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Electronic structure of ion-implanted graphite
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The magnetoreflection technique is applied to study Landau-level transitions in graphite implant-
ed with 'P ions at a variety of fluences and energies. The magnetoreflection spectra are explained
in terms of the Slonczewski-Weiss-McClure band model with small changes in the band parameters
that describe pristine graphite. Neglecting trigonal warping, the fluence dependence of the nearest-
neighbor intraplanar {yo) and interplanar {y~) overlap integrals is presented. The observed changes
in these band parameters are consistent with increasing disorder as the fluence of implantation in-
creases.

INTRODUCTION

Ion implantation provides a physical mechanism for the
introduction of foreign species into semiconductors (e.g.,
Si, Ge, GaAs, etc.) and semimetals (e.g., graphite and
bismuth). One of the advantages of the implantation
method is that it makes possible the introduction of
foreign species that for various reasons cannot be intro-
duced chemically into the host material.

A number of major changes occur in the host material
during the ion-implantation process. Firstly, radiation
damage to the crystalline host is produced. Atoms of the
parent material are displaced from their lattice sites by
cascade processes caused by the entry of highly energetic
guest ions into the host material. The effect of radiation
damage to the substrate and the spatial distribution of the
radiation damage has been extensively studied in both
semiconductors and semimetals by a variety of tech-
niques. ' Radiation damage phenomena are not of in-
terest in the present work. Another interesting feature of
the ion-implantation process is the implantation-induced
change in the carrier concentration of the substrate. This
effect has also been extensively studied, especially for
semiconductors. ' However, the implantation-induced
modification of the electronic structure of the substrate
has received little attention, but is also of great interest
and importance.

This paper focuses on a quantitative determination of
the implantation-induced modifications of the electronic
structure of the semimetal graphite, which is studied by
the magnetoreflection technique. In essence, the magne-

toreflection experiment measures the relative changes in
the reflectivity from the surface of the sample as a func-
tion of applied magnetic field. One of the advantages of
this technique in studies of ion-implanted materials is that
the optical skin depth (6) is comparable to the penetration
depth of the implanted ions (Rz), so that the optical ex-
periments are especially sensitive to the region of interest.
Furthermore, magneto-optical studies provide a powerful
tool for the study of the electronic structure of semimetals
because of the low effective masses characteristic of this
class of materials and because of the consequent ease of
satisfying the conditions co,~& 1 and Ace, & kT, which are
necessary requirements for the observation of resonant
magneto-optical effects. The condition co,r & l (where co,
is the cyclotron angular frequency co, =eII /m,*c, m, is'
the cyclotron effective mass, and ~ is the relaxation time)
implies that an electron or hole completes at least one cy-
clotron orbit before being scattered. This clearly indicates
that the experiment is also sensitive to the density of
scattering centers in the volume of interest, which is
directly related to the extent of the implantation-induced
damage to the substrate. The condition %co, & kT implies
that the characteristic magnetic energy fico, is large com-
pared with thermal energies, so that distinct Landau levels
can be resolved when in competition with thermal
broadening effects. We should emphasize that magneto-
optical studies have been carried out on semiconduct-
ors, ' ' " group-V semimetals, ' ' and pristine gra-
phite' ' and not only provide a useful tool for the deter-
mination of their electronic structures but also of the
changes induced by perturbations such as variation of
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pressure, temperature, s and composition (alloying and
intercalation). The method has been also successfully ap-
plied to the studies of ion-implanted bismuth. ' '

%'e analyze the experimental magnetoreflection spectra
from ion-implanted graphite in terms of the Slonczewski-
Weiss-McClure (SWMcC) model, which is based on the
crystal symmetry of the perfect crystal and gives an
analytical expression for the electronic states near the Fer-
mi energy EF. ' The model expresses the electron
dispersion relations in terms of seven parameters (b„y;,
i =0, 1, . . . , 5), which in practice are determined experi-
mentally. Some of the parameters, such as yo and yt, the
intraplanar and interplanar nearest-neighbor overlap in-
tegrals, are expected to change as a function of the im-
plantation parameters, and this is in fact reported in the
present work. The findings are consistent with long-range
effects on the electronic structure of the substrate during
the process of ion implantation. Similar effects have been
reported for the case of ion-implanted bismuth.

EXPERIMENTAL DETAILS

Magnetoreflection data have been taken on c faces of
pristine and ion-implanted highly oriented pyrolytic gra-
phite (HOPG) samples. Sample preparation and charac-
terization techniques are described below.

To achieve the resonant condition co,~&&1, the HOPG
samples were implanted at elevated temperatures (implan-
tation temperature T;-600'C). The sample holder for
high-temperature implantation is described elsewhere, as
is the effect of mechanical damage to the HOPG surface
when the implantation is carried out at room tempera-
ture. Elevated temperatures of implantation were used to
reduce lattice damage in the region where the implanted
ions pass and stop, and to reduce the mechanical damage
to the HOPCi surface. Ions of 'P were implanted at a
variety of fluences P and energies E in the range
g. 5X10' &/&1.0X10 ions/cm and 70&E&200keV.
The penetration depth (Rz) and the corresponding Gauss-
ian halfwidth of the implanted ions (bR&) in HOPG for
this range of ion energies are in the range 670 & R& & 1980
A and 220& DR& &470 A when the implantation is done
at room temperature.

At elevated temperatures of ion implantation (e.g.,
T' —600'C), we demonstrated using the secondary-ion
mass spectroscopy (SIMS) technique that because of the
special properties of the HOPG material, no enhanced dif-
fusion of foreign species across the planes was observed.
Therefore the distribution and concentration of ions im-
planted into the hot samples of HOPG is nearly the same
for 30 C& T; &800 C as after the room-temperature im-
plantation.

Before the magnetoreAection experiments were done,
the ion-implanted samples were characterized with Ra-
man spectroscopy. As previously reported, ' Raman
spectra are sensitive to the amount of implantation-
induced disorder in HOPG. Furthermore, the in-plane
microcrystallite size within the optical skin depth is easily
determined from the ratio of intensities of the disorder-
induced (It36o) line to the Raman-allowed (It58o) line in
the first-order spectra. A typical first-order Raman

spectrum from one of the samples studied in the present
magnetoreflection experiments is shown in Fig. 1. For
this particular sample, the value of R=I&5so/I$36Q ls
about 12, which corresponds to an in-plane crystallite size
I, -400 A. By studying the Raman spectra for a
variety of different samples, we found that reasonably
sharp transitions in the magnetoreflection spectra with
fairly good signal-to-noise ratios were observed when the
ratio R exceeds g and the penetration depth of implanted
ions Rz is less than 2000 A.

The magnetoreflection measurements were made in the
Faraday geometry at low temperatures (using a cold-finger
Dewar cooled by liquid helium) and at high magnetic
fields up to 15 T to satisfy the conditions m, ~&& 1 and
fico, &kT. The reflecting area of the samples was about
12)&8 mm and the sample thickness about 1.5 mm. In-
frared radiation was provided by a globar. Particular pho-
ton energies in the range 99&Ace &300 meV were chosen
with a single-pass monochromator. Because the selection
rules for the observed transitions depend on the sense of
circular polarization, the data were taken with positively
and negatively circularly polarized light. The reflected
light was detected by a cooled (liquid-helium) Cu-Ge pho-
todetector. The sample geometry is shown in Fig. 2. The
experimental arrangement for the magnetoreflection ex-
periment is discussed elsewhere. "

Zero magnetic field infrared spectra (Fig. 3) on the
same set of samples were taken on a Fourier-transform
spectrometer in the reflection geometry. The experimental
conditions of the ir experiment are described elsewhere,
as is the analysis of the ir reAectivity spectra of graphite
to yield information on the free-carrier contribution to the
dielectric function.

RESULTS AND ANALYSIS

The magnetoreflection technique permits a direct deter-
mination of the change in electronic structure associated
with the ion-implantation process. In this analysis we use

E =70keV
g =8.5x101&c~ '
T1, =600 C

Lo ——400A

4

~
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FIG. 1. First-order Raman spectrum of HOPG ion implant-
ed with "P (E=70 keV) at a fluence /=8. SX 10" ions/cm.
The temperature of the sample during implantation was
T; =600 C. The abscissa is linear in wave number and the
points are experimental. The solid curve is a Lorentzian fit to
the points. For this sample R =I~q8O/I'j36O 12.
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spectra similar to those in Refs. 15—18 were obtained for
unimplanted HOPG and for HOPG implanted with 'P
ions at 70 keV and three different ion fluences using a
hot-stage sample holder at implantation temperature T;.
We show in Figs. 4(a) and 4(b) typical spectra for these
samples for positive and negative circular polarization,
respectively. In each spectrum the corresponding
Landau-level transitions for the K-point transitions are la-
beled by the quantum numbers n; and nf for the initial
and final states, respectively, using the notation (n;, nf ).

The analysis of the H-point spectra follows the work of
Toy et al. ' The transition energies at the H point are
given by

FIG. 2. Sample geometry of the magnetoreflection experi-
ment.

the spectra for unimplanted graphite as a reference and
present the changes in electronic structure near the Fermi
level in terms of changes in the band parameters of gra-
phite as given by the well-established Slonczewski-Weiss-
McClure (SWMcC) band model. ' This model is based
on the crystal symmetry of graphite and gives an analytic
expression for the electronic states E( k ) near the M IC—
axis of the Brillouin zone. For the case of graphite,
Landau-level transitions are observed for both the H and
E points in the Brillouin zone, and the H- and E-point
transitions each yield complementary information about
the electronic structure. '

To illustrate how the H- and K-point transitions are
identified in the magnetoreflection spectra, we refer to
Fig. 4 of Ref. 17. In the present study, magnetoreflection

CD
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I

I400 l 500 l600
Wave number (cm-~)

FIG. 3. Room-temperature c-face reflectivity spectra of the
infrared-active phonons for the energy range 1400&co ~ 1800
cm ' for unimplanted pristine graphite and for two of the ion-
implanted HDPCr samples. The fluence P and energy E for the
'P ions are given for the samples implanted at temperature T;.

~(+) ~(—) & (g2+4Ng)1/2+ & [g2+4(N+ 1)~]1/2

N &1 (1)

where B=3yoaoeH/2', and H is the applied magnetic
field, ao is the graphite lattice spacing, and the H-point
transitions are labeled by I=N corresponding to
N ~N+ 1 and N+ 1 —+N transitions. Since these energies
depend sensitively on yo, the nearest-neighbor intraplanar
overlap integral, analysis of the H-point spectra provides
direct information on the implantation-induced expansion
of the in-plane honeycomb lattice. Because of the ex-
tremely strong in-plane bonding in graphite, it is expected
that this expansion will be very small. Nevertheless, these
changes are sufficiently large to be observable in the H-
point magnetoreflection spectra. Figure 5 shows results
for the m =1 H-point transitions observed over a wide
range of photon energies in unimplanted graphite (open
circles) and for the same ion-implanted graphite samples
as in Fig. 4. With the use of Eq. (1), a fit to the H-point
spectra was made for both the unimplanted and implanted
samples. For the unimplanted HOP Cz spectra, good
agreement was obtained between our H-point spectra and
those of Toy et al. ' Since the parameter 4 is very small,
the spectra depend almost entirely on the value of yo.
Thus for all samples in Fig. 5 the value for b, was fixed at
6= —0.008 eV, the value previously determined for the
unimplanted sample. ' The parameter yo was then deter-
mined by a fit to the H-point spectra for each of the im-
planted samples. Reproducible data for the implanted
samples were limited to the m =1 H-point transition (see
Fig. 5). The results obtained for the relative changes in yo
for the P-ion-implanted samples go

~ with respect to yo
for pristine unimplanted HOPG (yo ——3.11 eV) versus
the ion fluence (log scale) are given by the solid circles in
Fig. 6. Unfortunately, the data are not sufficiently exten-
sive to distinguish reliably between different possible func-
tional dependences of (yo ~/yo ) on fluence P. We
must emphasize at this point that we were not able to
determine these data over a much expanded range of flu-
ence, keeping other parameters of implantation the same.
Our sensitivity is not sufficient to detect changes in yo for
P & 10' cm . Furthermore, at P & 10' cm, the spec-
tra become too broad and weak to permit quantitative
analysis of the H-point spectra. The decrease of yo with
increasing P in Fig. 6 is consistent with an expansion of
the in-plane structure due to the strain produced by the
additional ions resident in the implanted region between
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FIG. 4. Magnetoreflection traces for (a) positively polarized and (b) negatively polarized light taken on pristine HOPG and on

HOPG ion implanted with 'P ions (E =70 keV) at different fluences and temperatures of implantation. 3, unimplanted pristine
HOPCx', B, /=8. 5)&10' cm, T; =600 C; C, /=5. 0X10'~ cm, Tt ——750'C; and D, /=1.0X10" cm 2, T; =600'C. For all the

traces, the photon energy is %co =0.121 eV. The E-point transitions are labeled by their initial, final levels.

250

Rp —ARp and Rp+ARp.
Information on the interplanar interactions is provided

by the X-point transitions which are the strong, closely-
spaced resonances that dominate the magnetoreflection
spectra in Figs. 4(a) and 4(b). The spectra for unimplant-
ed graphite have been extensively studied and values for
the pertinent band parameters have been established. ' ' '
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FIG. 5. Summary of the m =1 H-point resonances covering a
wide range of photon energies and magnetic fields. The curves
passing through the experimental points represent a least-
squares fit of these data to Eq. (1).
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FIG. 6. Values for the yo and yl parameters for implanted
samples with respect to those for pristine unimplanted HOPG vs
fluence P of 3'P ions implanted at energy E=70 keV and

T; -600'C. Note the log scale for P.
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The K-point transitions are most sensitive to the parame-
ter combination yo/y~, which determines the slopes for
each of the X-point transitions on the fan chart for K-
point transitions discussed below. The difference in
resonant magnetic fields between the transitions for posi-
tive and negative polarizations is sensitive to y4, which is
related to a difference in effective mass between the
valence and conduction bands.

For the case of unimplanted graphite, the band parame-
ters are found by analysis using the full Slonczewski-
Weiss-McClure Hamiltonian. ' The spectra in Fig. 4
show that implantation significant1y broadens the K-point
spectra and decreases the intensity of the resonances.
Since the implantation-induced shifts in the resonant mag-
netic field of the dominant Landau-level transitions are
small, it is possible to make tentative assignments of the
Landau-level transitions for ion-implanted graphite by
comparison with the spectrum for pristine graphite at the
same photon energy. With the use of these assignments, it
is convenient to analyze our results in terms of a simple
two-band model to determine the small implantation-
induced changes in band parameters. A similar analysis
was previously applied successfully to interpret the sma11
pressure-induced changes in the graphite band parame-
ters.

In the simple two-band model only two bands are con-
sidered to be strongly coupled, and coupling to all other
bands is ignored. The bands at the K point are presumed
parabolic in shape and the energies at the magnetic sub-
band extrema are given by

E,(N, ) =E3 —(N„+ —, )fico*U,

E,(N, ) =E3+(N, + —, )fm,',
(2)

where E3 is the K-point band-edge energy, N, and X, la-
bel the valence- and conduction-band Landau levels, and
the cyclotron frequencies co*„and co*, for the valence and
conduction bands are defined as

eH ~ eH
COv =—

5fC ) Q)c =—
)fc

mvc mcc

where m,* and m,
* are the cyclotron effective masses for

the valence and conduction bands with HI Ic axis. For the
analysis, it is convenient to introduce the mass parameters
m* and X defined by

where ao is the in-plane graphite lattice spacing. By com-
bining Eqs. (2)—(6) with the selection rule N, N—„=+1
and defining N=N, +X„we obtain for the resonant con-
dition

E, E,—=%co=(N+ 1+A,), Hg~,
m*c (9)

where co is the photon frequency and the upper (lower)
sign refers to positive (negative) circular polarization, and
H~ labels the resonant magnetic field corresponding to X.

It is clear from Eq. (9) that at a given photon energy the
resonant magnetic field is approximately inversely propor-
tional to the quantum number X. As indicated below, it is
this relation which is used to confirm the quantum-
number assignments given in Fig. 4 to the Landau-level
transitions for the implanted samples.

Figure 7 represents a plot of the inverse resonant mag-
netic field as a function of 2V+1 for four different photon
energies with negative polarization. The results for both
the unimplanted and one of the implanted samples show
the expected periodicity in 1/H [Eq. (9)], thus confirming
the validity of the selection rule b,N=+1 and providing
the quantum number assignment for the K series in the
magnetoreflection spectra for the implanted sample of
Fig. 7. A similar analysis was made for all the implanted
samples to establish the quantum number assignments.

We should emphasize that the slopes of the lines in Fig.
7 are inversely proportional to m*, which implies that m*
increases as a result of implantation. On the basis of a de-
tailed analysis of the results in Fig. 7, we found that im-
plantation of 'P ions at 70 keV increases the effective
mass by approximately 6% with a very small dependence
on fluence for the fluence range of these experiments.
From Eq. (7), knowledge of m* yields the band-parameter
combination yo/y~. Combining this result with the value
for yo obtained from the H-point transitions, we are able
to determine values for y~, and these are shown in Fig. 6
for three fluences of 'P implanted into HOPG at 70 keV
and at elevated temperatures.

Although the errors are large, the results of Fig. 6 show
that y~ decreases upon implantation, with greater de-

1 1 1 1+
m 2 m„m

mc

1 1~+
mv mc

(6)
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(7)

and

4X4

'Vo

These mass parameters can be related to the band parame-
ters of the SWMcC model by'

2 2
1 3 &O'Vo

m* 4A' yi

0 l I ) I ) I i I ) I ( I ) I ( I

0 4 8 l2 l6 20 24 28 32 36
( Nv+ Nc + ( )

FIG. 7. Inverse resonant magnetic field as a function of the
quantum number (2V+1) at four different photon energies and
negatively polarized radiation. For comparison we show the
data for pristine HOPG and for HOPG ion implanted with 'P
(E=70 keV) at /=8. 5&&10"cm 2 (T;-600'C).
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creases in yt occurring for higher fiuences. The results
further show that the decreases in yt are greater than the
decreases in yo for a given fluence. As explained below,
the sign and relative magnitudes of the decreases in yo and

y& can be understood from simple physical arguments.
In principle it is possible to obtain values for the param-

eter A, , from analysis of' results such as in Fig. 7, but in the
present experiment, the errors in determining A, were suffi-
ciently large to overwhelm any observable changes result-
ing from implantation. This is not surprising, since for
unimplanted graphite the value of A, is also not well
known; thus it has been difficult to determine the
implantation-induced change in the value of y4 from such
an analysis. A similar difficulty has been reported in the
evaluation of the pressure-dependent changes of y4..'

An analysis of the E-point spectra for the implanted
samples was also carried out using the full SWMcC
model. Fan charts obtained for the pristine HOPG sam-
ple and the HOPG sample implanted with 5&10' cm
'P ions at 70 keV are shown in Figs. 8(a) and 8(b) for pos-

itive and negative circular polarization. The symbols
represent experimental points and the solid lines are fits to
the points using the yo and y& values determined from the
two-band model. The analysis using the full SWMcC
model thus yields results consistent with those obtained
from the two-band model.

The magnetoreflection spectra also provide information
relevant to transport properties of the implanted materi-
als. From the resonant linewidths of the magnetoreflec-

tion spectra, we can obtain an estimate for m, ~ as a func-
tion of fluence of implantation as follows.

Firstly, we plot the resonant linewidths as a function of
applied magnetic field for each of the samples and observe
that AH vs H can be represented by a straight line with a
slope proportional to 1/co, r (e.g. , EFI/H-1/co, r) Si.nce
the value of co,~ for pristine HOPG at a magnetic field of
H =10 T and helium temperature is on the order of 100,
one can then estimate the decrease in co,~ for the various
implanted samples as the slope of hH vs H is increased.

Based on this analysis, the dependence of m, r on flu-
ence P was determined for the three 'P-implanted sam-
ples studied in this work, and the results are given in Fig.
9. These results imply several interesting conclusions.
Firstly, we can estimate the upper limit of fluence P„~ that
can be studied by the magnetoreflection experiment. For
example, for the 70-keV 'P-implanted sample
(T~ ——600'C), we obtain P„&-5)&10' cm, based on a
limiting value of co,~-5.

These results also imply an estimate for the average
implantation-induced degradation in the mean free path
or carrier mobility. Based on this analysis, a degradation
by a factor of 2.5 in ~,~ relative to unimplanted sample is
obtained for a sample implanted at T; =600 C with 70-
keV 'P ions with a fluence P = 1 X 10' cm . The mag-
netoreflection experiment, however, does not provide de-
tailed information about the depth distribution of the
mean free path, which would be necessary for the detailed
interpretation of the transport measurements.

To obtain information on the change in carrier concen-
tration due to ion implantation of graphite, infrared mea-
surements in the vicinity of the allowed optical lattice
mode at —1580 cm ' were carried out. Because the opti-
cal penetration depth is comparable to the ion-
implantation depth, the infrared reflectivity is particularly
sensitive to the implantation-induced change in carrier
concentration. In contrast, transport measurements on
bulk samples are relatively insensitive to implantation-
induced changes because of the small ion penetration
depth compared to typical sample dimensions.

Results for the implantation-induced change in the
zero-field infrared reflectivity are shown in Fig. 3 for two

I20—

l50-

lOO—

l I l

0 5 IO l5
Magnetic field (T)

FIG. 8. Fan charts of the principal K-series transitions ob-
served in the magnetoreflection experiment for the case of (a)
pristine unimplanted HOPG and (b) HOPG ion-implanted with
'P {E=70keV) at $=5X10' cm . Data for both positive

and negative polarizations are represented by closed and open
circles, respectively, The points are experimental and the lines
represent the least-squares fits to the points.
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fluences of 70-keV 'P-implanted HOPG in comparison
with that for unimplanted HOPG. A previous line-shape
analysis of the infrared spectra of graphite relates the line
shape to the free-carrier contribution to the dielectric
function. For the case of pristine graphite, the room-
temperature carrier concentration of 2 &( 10 cm yields
a line shape characterized by a reflectivity maximum. As
the carrier concentration increases, the reflectivity max-
imum is transformed into a dispersion-type curve and fi-
nally at yet higher carrier concentrations a reflectivity
minimum is obtained. On the basis of the measured line
shape for the 5 / 10' cm trace in Fig. 3, we estimate an
average carrier concentration of 3 X 10 cm in the im-
planted region (2b,R&-440 A), which represents an in-
crease in carrier concentration by a factor of —15, The
magnitudes of the increase in carrier density and decrease
in carrier mobility are consistent with the implantation-
induced change in resistivity reported by Endo et al. in
ion-implanted graphite fibers. 9 It would be of interest to
carry out resistivity measurements on highly ordered gra-
phite fibers of —10 pm diameter that are implanted under
the same conditions as the samples used in the magnetore-
flection experiment. Such measurements would permit a
more meaningful comparison to be made between the im-
plications of the magnetoreflection and zero-field infrared
measurements on the actual transport measurements.

DISCUSSION

We should emphasize that the magnetoreflection experi-
ment requires special conditions of implantation (e.g.,
hot-stage implantation at T; &600'C) for several reasons.
Firstly, hot-stage implantation preserves the crystallinity
of the substrate, so that the condition co,r & 1 can be satis-
fied. It is important to mention that adequate crystallini-
ty can be restored after room-temperature implantation
only by subsequent annealing to temperatures very much
higher than 600'C. However, at these higher annealing
temperatures (above 2200 C) a strong in-plane diffusion of
foreign species takes place in graphite. This means that
during subsequent annealing at temperatures sufficiently
high to gradually reduce the implantation-induced dam-
age, most of the implanted ions would diffuse out of the
substrate. This effect does not take place during hot-
stage implantation, since it has been demonstrated that
the concentration and spatial distribution of ions implant-
ed into graphite are nearly the same after hot-stage im-
plantation as after room-temperature implantation. This
implies that the effect of implantation is manifested not
only through implantation-induced defects but also
through long-range strain effects due to the implanted
ions resident in the samples.

It should be noted that the magnitude and sign of the
shifts observed in yo and y& are in agreement with the ex-
pected consequences of a long-range strain induced by im-
plantation. The strong in-plane coupling in graphite im-
plies that only a very small in-plane expansion, and there-
fore a very small decrease in yo, is expected. Most of the
excess volume introduced by the implanted ions should be
accommodated by expansion along the c axis, leading to a
decrease in the interplanar coupling and therefore in y&.

However, even in pristine graphite the interplanar cou-
pling is very weak, and so a large expansion along the c
axis leads to only a small (-15%%uo) change in y t, as is ob-
served.

To prevent fracture of the bulk sample, an in-plane lat-
tice expansion must also occur in the regions of the sam-
ple containing no implanted ions. Since the magnetore-
flection spectra exhibit relatively small line broadening
compared with the unimplanted graphite samples, we
infer that the variation of Dao/ao along the c axis is long
range. Thus, if we write Aao/ao-e ~, where d is mea-
sured relative to Rz along the c axis and the coherence
length g is very large compared with the c-axis lattice con-
stant (g»co), the magnetoreflection results imply that g
is also larger than the optical skin depth, 5.

Relaxation of the in-plane lattice expansion
b.ao/ao-exp( —d/() as we move away from R~ causes
carbon atoms in adjacent layers to be slightly displaced
from their normal equilibrium positions on a potential-
energy diagram. Because of the hard-core potential at
small distances, such a displacement from equilibrium
favors a lattice expansion and hence a decrease in y&, in
agreement with observations. The relaxation of this lat-
tice expansion occurs via lattice dislocations and g is pro-
portional to the dislocation density.

According to our model, the magnetoreAection signal is
dominated by contributions from regions (1) and (3) in
Fig. 10, and the present results show that these two re-
gions contribute coherently to the magnetoreflection sig-
nal with essentially the same values of yo and y I

throughout the optical skin depth. When an ion beam
with high energy and velocity enters the sample, the ener-

gy loss is primarily from electron plasma excitations and
lattice damage per unit length is small initially [region
(1)], so we expect little decrease of co,r in this region. As
the ion velocity is reduced, the lattice damage is increased,
so that a major reduction in co, ~ can be expected. Because

E= 70keV

E= 150 keV
(&)

E = 200 keV
(/)

&k

2,500 A
Skin depth (8)

FIG. 10. Schematic view of the spatial distribution of the
damage produced in the substrate for different energies of im-
plantation (see text).
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of the large lattice distortion in the region where the ions
come to rest, here too co,~ is expected to be significantly
decreased. We thus refer to region (2) in Fig. 10 as the re-
gion of significant lattice damage and reduced co,~. The
spatial extent of region (2) can be determined by Ruther-
ford backscattering. ' Beyond region (2), the graphite sees
little damage, the condition co,~&~1 is again obeyed, and
coherent contributions to the magnetoreflection spectrum
from regions (1) and (3) can take place. Being near the
surface, region (1) has the highest optical energy density;
however, region (1) has a smaller r than region (3). Thus,
referring to Fig. 10, we see that the lower the energy of
implantation, the smaller the fraction of the optical
penetration depth that has significant ion-induced lattice
damage.

To relate these arguments to the magnetoreflection ex-
periment we now present explicit spectra from 'P-ion-
irnplanted HOPG as a function of the energy of implanta-
tion. For a sample implanted with 'P ions at a fluence of
1&& 10' cm and an implantation energy of 150 keV the
penetration depth is R& —1480 A and AR& —390 A.
Under these conditions, some Landau-level transitions
were observable for photon energies of fm ~ 140 meV or
less, but the resonances were of low intensity and were
quite broad. The uncertainty in the determination of I*
for this sample was therefore very large due both to the
uncertainty in the resonant fields and to the small number
of transitions available for the least-squares fit. The re-
sulting uncertainty in I' was larger than its deviation
from the value for HOPG. We also note that for a gra-
phite sample implanted with 'P ions at 200 keV with a
fluence of 1&& 10' cm, both the II- and K-point oscilla-
tions were reduced to the noise level of the measurements.

As noted above, the observed behavior of the spectra as
a function of the energy of implantation can be under-
stood upon closer examination of the spatial distribution
of the damage to the substrate during hot-stage implanta-
tion. ' In making this argument, we note that only the
volume within the optical skin depth 6 contributes to the
magnetoreflection spectra (see Fig. 10). Thus as the ion
energy increases, there results a decrease in the sample
volume within the optical skin depth for which co,r ~~ l.
This argument explains why the signal from the 150-keV
'P-implanted sample is strongly attenuated and from the

200-keV 'P-implanted sample is washed out completely.
The attenuation of the magnetoreflection resonances

with increasing photon energy is also of significance. For
example, it is observed that the resonances in the magne-
toreAection spectra from the 150-keV 'P-implanted sam-
ple are gradually attenuated as Ace increases to 140 meV.
This effect is attributed to the frequency dependence of
the optical skin depth. Specifically, as ~ increases, 6 is

decreased so that the most crystalline portion of the sam-
ple [region (3) on Fig. 10] does not contribute significantly
to the spectra at higher photon energies.

The band overlap in graphite is almost completely
determined by the SWMcC band parameter y2. Since yz
depends on interplanar interactions two layers apart, and
y& depends on interplanar interactions between atoms on
adjacent layers, we can expect Ay2/y2-26@~/y&, as has
been previously noted by several authors. The ob-
served implantation-induced decrease in y~ would thus
imply a decrease in the band overlap and consequently
also in carrier density. The infrared reflectivity measure-
ments (Fig. 3), however, imply an increase in carrier densi-
ty, suggesting that implantation moves the Fermi level,
creating an imbalance between the electron and hole con-
centrations.

Since the decrease in y2 is expected to occur only over
the correlation length g, transport measurements in gra-
phite fibers should provide information on g. According
to the model in Fig. 10, implantation of a graphite fiber
should give rise to a circuit composed of parallel resistors
along the fiber length: The region modified by implanta-
tion with coherence length g will have a higher carrier
density, but a lower relaxation time as compared to the
remaining region, which is modeled by the parameters of
the unimplanted graphite fiber. If the effective enhance-
ment in carrier density is greater than the effective de-
crease of the relaxation time, the fiber will show an in-
crease in conductivity. Preliminary results by Endo
et al. indicate a S% decrease in conductivity for fibers
implanted with "8 ions at 100 keV to a fluence of
2.8X 10' ions/cm . It would be of interest to examine
the conductivity of fibers implanted under the same con-
ditions as the magnetoreflection experiment, though the
changes in conductivity for such fibers might be too small
to measure conveniently.
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