peaks
with a least-square algorithm. The spectra of the irradiated
graphite denoted by s and hs are decomposed into four
Lorentzian peaks two dominant Lorentzian peaks at about
1355 and 1580 cm™! and additional two minor Lorentzian
peaks at about 1200 and 1500cm™!, while the spectra
denoted by h cannot be fitted well by the Lorentizans, but
can so by Gaussians.

Figures 4(a) and 4(b) show the changes of the intensity
ratio of the two peaks (I1355/I1580) and a full width at half
maximum of the 1580 cm™! peak (FWHM);sg), determined
by the fitting analysis, against the dose. A difference can
be clearly observed between the two. Below 473K, the
Lisss/I1ss0 is already larger than 1 at the initial stage of
irradiation. After reaching a maximum, it gradually decreases
and levels off. On the other hand, the FWHMsg¢ gradually
increases at the initial stage, but it increases dramatically
when amorphization starts. The final stage of amorphization,
denoted by h, corresponds to a value of 180 cm~'. Thus the
change of the FWHM 559 more closely correlates with the
amorphization process than that of I;355/1}5g0.

Figure 5 shows how the FWHM, 55y changes in relation
to the dose. Linear 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 6 shows the relation between the FWHM 55 and
the I1355/I1530 under 25 keV He™ irradiation. The three linear
relations can be seen to correspond to the appearance of the
TEM diffraction patterns of s, hs, and h. One should note,
however, that several data below 473 K deviated from this
relation, indicating different paths from the solid line to the
dashed one.

2.1.3. Annealing of Irradiated Graphite. An annealing study
was done using Raman spectroscopy in order to examine
thermal stability of the defect structures in the HOPG foils
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FIGURE 4: (a) The intensity ratio of Ij3s5/I1550 and (b) the peak width of 1580 cm™! versus the dose in a logarithmic scale for HOPG foils
irradiated with 25 keV He™ at temperatures ranging from RT to 973 K. The appearance of the TEM diffraction pattern of the foils is denoted
by s (spot), hs (halo and spot), and k (halo). The solid curves are guides for eyes.
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FIGURE 5: Peak width of 1580 cm™! versus the dose in a linear scale
for HOPG foils irradiated with 25 keV He* at temperatures ranging
from RT to 973 K. The dose range corresponds to the amorphizing
stage. The peak widths are seen to linearly increase against the dose.
The solid lines are guides for eyes.

irradiated with 20 keV D" at room temperature and the result
is shown in Figure 7. The appearances of the TEM diffraction
pattern investigated before annealing are denoted by s, hs,
and h. One can clearly distinguish the annealing effect
between the unamorphized HOPG (s) and amorphized one
(h). For the unamorphized HOPG (s) a remarkable recovery
of the Raman spectra appears at annealing temperatures
between 373 and 573 K, whereas only a slight change can be
seen in the amorphized HOPG (h).

2.2. HRTEM Image and Raman Spectra of Neutron-Irradiated
Graphite Fiber. A combined study of high-resolution TEM
and Raman spectroscopy for neutron-irradiated graphite
fibers has given important information on the nature of
irradiation-produced defects [12]. Raman spectrum for a
dose of 1.4 x 10% n/m? shows a sharp and intense damage
peak at 1355 cm™!, whereas that for 1.9 X 10** n/m? is very
broad, as respectively shown in Figures 8(c) and 8(d). The
two spectra correspond well to those of the ion irradiated
HOPG before amorphization (s) and in amorphizing process
(hs), respectively. In spite of the appearance of sharp damage
peak in the Raman spectra, the corresponding lattice image
in Figure 9 still keeps the long-range order of the basal planes
and does not show an apparent reduction of the crystalline
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FIGURE 6: Peak width of 1580 cm™' versus intensity ration of
L355/I1580 for HOPG foils irradiated with 25keV He* at temper-
atures ranging from RT to 973 K. Open, half-closed, and closed
symbols, respectively, correspond to the appearance of the TEM
diffraction patterns of s (spot), hs (halo and spot), and h (halo).
The in-plane crystalline size La calculated by Tuinstra and Koenig’s
relation [34] is also indicated in the figure. The calculated La,
especially for the data along the solid line, should not be attributed
to the in-plane crystalline size but to the phonon correlation length
broken by in-plane defects of vacancies, as described in the text.

size. Instead, it shows many fine contrasts in the lattice
fringe which probably come from the production of in-plane
defects. This means that the increase of Ij3s55/I1580 is not
necessarily owing to the reduction of so-called “crystalline
size La” but owing to the production of in-plane defects
such as vacancies. Correspondingly, the significant reduction
of the intensity of the damage peak at 1355cm™! for the
unamorphized HOPG (s) on the annealing below 573 K in
Figure 7 can be well explained by the mutual annihilation of
vacancies with mobile interstitials.

The above considerations lead us to conclude that the
increase of I1355/1580 in the early stage of the irradiation
is originated from the irradiation produced in-plane defect
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FiGure 7: Changes in Raman spectra on isochronally annealing in
steps of 100 K/1800 s for HOPG foils irradiated with 25keV D* at
RT to three different doses. The appearance of the TEM diffraction
patterns of the foils before the annealing is denoted by s (spot), hs
(halo and spot), and h (halo).
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FIGURE 8: Raman spectra of carbon fibers of (a) unirradiated, and
irradiated with (b) 14 MeV, 3.6 x 10'¥n/m?, (c) 1MeV, 1.4 X
10 n/m?, and (d) 1 MeV, 1.9 x 10** n/m?.

such as vacancy itself. This approves the result by Nakamura
and Kitajima, who have explained the change of I355/I550 of
phonon correlation length due to the increase of the concen-
tration of irradiation-produced vacancies [13]. Turbulence
and disordering of the basal plane, on the other hand, are
clearly seen in the lattice image of the fiber, which shows
the broad Raman spectrum in Figure 8. The turbulence
and disordering should originate from some irregularity of
bonding angle and length and cause the broadening of the
Raman spectrum which hardly returns to the sharp peak on
annealing below 873 K, as shown in Figure 7.
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FIGURE 9: Lattice images and diffraction patterns in high-resolution TEM for carbon fibers of (a) unirradiated, and irradiated with (b) 3.6

x 108 n/m?, (c) 1.4 x 10** n/m?, and (d) 1.9 x 10** n/m?.

3. Model for the Change of Raman’s Spectra
and Irradiation-Induced Amorphization

3.1. Raman’s Spectra and Irradiation-Induced Defects. The
intensity ratio of I 3s5/I1ss0 for various grades of graphite
has been widely accepted to have an inverse proportionality
against a “crystalline size La” [34]. However, we have found
a significant reduction of the Iy355/I1550 for RT-irradiated
HOPG on annealing below 573 K, which cannot be explained
by the crystalline size change (Figure 7). Reduction of the
intensity ratio on annealing only occurred for unamorphized
specimens, which correspond to the ones indicated by
the solid line in Figure 6. We have concluded that the
change of the I1355/I1530 under irradiation should not be
attributed simply to the crystalline size change but to defects
produced in the basal planes such as vacancies. Nakamura
and Kitajima, on the other hand, performed a real-time
measurement of the change of Raman spectra under He*
irradiation and have found that the I;355/I;550 is proportional
to the square root of irradiation dose [13]. They successfully
explained the result by the reduction of phonon correlation
length due to vacancy formation, giving a relation between
the Raman intensity ratio and the concentration of vacancy
Cy, as follows:

Cy =k<113i)2, (1)

Iisg0

where k is a constant. By replacing the Cy with Cy" = k~!Cy,
we get

, Ii3s5 \*
o = (122). 2)
Iisg0

Here, we define the in-plane defect concentration Cy’, which
is expressed by the value of I1355/11550, as the one in Raman
intensity units (R.I. units), and use it hereafter.

Figure 10 shows a schematic drawing of the change in the
peak width of 1580 cm™! and the intensity ratio of I;355/I1580
on irradiation, in which schematic pictures of graphite layers
considered from Raman and HRTEM results are shown.
The solid line can be assigned to the formation of in-plane
defect such as vacancies, of which existence does not induce
the turbulence of the basal planes. The deviation upward
from the solid line in the relation between FWHM 559 and
I1355/I1580 (Figure 6) and the appearance of turbulence of the
basal plane (Figure 9), on the other hand, corresponds to the
start of the amorphization. The values of the I1355/1550 at
the deviation points decrease with increasing the irradiation
temperature, which are about 1.4 below 373K, about 1.0
at 473 K, and about 0.5 above 573 K. The decrease of the
value should correspond to the decrease of the saturation
concentration of vacancy. At temperatures lower than 473 K,
the upward deviation from the solid line is seen to start at
higher values of I1355/I1530 compared to those above 573 K, as
shown by the dotted lines. This is probably due to the less
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Schematic pictures of graphite layers considered from Raman and
HRTEM results are shown in the figure. The solid lines can be
assigned to the formation of in-plane defects such as vacancies. The
upward deviation from the solid line corresponds to the turbulence
and disordering of the basal plane. At temperatures lower than
473 K, the upward deviation from the solid line is seen to start at
higher values of I}355/I1559 compared to those above 573 K, as shown
by the dotted lines. This is probably due to the less annihilation of
in-plane defects with mobile interstitials.

annihilation of vacancies with mobile interstitials at lower
irradiation temperatures.

3.2. Semiempirical Model (Disordered-Region Model). The
Raman intensity ratio of I1355/I1580 and the peak width of
FWHM5g¢ give different information on the formation of
vacancies and disordered regions. The change of Raman
spectra is now considered with the following assumptions.

(a) Single vacancies are saturated to the concentration of
Cys(T) at an irradiation temperature T to a dose .

(b) Graphite structural regions with single vacancies (G
regions) gradually transform into disordered regions
(D regions). The transformation rate is proportional
to the saturated concentration of single vacancies
Cvs(T).

(c) The Raman intensity ratio (I1355/I1580) and the peak
width of the G-peak (FWHM;sg0) are expressed by

the sum of Raman components from the G and D
regions.

(d) The @i3s5/I1530 has a square-root dependence on
the concentration of vacancies and D regions. The
FWHM;s559 has a square-root dependence on the
concentration of vacancies, but has a proportional
dependence on the concentration of the D regions.

According to (a) and (b), the concentration of the D
regions, Cp, at a dose of t, is given by

Cp (t2) =k Cys (T)(t, — t), (3)

where k is a reaction constant. The value of Cp before
the saturation of the in-plane defects is negligibly small
after several repetition of t;. From (c) and (d) the intensity
ratio and the peak width of the 1580 cm™! peak at t, are,
respectively, expressed as

Lisss/Lisso(t2) = Cy (82)"* + A Cp ()", (4)
FWHM,s50 (1) = E+BCy(t,)"? +D Cp (),  (5)

where A, B, and C are constant parameters and E is the peak
width of virgin HOPG at room temperature (Figure 12). One
should note that Cy and Cp are not expressed in atomic
concentration, but in R.I. units, which are defined in the last
section. From (3)—(5), the FWHM) 54 is expressed as

FWHMsg ()

—E+B [?ﬂ(tz) ARV Cys (T)"2(t; — tl)“z]
1580

+ DkCys(T)(t — t1).
(6)

Now, in comparing the model with experimental results,
it is clear that (6) cannot predict the changes of Raman
spectra only by itself, as it contains three variable parameters
of FWHM ;s8¢ (t2), I1355/I1580 (t2), and Cys(T). Then we use
the experimental results of I1355/I1530 (Figure 4(a)) to give
information on the changes of concentration of Cy and
Cp under irradiation. All the constant parameters k, A, B,
D, and E can be definitely obtained from the experimental
results to be 0.2, 2/3, 30, 200, and 22, respectively. With
these parameters and the experimental results of I1355/I1550,
the disordered-region model can predict the dose and
temperature dependencies of FWHM; 550, using the saturated
concentration of single vacancies, Cygs(T), as a fitting
parameter at each irradiation temperature.

Figure 11 compares the experimental and predicted
results of the dose dependence of the FWHMsgy at each
irradiation temperature. Symbols represent the experimental
results, while solid curves are the calculated results. The
theoretical curves closely match the experimental results. The
gradual increase of the FWHM, 559 before amorphization and
the remarkable increase after the onset of amorphization
are well predicted. The relation between the FWHM); 55y and
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the I1355/11530 shown in Figure 6 is also well predicted by the
model [18, 19].

In this disordered-region model, we can clearly define the
critical dose of amorphization (f.), 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 (3) and neglecting the saturation time #,
since t; < t;, the amorphization condition can be expressed
as

Cystc=A, (7)

where A" is k™'A. This indicates that the critical dose of
amorphization, fc, is inversely proportional to the saturated
concentration of single vacancies, Cys.

Figure 13 shows the Arrhenius plot of the Cvs™ !, of
which value is determined as the fitting parameter in
the model calculation. We can find two linear relations,
showing two activation energy of 0.083 eV below 573 K and
0.58 eV [19] above 573 K. It is interesting to compare the
change of Cys™' with the TEM diffraction pattern on the
amorphization. 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 Figure 13. The
consistency of the temperature dependencies of the critical
dose of amorphization given by two different methods
of Raman spectroscopy and TEM strongly supports the
disordered-region model.
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3.3. Kinetic Model (Dislocation Accumulation Model). The
disordered-region model can predict the temperature depen-
dence of the critical dose for amorphization and give an
insight into the mobilities of point defects [18, 19], but it
cannot predict the change in the defect concentration under
irradiation nor give information on the structure of the
disordered region. Then, we have advanced the “disordered
region model” into a “dislocation accumulation model”
by assigning the disordered region to a dislocation dipole
[26].

The dislocation accumulation model [26] is a kinetic
model, taking into account the point and defect clusters
shown in Figure 14. The reaction kinetics can be summarized
as follows. An incident atom knocks a host atom, resulting in
the formation of an interstitial and a vacancy (Frenkel pair).
The fraction of atomic sites at which the Frenkel pair produc-
tion can take place gradually decreases with increasing the
concentration of vacancy and dislocation dipoles. Single
interstitials move two-dimensionally parallel to the basal
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FIGURE 13: Arrhenius plot of Cys™' determined by the fitting
analysis. The values of Cys ' are expressed in R.I. Units. This plot
corresponds to the critical dose of amorphization as expressed by
(7). Two linear relations are clearly seen, giving activation energy of
0.083 eV below 573 K and 0.58 eV above 573 K. The TEM results on
the change of diffraction pattern from halo and spot to halo can be
seen to give two similar linear relations.

plane. Other movements of interstitials and vacancies par-
allel to the basal plane and along the c-axis are neglected
owing to the high activation energies. An interstitial in a
recombination volume around a vacancy annihilates with the
vacancy. A barrier exists for the mutual annihilation. A pair
of interstitials is thermally stable once formed. We neglect the
formation of interstitial clusters except for di-interstitials as
we suppose that the interstitial clusters are not dominant for
the total reaction kinetics at comparatively low temperatures.
Divacancies formed by knock-ons, occurring at sites close
to single vacancies, reconstruct to eliminate dangling bonds
as shown in the left-hand side area of Figure 15. The recon-
structed divacancies do not annihilate with interstitials and
become the nucleus of the dislocation dipoles. Dislocation
dipoles can grow by successive knock-ons close to the ends
of dislocation dipoles as shown in the right-hand side area
of Figure 15. The dislocation dipoles cannot annihilate with
interstitials.

In Figure 16, the real-time change in the Raman intensity
ratio of the original graphite peak and the defect peak,
Ip/Ig, under ion irradiation at room temperature for two
different production rates of the Frenkel pair 7.0 x 1077
and 6.7 X 107 dpa/s [13] is compared with the dislocation
accumulation model [26]. The experimental results of Ip/Ig
exhibit a square-root dependence against irradiation dose. To
show the square-root dependence, the vacancy concentration
Cy should increase proportionally with the irradiation dose;
that is, the rate of mutual annihilation of a vacancy and

an interstitial should be negligibly small. By utilizing the
proper value of g = 5.0 X 107*, which is a recombination
probability relating to the barrier for mutual annihilation
[26], the calculated results can be fitted to the experimental
results as shown in Figure 16. The downward deviation
from the square-root dose dependence for the upper result,
which comes from the effect of mutual annihilation of
interstitial and vacancy, can be simulated in the calculation.
The dose range of Raman measurements done by Nakamura
and Kitajima [13] corresponds to the initial stage where
Cyv increases proportionally to the irradiation time; that
is, Cy = Pt. This is the reason why Raman intensity
ratio exhibited the square-root dependence. To obtain the
linear relationship, a very small value of the recombi-
nation probability between a vacancy and an interstitial,
that is, a strong barrier for the mutual annihilation, is
needed.

The existence of the strong barrier for the mutual
annihilation was supported by another simulation [26]
for the dose dependence of the c-axis expansion given by
Koike and Pedraza [17] with the dislocation accumulation
model. Figure 17 compares the dimensional change in highly
oriented pyrolytic graphite (HOPG) along the c-axis during
300 keV electron irradiation at room temperature with the
results calculated by the present theory using several values
of g. The dimensional change along the c-axis, AL./Lc,,
for the calculations is assumed to increase proportionally
with the accumulation of di-interstitials. ] is a parameter
representing the expansion rate per atom by the formation
of di-interstitials. The agreement is quite acceptable with the
values of g = 5.0 x 107 and ] = 4.2 for the two stages of
the initial fast elongation up to a dose of 0.2dpa and the
subsequent linear elongation up to 4.0 dpa. The value of the
expansion rate J = 4.2 is acceptable in its order of magnitude
compared to the case of no barrier (g = 1) where J has to
take an unacceptable high value of 10° to accord with the
experimental result of the dimensional change. Nevertheless,
J = 4.2 is larger than the value ] = 1 expected for the
case when di-interstitials do not induce excess expansion.
This may occur in cases where the di-interstitials effectively
expand the lattice or dislocation dipoles induce buckling
of the basal planes. One should note that the saturation
of vacancy concentration assumed in the disordered-region
model [18, 19] is modified to the peak formation of vacancy
concentration in the dislocation accumulation model [26].

Utilizing (1) with a proper parameter of k, we can
quantitatively deduce the concentration of vacancy Cy from
Raman intensity ratio in the case where most of defects
are single vacancies. Previously, we estimated the value of
k as 0.0016 based on the in situ Raman measurement
for 3keV He* irradiation [13], where Raman intensity
was corrected with the observed Raman intensity, as the
damaged region is shallower than the region where Raman
scattering is detectable. To obtain the precise value of k, it
should be determined in the case where single vacancies are
homogeneously distributed in the Raman detectable region.
In this sense, the 25keV He' irradiation should be better
than the 3keV He' irradiation for the determination of k,
because all Raman scattering comes from the damage region.
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FIGURE 16: The real-time changes of Raman intensity ratio for 3 keV
Ar* ion irradiation at room temperature at fluxes of 7.0 X 1077 and
6.0 x 10" ®dpas! [13].

Taking the Raman intensity ratio of 1.5 and dpa of 0.05 at
the dose of 0.13 x 10 He/m? for the room temperature
irradiation and assuming that all the vacancies formed by
irradiation remained in the specimen, we obtained the value
of k as 0.022. Then (1) can be expressed as

).

Validity of this equation would be discussed elsewhere.

Ii3s5

Iisg0

Cy = (8)

0.022 (

3.4. Nucleation and Growth of Dislocation Dipole. Disloca-
tion accumulation model assumes the nuclei of dislocation
dipoles are divacancies and they grow by successive knock-
ons close to the ends as shown in Figure 15. However,
the model does not give any information on the structure
of dislocation dipoles as simply shown by broken lines in
Figures 14 and 15. So, here, we discuss the formation process
of dislocation dipoles.

Figures 18(a) and 18(b) show two possibilities of the
nucleation process of dislocation dipole, that is, the recon-
struction of divacancies. The left one transforms to two
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with the dislocation accumulation model with several values of g.
The dimensional change is assumed to increase proportionally with
the amount of di-interstitials accumulated between the basal planes.
The values of ] correspond to the c-axis expansion ratio per atom of
di-interstitials.

eightfold rings, sitting opposite to each other, and the right
one to eightfold ring and two fivefold rings. The right one
should be energetically favorable [27]. If knock-on occurs
at sites denoted by dark spots in Figure 18(b), both of them
would grow to the same structure consisting of eight-, seven-
, and fivefold rings as shown in Figure 18(c). Successive
knock-ons at the ends of the dislocation dipoles induce their
growth along the zigzag line.

A long dislocation dipole generated from nine vacancies
(Figure 19(a)) is shown in Figure 19(b), where a vacancy line
reconstructs to a dislocation dipole to make an energetically
favorable structure by eliminating dangling bonds. In the
reconstructed structure of Figure 19(b), one dangling bond
remains at a site denoted by a circle. The dislocation
dipole can grow by knock-on at the ends of dislocation
dipole denoted by symbols in Figure 19(b). Neighboring
eight- and sixfold rings at the left-hand side end of the
dislocation dipole in Figure 19(b) transforms to neighboring
seven- and fivefold rings in Figure 19(c) after a knock-on
of an atom denoted by a circle. On the other hand, the
neighboring seven- and fivefold rings at the right-hand side
end of the dislocation dipole in Figure 19(b) can grow into
the neighboring eight- and sixfold rings in Figure 19(c)
after a knock-on of an atom denoted by a triangle. The
two processes can repeat alternately, leading the growth
of the dislocation dipole. The contraction in the basal
plane along the direction denoted by the broken line in
Figure 19(a) occurs. We should note that the dislocation
dipole grows just at the ends where reconstruction can
occur.
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3.5. Accumulation of Dislocation Dipole and Broadening
of Raman Spectra. The dislocation accumulation model
depicts the following picture of the disordering process
of graphite under irradiation, taking into account the
accumulation of dislocation dipoles. In the dose range before
approaching the peak of vacancy concentration, the long-
range order of the graphite sheet along the c-axis and the
sequence of the 6-member rings in the basal planes remain
as the dislocation dipole formation is negligibly small. With
increasing dose, the formation of dislocation dipoles by
knock-on process becomes significant due to an increase
of vacancy concentration. The accumulation of dislocation
dipoles destroys the topological long-range order in the basal
plane by introducing, rotation, and buckling of the graphite
sheets, leading to the fragmentation of the basal planes. In the
early stage of this process, the irradiation-induced disordered
structure would still reflect the original layered structure of
HOPG. In fact, in spite of the TEM diffraction pattern of
graphite observed along the c-axis, which shows a halo when
irradiated to a dose of about 1 dpa, the sequence of the basal
planes still remains in the HREM images although the lattice
image is broken up into small segments [12, 17, 30, 33]. The
disordered graphite in this stage can be used as a raw material
to generate amorphous diamond by shock compression
[35]. In the highly accumulated state of the dislocation
dipoles, nanocrystallization should become considerable and
then the long-range order of the layered structure would
disappear as shown by the HREM images of HOPG [17].
The formation of dislocation dipoles may play an important
role in the generation of the concentric graphitic structure of
“bucky onions” under electron irradiation [36], because the
formation of the dislocation dipoles induces curvature of the
graphitic layers.

One should remember that the remarkable broadening
of Raman spectrum appears when disordering occurs under
irradiation. This should be due to the life time broadening
of phonons originated in the lattice distortion around
the dislocation dipole. In contrary to this, the remarkable
broadening does not occur in the initial stage of irradiation
where single vacancies are dominantly formed. This suggests
that the lattice distortion around single vacancy is not so
strong to induce the remarkable life time broadening.

4. Conclusion

Raman spectral changes and associated TEM diffraction
changes of highly oriented pyrolytic graphite (HOPG)
under 25keV He* and 20keV D™ irradiation have been
systematically investigated in terms of irradiation dose and
temperature. Remarkable broadening of Raman peaks and
appearance of halo rings in the TEM diffraction pattern
indicate amorphization of the irradiated specimens after
a critical dose. To explain the change of Raman spectra
in terms of defect formation, we proposed “disordered-
region model” at first and then advanced the model into
“dislocation accumulation model.” These model calculations
gave us important information on the critical dose of
amorphization, a close relation between Raman intensity
ratio and the vacancy concentration, an existence of barrier
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F1Gure 18: A possible nucleation process of dislocation dipole by the reconstruction of di-vacancy. The left one transforms to two eightfold
rings, sitting opposite to each other, and the right one to eightfold ring and two fivefold rings. If knock-on occurs at sites denoted by circles
in (b), both of them can transform to the same structure consisting of eightfold, sevenfold, and fivefold rings as shown in (c).

(c)

FIGURE 19: A long dislocation dipole generated from 9 vacancies (light spots). The dislocation dipole can grow by knock-on at the ends of
dislocation dipole denoted by symbols in (b). Neighboring eightfold and sixfold rings at the left-hand side end of the dislocation dipole in
(b) transforms to neighboring sevenfold and fivefold rings in (c) after a knock-on of an atom denoted by a circle. The neighboring sevenfold
and fivefold rings can grow into the neighboring eightfold and sixfold rings as shown at the right-hand side area by knocking-on the atom
denoted by a triangle. The contraction in the basal plane along the directions denoted by the broken lines in (a) occurs.
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on the mutual annihilation, and so forth. Thus, Raman
spectroscopy can be a powerful tool for the analysis of point
defect and defect clusters in irradiated graphite.
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