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Abstract We reporton Raman spectroscopy, temperature-dependent in-plane resistiv-
ity, and in-plane magnetoresistance experiments in highly oriented pyrolytic graphite
(HOPG) implanted with As and Mn. A pristine sample was also studied for com-
parison. Two different fluences were applied, ¢ = 0.5 x 10'¢ ions/cm? and ¢ =
1.0 x 10'6 ions/cm?. The implantations were carried out with 20 keV ion energy at
room temperature. The Raman spectroscopy results reveal the occurrence of drastic
changes of the HOPG surface as a consequence of the damage caused by ionic implan-
tation. For the higher dose, the complete amorphization limit is attained. The resistivity
and magnetoresistance results were obtained placing electrical contacts on the irradi-
ated sample surface. Owing to the strong anisotropy of HOPG, the electrical current
propagates mostly near the implanted surface. Shubnikov—de Haas (SdH) oscillations
were observed in the magnetoresistance at low temperatures. These results allow the
extraction of the fundamental SdH frequencies and the carriers’ effective masses. In
general, the resistivity and magnetoresistance results are consistent with those obtained
from Raman measurements. However, one must consider that the electrical conduction
in our samples occurs as in a parallel association of a largely resistive thin sheet at the
surface strongly modified by disorder with a thicker layer where damage produced by
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implantation is less severe. The SdH oscillations do not hint to significant changes in
the carrier density of HOPG.

Keywords Graphite - Ton implantation - Raman scattering - Magnetoresistance -
SdH oscillations

1 Introduction

The physical properties of graphite have been extensively re-examined in the light of
the recent and intense investigations devoted to the understanding of graphene [1].
Both the properties of the single layer graphene and those of systems formed by few
atomic graphene layers [2] have been invoked to explain the physics of graphite. Some
authors suggest that graphite may be regarded as a simple stack of graphene planes [3].
However, several physical properties of this 3D-carbon system have been shown to
be crucially dependent on the conditions of sample preparation. With this regard,
synthetic graphite samples grown at elevated temperatures and high pressures, known
as highly pyrolytic oriented graphite (HOPG), are particularly interesting because of
their strong texture characterized by a rather good c-axis alignment of platelet-like
crystallites [4]. The thermodynamic stable intercalation form of the graphene planes
in graphite is the ABA stacking, well known as the Bernal sequence [5], characterized
by Dg g — P63/mmc space group, containing four atoms per unit cell [6].

The electronic band structure for ideal ABA stacking graphite was first studied by
Wallace who showed that a single graphene layer is a zerogap semiconductor [7].
Later on, Slonczewski and Weiss (SW) proposed a phenomenological model taking
into account the intralayer C—C coupling [8]. These authors conclude that graphite
is a semimetal with a small band overlap close to the H-K-H vertices of the first
Brillouin zone. McClure [9] demonstrated that the intralayer C—C overlap is about
0.03 eV and the Fermi surface for majority carriers is formed by two hole-type and
one electron-type elongated pockets placed along the H-K—H edge.

The weak interlayer interaction and the high alignment along c-axis make the
HOPG samples highly anisotropic systems, showing good electrical and thermal in-
plane conduction [6]. On the other hand, due to the smallness of the Fermi surface
pockets, the small hole and electron effective masses and the generally good sample
quality, the HOPG specimens usually reach the quantization condition (w.7 » 1, where
w, is the cyclotron frequency and 7 is the relaxation time for in-plane transport) at
moderate magnetic fields applied parallel to the c-axis. Consequently, Shubnikov—de
Haas (SdH) and de Haas—van Alphen oscillations are commonly observed in electrical
transport [10, 11] and magnetization [12, 13] measurements, respectively.

Several studies have been done on natural and synthetic graphite submitted to
ion implantation [14-18] since this technique leads to relevant modifications in the
physical and chemical properties of materials’ surface by producing strong disorder
at the microscopic level as much as by introducing impurities at precisely controlled
concentrations [19]. Most of the investigations on ion-implanted graphite are related
to magnetic [15-18] or electrical transport [18,19] properties of HOPG. Irradiation
with protons [20,21] or neutrons [22] was also intensively employed to study the role
of defects on the magnetic properties of graphite.
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Raman spectroscopy has been intensively employed to characterize carbon-based
materials [23]. Systems such as diamond [24-26], graphene (monolayer, bilayer and
trilayer) [27,28] and graphite [26,28-30] have been experimentally and theoretically
studied. Effects of ion irradiation in graphite have also been addressed with basis on
Raman scattering results [29,31-33].

In this work, we have carried out Raman spectroscopy and electrical transport exper-
iments in HOPG samples implanted with Mn and As. The manganese is expected
to play as a magnetic impurity, whereas the arsenide might produce electron dop-
ing in graphite. The implantations were performed at 20 keV with fluences ¢ =
0.5 x 10'®ions/cm? and ¢ = 1.0 x 10'®jons/cm?. A pristine HOPG specimen was
also studied as a reference sample. The Raman spectra showed that the graphite sur-
face becomes amorphous when submitted to fluences of the order 10'® ions/cm?. The
planar magnetoresistance (MR) amplitude at fixed field and temperature varies sig-
nificantly with the fluence and the implanted ion. However, for both Mn and As, the
MR amplitude goes through a maximum at ¢ = 0.5 x 10! jons/cm? and decreases for
higher fluences, as previously observed in other implanted HOPG samples [18,19].
Quantum oscillations are observed in the MR, so that the fundamental frequencies
and the cyclotron effective masses could be estimated from the Lifshitz—Kosevich
(LK) theory [34]. We conclude that the obtained Raman and MR results are strongly
influenced by the damage produced by the ion implantation process.

2 Experimental
2.1 Sample Preparation and Characterizations

A pristrine sample of SPI-I graphite furnished by SPi Supplies® with 5 x 5 x 1 mm
dimension was characterized by means of X-ray diffraction using Cu Ko radiation.
Figure 1 shows the X-ray spectrum obtained when diffraction is due to the graphene
planes. Only the (002), (004) and (006) lines could be observed. The angular positions
of these peaks are within the values reported in the literature for HOPG [35]. The
inset in Fig. 1 shows the rocking curve obtained from the (002) line (angular position
260 ~ 26°). The full-width at half-maximum (FWHM ~ 1.02°) was extracted from
a Gaussian fitting profile. This value reveals that our HOPG sample is characterized
by a relatively high value for mosaicity [36]. Several thin samples were carefully
exfoliated from this original monolith by using adhesive tape. These samples have
the form of irregular platelets with thickness around 6 pm and average lateral size
of 3 mm. Four of these new specimens were then irradiated with one of the two
ions, Mn™ and As™, with 20 keV energy at room temperature. Two different doses,
¢ = 0.5 x 10"%jons/cm® and ¢ = 1.0 x 10'%jons/cm?, were implanted for each
ion. No annealing was made after implantation in order to preserve the quenched
disorder produced by ion irradiation. The distribution of the implanted ions has an
approximately Gaussian profile, as determined by simulations based on the software
SRIM [37]. The implantations were carried out with the 500 kV Ion Implanter of the
Instituto de Fisica, UFRGS. The relevant parameters for the implantation processes
are listed in Table 1. Several of the exfoliated samples were not implanted. Four of
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Fig. 1 X-ray diffraction pattern
for SPI-I HOPG. The inset
shows the rocking curve
corresponding to the (002) line.
Line intensities are given in
arbitrary units (a.u.)

Intensity (a. u.)

F (002)

Normalized Intensity
T

20 30 40

Table 1 Parameters of the implantation processes in SPI-I HOPG

20 (deg)

Parameters Sample

Ton As Mn

Current (nA) 150 150 150 150
Energy (keV) 20 20 20 20
Fluence? (10'°cm=2) 0.5 1.0 0.5 1.0
Temperature (°C) 30 30 30 30
Depth® (nm) 16.4 16.4 18.0 18.0
Straggling (nm) 3.6 3.6 4.4 4.4
Concentration (%) 5 10 3.8 7.4
Sample label As(0.5) As(1.0) Mn(0.5) Mn(1.0)

4 Nominal fluence, as irradiated

Maximum of the Gaussian profile

them were selected for use as reference specimens in the Raman experiments. One of
these pure samples was also studied for its electrical transport properties.

2.2 Raman Spectroscopy

The Raman spectra for the SPI-I graphite samples were obtained at room temperature
and ambient pressure using a home-assembled micro-Raman apparatus equipped with
aHe—Nelaser. A Super Notch Plus filter was used to eliminate Rayleigh scattering. The
signal is analyzed by means of a Jobin Yvon spectrometer iHR320 model connected to
a CCD detector cooled with liquid nitrogen. A He—Ne laser with 632.8 nm wavelength
(red) and 10 mW incident power is focused through a 50x objective lens. The spot

diameter is about 2-3 pm.
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2.3 Resistance and Magnetoresistance Measurements

The electrical transport properties were measured with a Quantum Design PPMS®
system. The electric resistance experiments were carried out in the temperature
interval 2-250 K. The magnetoresistance was measured with at fixed temperatures
T = 2,3,5, 7and 10K as a function of the magnetic field in the range —4T
< B < 4T. The electrical measurements were made in a four-contact geometry
using a DC technique with 1 mA current. Gold wires were attached with silver paste
to four contacts previously deposited on one of the large sample surfaces. Special care
was taken with respect to the configuration for the electrical contacts placed on the
investigated samples. The pairs of current and voltage leads were deposited exclu-
sively on the irradiated surface of each sample, as depicted in the inset of Fig. 4.
Owing to the large planar anisotropy of HOPG, this contact configuration assures that
a significant fraction of current probes the superficial region of the samples including
the thin sheet that is modified by implantation [17,18]. Based on the anisotropy of the
HOPG conductivity and in the geometrical configuration of the electrical contacts, we
estimate that a large fraction of the current circulates within a layer with thickness of
the order 0.1 wm. This estimation is also based on the results obtained by Koren et
al. [38] who studied the anisotropic propagation of the electrical current injected on
the graphite surface. In our experiments, the applied magnetic field was kept parallel
to the c-axis (B//c) of the HOPG specimens, while the current flowed parallel to the
graphene planes.

The planar MR is defined as Ap/pp = (Ryx (B)—Rxx(0))/ Ryx(0). The resistance is
determined as R,y (B) = Vyx(B),i, where V. (B) is the longitudinal voltage mea-
sured in the presence of the magnetic induction B and i is the applied current. The
values so determined for R,, are sample dependent. At zero field and T = 250K,
resistances between 0.2 and 2 Q2 were measured, with average value R,,(0) ~ 1 Q.

3 Results and Discussion
3.1 Raman Measurements

The Raman spectra of four pure SPI-I graphite samples were registered. For each of
these samples, the Raman measurements were carried out by focusing the laser light on
two different points of their surface. For all samples and illuminated spots, the obtained
spectra do not display noticeable differences and are consistent with known results for
graphite [38]. Figure 2 shows a typical result. In panel (a) one observes the G-peak
around 1582cm™! that is due to the optical phonon E;, at the high symmetry point
I'. Also seen is the second-order D’-peak (or 2D-peak) situated around 2690 cm™!
that comes from a double-resonant scattering process at the K point symmetry [38]. In
panel (b) of Fig. 2 an enlarged view of the D’-peak is shown, where one observes that
a lower energy shoulder accompanies this peak. The green continuous lines in Fig. 2b
are Lorentzian fittings of the D’-peak centered at 2690 cm™! and of the shoulder,
which is centered at 2640 cm™!. The pink dashed line corresponds to the sum of the
two individual fittings. For all obtained spectra for the pure samples, the splitting
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Fig.2 Raman spectrum obtained at room temperature for a representative sample of SPI-I graphite. Identi-
cal spectra were measured in two different points of four investigated samples. Panel a shows the first-order
line (G) located at 1580 cm™! and the second-order (D) at 2690 cm™~!. Panel b shows an enlarged view of
the D’-peak and its shoulder at low energies. Green continuous lines are Lorentzian fittings for the individ-
ual D’-peak and its shoulder. The pink dashed line represents the sum of the individual Lorentzians. Line
intensities are given in arbitrary units (a.u.) (Color figure online)

between the main D’-line and its shoulder at lower frequency is about 50cm~!. The
positions of the D’-peak and that of the accompanying shoulder agree with reported
observations in Kish graphite [39] and HOPG [40]. The splitting of the D’-mode is
already visible in double-layer graphene and gradually evolves to the shape displayed
in Fig. 2b in films where an increasing number of graphene layers approaches that
characterizing the bulk behavior [40]. One should note that the almost coinciding
positions of the Raman shift in graphene and the left shoulder in the D’-line, as well as
other characteristics of these lines lead authors in Ref. [41] to propose that the shoulder
is reminiscent of Dirac electron transitions related to graphene monolayers present in
bulk graphite. Also, noticeable in the spectrum of Fig. 2 is the absence of the so-called
D-mode expected to occur at 1330 cm™~ !, which is attributed to disorder [39]. There
is no hint for the presence of the D-line in the eight Raman spectra collected from our
pure SPI-I HOPG samples. This fact certifies for the good crystalline quality of the
studied graphite.

Raman spectra were also obtained for SPI-1 HOPG specimens implanted with Mn™
and Ast ions. As previously stated, the used fluences were ¢ = 0.5 x 10' ions/cm?
and ¢ = 1.0 x 10'®ions/cm?. Figure 3 shows the Raman spectra obtained for the
implanted samples as compared to the corresponding spectrum for the pure SPI-I
graphite. For the studied ion energy, the nuclear stopping power largely dominates the
propagation of ions in the crystalline matter. In these conditions, the ionic implantation
usually generates considerable damage in the sample. Then, it is expected that the
disorder-induced D-peak becomes observable at quite low fluences, as indeed occurs
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Fig. 3 Raman measurements for the samples irradiated with As, shown in the panels to the left (a), and
Mn, shown in the panels to the right (b). The spectrum obtained for the pure sample is also shown for
comparison. The scale for the line intensity (in arbitrary units) is the same in all spectra (Color figure
online)

[31-33,42]. As the fluence increases to 10'% / cm? and above in non-annealed samples
[31] the D-line starts to convolute with the G-line, and strong broadening of the first-
order spectrum becomes evident. Meanwhile, the second-order D’-line also broadens
and its amplitude relative to that of the pure sample decreases [31,33]. It was shown
that implantation of N* and Ar* with fluence ¢ = 1.0 x 10'®ions/cm? at 20 keV
energy leads to a Raman spectrum identical to that of amorphous carbon [33]. As
shown in Fig. 3, the irradiation of both Mn™* and As™ produces a strong broadening
of the first-order Raman spectrum and a progressive suppression of the second-order
D’-peak. The spectra in Fig. 3 for the highest studied dose, ¢ = 1.0 x 10'¢ ions/cm?,
correspond to that observed for amorphous carbon. This observation indicates that,
in this case, the damage produced by implantation led to complete destruction of the
crystalline ordering near the irradiated surface of our HOPG samples.

3.2 Temperature-Dependent Resistance

Figure 4 shows the temperature-dependent electrical resistance for the pure and
implanted SPI-I samples in the interval extending from 7 =2 K up to 7' = 250 K.
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Fig. 4 Normalized longitudinal 2.0 T T T T T T
resistance versus temperature for i
SPI-1 HOPG in the pristine state 18L
and after irradiation with Mn and '
As in the quoted fluences. Inset <
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Results are normalized to Ry, = 1 in 7 = 250 K, since the inhomogeneous current
distribution resulting from the adopted electrical contacts configuration makes diffi-
cult the determination of absolute values for the resistivity of the studied samples [38].
The inset of Fig. 4 shows schematically the placement of the electrical contacts on the
sample surface. In all cases, R, (7T) is semiconductor-like. This behavior is typical
of SPI-I graphite sourced by SPi Supplies®, and it is attributed to the relatively low
heat treatment temperature to which these samples are submitted during the growth
process [43,44]. At low temperature, the resistances in Fig. 4 become almost temper-
ature independent. This particularity has been attributed to the opposite temperature
dependence showed by the hole mobility and the carrier density in this type of HOPG
[44]. As also shown in Fig. 4, the temperature dependence of the resistance in the
implanted samples is less pronounced than in the pure sample. Excepting the case of
the sample irradiated with ¢ = 1.0 x 10'®As/cm?, the normalized resistance for the
other implanted samples almost collapses into a single curve, showing that disorder
is the dominant effect produced by implantation.

3.3 Magnetoresistance

Figure 5a shows the planar magnetoresistance for the pristine and irradiated samples
measured at 7 = 2 K with applied fields in the interval 0 < B < 4 T. One observes
that SPI-I graphite has a giant MR when quantitatively compared to other multilayer
systems. However, its magnitude is significantly smaller than that observed in some
HOPG from other furnishers [18,36]. As shown in Fig. 5b, the MR amplitude in fixed
field and temperature increases significantly upon implantation and goes through a
maximum at ¢ = 0.5 x 10'%/cm?. In the higher fluence, Ap/po is systematically
reduced. A similar behavior of the MR was previously observed in other HOPG sam-
ples submitted to ion irradiation [17, 18], independently of the implanted ion. Thus,
this effect seems to be related to the disorder structure produced by irradiation rather
than to electronic doping by implanted impurities. In lower fluences, single-ion vacan-
cies are expected to be the dominant defects produced by irradiation [45]. Scattering
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Fig. 5 a Planar magnetoresistance of pure SPI-I sample and irradiated with As and Mn as quoted. Mea-
surements were carried out in the field interval 0 < B < 47 and fixed temperature 7 = 2 K. The average
value of the longitudinal resistances at zero field for the measured samples is Ryy(0) ~ 1.6 Q at T =2 K.
b Magnetoresistance amplitude in B = 47T as a function of the fluence (Color figure online)

produced by these defects somehow enhances the magnetoresistance. Considering that
the magnetoresistance in graphite is related to the orbital motion of carriers instead
of scattering, inhomogeneities play an important role in the transport properties when
producing meandering of the electrical current. If the regions encircling vacancies in
graphite become poorly conducting, an increase in the MR amplitude may be expected
[46]. On the other hand, our Raman results indicate that higher fluences lead to a com-
plete amorphization of the thin irradiated superficial layer. Amorphous carbon is well
known to display very small MR [6]. As shown in data of Table 1, the penetration depth
of the implanted ions amounts to 16 - 18 nm. This value is significantly smaller than
the thickness of the layer probed by the electrical current, that we estimate to be about
100 nm when taking in account the contact configuration and the typical conductivity
anisotropy of HOPG (o, /0, ~ 10~ [6]). Then, the superficial and amorphous layer
conducts in parallel to less damaged deeper layers, leading to a decrease of the overall
MR upon the subsequent augmentation of the fluence.

Shubnikov—de Haas oscillations may be observed superimposed to MR results
in Fig. 5a. The relatively small magnitude of the SdH oscillations of SPI-I HOPG
as compared to much stronger oscillations observed in graphite samples from other
sources, such as ZYA or GW [18,36,46] was explained in terms of the relatively less
pronounced surface roughness in SPI-I [36,47]. To extract the SdH oscillations from
the results in Fig. 5a, the second derivative (d2 Ryix/ dB?) was numerically calculated.
This simple procedure allows removing from the raw data most of the regular field-
dependent magnetoresistance. Typical d> R, /dB? results are shown in Fig. 6a.

The quantum fundamental frequencies F = (71 /27 €) Sextr, Where Sexyr 1S the extreme
cross-sectional area of the Fermi surface and other symbols have the usual meaning
[34], were obtained from the analysis of the dszx / dB? data with a fast Fourier
transform (FFT) software. The carrier effective masses were then calculated from the
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Fig. 6 a Representative d%Ryx / dB? data showing SdH oscillations for pure and implanted SPI-I graphite
at T =2 K as a function of the inverse of the induction. b Spectral intensity obtained from fast Fourier
transform analysis of the data in panel (a). The F, peak is identified to electron carriers. ¢ Normalized
amplitudes of the F, peaks in panel (b) as functions of the temperature. Solid lines are fittings to the LK
theory [34] (Color figure online)

temperature dependence of the normalized FFT amplitude (Aprr) by using the thermal
damping factor of the LK theory [34]. Due to the low SdH oscillation amplitudes, only
the three lowest studied temperatures (7 = 2, 3, 5K) could be used for estimating
AFFT.

Figure 6a shows the SdH oscillations obtained from the second derivative of the lon-
gitudinal resistance at 7' = 2 K. Figure 6b shows the spectral density of the d* R, /d B2
data obtained from fast Fourier transform. In all cases, the same quantum frequency
was observed, indicating that implantation does not produce carrier doping in HOPG,
as previously demonstrated [18]. Although graphite is a semimetal where hole and
electron carriers should be present [8,9], only a single Appr peak corresponding to
the electron pocket is visible in Fig. 6b [11-14]. This result suggests that transport by
electron carriers is largely dominant in SPI-I HOPG, probably due to larger electron
mobility. Data from Ref. [36] lead to the same conclusion. In Fig. 6¢, fittings (colored
lines) of the normalized FFT amplitudes versus temperature results to the LK theory
[34] are shown for all studied samples. Though limited to the lowest measured temper-
atures, these fittings describe the experimental data fairly well and allow the estimation
of the carrier effective masses. Since the observable FFT peak amplitude corresponds
to electrons, only the effective masses for this type of carriers could be estimated from
the LK theory. In Table 2, the values derived from our data for the fundamental fre-
quencies and effective masses are listed. The obtained results are within the range of
values reported for these parameters for pure HOPG [48]. Clearly, data in Table 2 do
not hint to a doping effect produced by ion implantation in SPI-I HOPG. The obtained
values rather point to impurity independent SdH fundamental frequencies and electron
carrier effective masses. Though the average ion penetration depth is roughly a sixth
part of the layer probed by the current, one might expect to observe systematic modi-
fications of the SdH fundamental frequencies and/or the electron effective masses in
the case of doping of graphite by the implanted ions. One must recognize, however,
that the superficial layers mostly affected by the implantation are severely damaged
and the carrier mean-free path become so small that the contribution of this region
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Table 2 Fundamental frequencies and electron effective masses deduced from SdH oscillations in SPI-I-
HOPG

Sample

SPI-I-Pure SPI-I-As(0.5) SPI-I-As(1.0) SPI-I-Mn(0.5)  SPI-I-Mn(1.0)
Frequency 6.08 6.23 6.22 6.22 6.23
Effective mass ~ 0.047 £0.013  0.049 +£0.001  0.044 £0.002  0.054 £0.001  0.048 4+ 0.003

of the sample to the SdH oscillations likely vanish. If the impurity concentration in
the layers beyond the average ion penetration depth remains insufficient to produce
doping effects, the SdH frequency and effective masses would not be modified. Nev-
ertheless, we notice that implantation produces sizeable, but non-systematic, effects
in the amplitude of the SdH oscillations, as shown in panel (a) of Fig. 6. In most cases
these amplitudes are larger in the implanted samples, which is expected with basis on
a resistivity enhancement due to disorder.

4 Conclusion

In this work, we have carried out Raman spectroscopy and electrical transport mea-
surements in pure and ion-implanted HOPG graphite, grade SPI-I. Arsenide and
manganese ions were implanted at low energy with two different fluences. The elec-
trical transport experiments were performed with non-uniformly distributed current
that flowed mostly near the irradiated HOPG surface. Raman experiments showed
strong modifications upon the ion irradiation. For a fluence ¢ = 0.5 x 10'/cm?,
independently of the implanted ion, the amplitude of the G-peak is largely depressed
due to the strong damage produced by irradiation. At this fluence, for both As and
Mn implantation, the amplitude of the planar magnetoresistance increases and goes
through a maximum, while the resistance versus temperature curves become flatter.
For the highest studied fluence, ¢ = 1.0 x 1016 /cmz, the irradiated surface becomes
completely amorphous, so that the G-peak is not observable in the Raman spectra. For
this fluence, the magnitude of the MR becomes smaller, indicating that the amorphous
carbon sheet near the HOPG surface conducts in parallel with deeper and less damaged
graphene-type layers still probed by the current.

The study of the Shubnikov—de Haas oscillations in the MR allowed the deter-
mination of the quantum fundamental frequencies and the effective masses of the
electron-type charge carriers. The obtained values are in accordance with those found
in the literature for pure HOPG. This result implies that the implantation of As or
Mn ions does not modify the carrier density of graphite. Effects related to the mag-
netic nature of the Mn impurities are not observed either. Consequently, the dominant
effect produced by implantation in HOPG is the disorder in the atomic positions,
independently of the irradiated ion. This disorder is particularly intense at the highest
applied fluence, ¢ = 1.0 x 10'®/cm?, and leads to amorphization of the material in the
superficial layer with thickness roughly corresponding to the ion penetration depth.
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