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a b s t r a c t

We report on magneto-transport experiments in a high-quality sample of highly-oriented pyrolytic
graphite (HOPG). Magneto-resistance and Hall resistivity measurements were carried out in magnetic
inductions up to =B 9 T applied parallel to the c-axis at fixed temperatures between T¼2 K and T¼12 K.
The sample was submitted to three subsequent irradiations with As ions. The implanted As contents
were 2.5, 5 and 10 at% at the maximum of the distribution profile. Experiments were performed after
each implantation stage. Shubnikov-de Haas (SdH) oscillations were observed in both the magneto-re-
sistance and Hall-effect measurements. Analyses of these results with fast Fourier transform (FFT) lead to
fundamental frequencies and effective masses for electrons and holes that are independent of the im-
plantation fluences. The Hall resistivity at low temperatures shows a sign reversal as a function of the
field in all implanted states. We interpret the obtained results with basis on a qualitative model that
supposes the existence of an extrinsic hole density associated to the defect structure of our sample. We
conclude that the As implantation does not produce a semiconductor-type doping in our HOPG sample.
Instead, an increase in the extrinsic hole density is likely to occur as a consequence of disorder induced
by implantation.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Carbon-based materials in different allotropic forms have at-
tracted much attention over the years because of the large variety
of their physical properties, as well as to the great importance of
their technological applications. For sp2 hybridization, the solid
carbon structure is known as graphite. This system may be viewed
as a stack of weakly coupled graphene atomic planes [1]. De-
pending on the stacking sequence of the layers, graphite can have
three types of stacking: a simple hexagonal AAA-stacking [2], the
most common Bernal ABA-stacking [3], and the ABC-stacking [4].

The electronic properties of ABA graphite have been first stu-
died by Wallace [5], who showed that neglecting out-of-plane
interactions, the system behaves as a zero-gap semiconductor.
Later on, using the k p. method and treating the out-of-plane in-
teractions as a perturbation, Slonczewski and Weiss [6] proposed a
3D band model, nowadays known as the Slonczewski-Weiss
model (SW), which is based on seven phenomenological hopping
parameters. These authors concluded that graphite is a semi-metal
with a small band overlap along the H-K-H edge of the hexagonal
first Brillouin zone [6]. Analyzing results obtained from de Haas–
van Alphen oscillations [7], McClure [8] showed that the band
overlap is about 0.03 eV, contrasting with the value γ ∼ 0.31 eV
predicted by the SW-model. This author also showed that carriers
with low effective masses give origin to a small Fermi surface (FS)
formed by elongated pockets of electrons and holes ordered suc-
cessively along the H-K-H edge. Recent results on the electronic
structure of graphite obtained from ARPES measurements in Ber-
nal-type samples [9] are in good agreement with the theoretical
predictions of the SW-model and the experimental analysis by
McClure.

Carrier properties such as small FS, low density, small effective
masses, and large mean free path lead graphite to reach the
Landau-level quantization condition in rather low applied mag-
netic fields when compared to usual metallic systems [10].
Quantum phenomena such as Shubnikov-de Haas effect (SdH) in
magneto-transport properties [11,12], de Haas-van Alphen effect
in magnetization [7,13,14], quantum Hall effect [15–17] and os-
cillatory Nernst effect [18,19] have been observed in highly or-
iented pyrolytic graphite (HOPG) and natural single-crystal gra-
phite in magnetic inductions as low as B¼1 T . Concerning the
experimental study of quantum phenomena in graphite an
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Fig. 1. Longitudinal resistivity versus temperature in the HOPG-GW sample for all
studied fluences. Upper insert: electrical contact configuration; VXX and VXY are the
longitudinal and transversal voltage, respectively. The implanted region is re-
presented by the grayish upper layer. Lower inset: residual resistivity measured at
T¼2 K for different fluences.
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interesting approach is to explore the possibility of doping this
system in order to modulate its FS. Along this line of investigation,
the tuning of the electronic properties of HOPG has been at-
tempted by means of ionic implantation [20–24] and proton or
neutron irradiation [25,26]. While inconclusive with respect to
doping, these studies revealed that the weak ferromagnetic re-
sponse of graphite observed when the magnetic field is oriented
parallel to the graphene planes is enhanced by defects and va-
cancies created by irradiation [25,27–29].

In this work we report on magneto-transport experiments in a
HOPG sample implanted with As ions at different fluences. In
these experiments, the magnetic field was applied perpendicular
to the graphene layers. We find that the Hall resistivity and the
planar magneto-resistance amplitude vary significantly with the
content of implanted As ions. Moreover, superimposed to the
Boltzmann-type charge transport, quantum oscillations in mag-
neto-resistance (MR) as well as in the Hall effect (HE) were ob-
served. The fundamental frequencies could be estimated from
analysis of the results with fast Fourier transform (FFT) and were
found to be independent of the As content. Cyclotron effective
masses were estimated from the amplitudes of the peaks for each
measured temperature by using the thermal damping factor of the
Lifshitz-Kosevich (LK) theory [30]. We discuss the possibility for
the occurrence of As doping in the graphene planes of graphite.
Our results are discussed taking into account the apparently con-
tradictory outcomes obtained from the Boltzmann-type electrical
conduction and the quantum effects in the magneto-transport
properties of our As-implanted graphite.
Table 1
Parameters for As implantation in HOPG.

Parameters Sample

Procedure Step 1 Step 2 Step 3

Current (nA) 50 50 120
Energy (KeV) 20 20 20
Fluencea (1016 cm�2) 0.25 0.50 1.00
Temperature (°C) 30 30 30
Depthb (nm) 16.4 16.4 16.4
Straggling (nm) 3.6 3.6 3.6
Concentration (%) 2.5 5 10
Sample label GW-As (0.25) GW-As (0.50) GW-As (1.00)

a Nominal accumulated fluence at the maximum of implanted distribution.
b Gaussian profile.
2. Experimental

A highly oriented sample of pyrolytic graphite was cut out from
a pellet sourced by the Great Wall Company. The full widths at
half-maximum (FWHM) of the studied HOPG is 0.39 degrees [31].
The sample has dimensions × ×3.2 1.5 0.26 mm. In the pristine
state, the sample is labeled GW-Pure. The magneto-transport
properties of this specimen were studied previously to the im-
plantation processes, so that GW-Pure is considered as a reference
sample. The same HOPG piece was submitted to three subsequent
As implantations on one of its largest faces. The fluence for the
first implantation process was ×0.25 1016 ions/cm2. The As con-
tent attained 2.5 at% at the center of the implantation profile. This
state of the sample is labeled GW-As (0.25). After completion of
the magneto-transport measurements, this same piece was further
implanted until the accumulated fluence was ×0.5 1016 ions/cm2

and the As concentration reached 5 at%. In this state the sample is
named GW-As (0.5). Measurements were then repeated. In third
process the attained fluence was ×1.0 1016 ions/cm2 and the total
As concentration attained 10 at% at the peak of the implantation
profile. In this case, the sample is named GW-As (1.0). Magneto-
transport experiments were performed in this case as well.

The condition ωℏ ⪢k TB B , where ωB is the cyclotron frequency,
can be easily satisfied for graphite at low temperatures. However,
the condition ω τ⪢1B , where τ is the transport relaxation time, may
not be fulfilled even at T¼0. When both conditions are satisfied, it
is possible to study quantum effects in the magneto-transport
properties of graphite using a conventional superconductor sole-
noid. We then perform magneto-resistance and Hall-effect mea-
surements using a commercial Quantum Design PPMS@ system at
the fixed temperatures T¼2 K, 3 K, 5 K, 7 K and 12 K as functions
of the magnetic field that was changed in the range between �9 T
≤ ≤B 9 T. The temperature dependent electrical resistivity at zero
applied field was also measured between 2 K and 300 K. Mea-
surements were carried out with the AC technique option using a
1 mA current. Six electrical contacts were deposited with silver
paste on the sample surface oriented parallel to the graphene
planes, as shown in the upper insert of Fig. 1. Gold wires were
attached to these contacts. For the Hall voltage detection, contacts
placed on opposite edges of the sample surface were used. For the
resistivity and magneto-resistance experiments, the contacts for
current and voltage were aligned. This same surface was exposed
to As implantation. Since the thickness of the GW piece is much
larger than the penetration depth of the implanted ions, special
care was taken to dispose the electrical contacts exclusively on the
irradiated surface in order to detect appreciable effects from im-
plantation in the magneto-transport measurements. Due to the
huge anisotropy of the electrical transport in HOPG [32,33], we
assume that placing the current contacts close to each other and
the voltage contacts in-between ensures that a large fraction of the
current intensity probes the superficial implanted region. Detailed
studies of the spreading resistance in HOPG using circular metallic
contacts of nanometric size justify this assumption [33].

The implantations were carried out with the 500 keV Ion Im-
planter of the Instituto de Física, UFRGS. The ionic implantation
parameters were obtained from the software Stopping and Range
of Ions in Matter (SRIM) which is based on Monte Carlo statistical
simulation [34]. The distribution of the implanted atoms has a
Gaussian profile with center 16.4 nm below the irradiated surface
and 3.6 nm straggling. Table 1 list the relevant implantation
parameters used in this study.



Fig. 2. a) Normalized magneto-resistance for the HOPG-GW sample measured at T¼2 K as a function of the magnetic field for all fluences, as indicated. (b) Reduced
magneto-resistance measured in B¼5 T and T¼2 K as a function of the fluence. (c) As in panel (b), but for the non-normalized MR, ( ) ( )ρ ρ ρΔ = −B 0xx xx .
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In order to keep the background quenched disorder intact, the
samples were not annealed at high temperatures before per-
forming the magneto-transport measurements.
3. Results and discussion

In the magneto-transport experiments carried out in this work
the magnetic field was kept parallel to the c-axis of the HOPG
sample, while the current was applied parallel to the graphene
planes. The normalized MR is defined as

( ) ( ) ( )ρ ρΔ = −⎡⎣ ⎤⎦R B R R/ 0 / 0xx xx xx xx0 , where the longitudinal re-
sistance Rxx(B) is measured in the presence of the magnetic in-
duction B. The Hall resistivity was obtained from the average of the
transversal resistance at positive and negative fields as
ρ = [ ( ) − ( )]R B R d0 /2xy xy xy , where d is the sample thickness. This
method for measuring the Hall effect was adopted to eliminate any
spurious signal due to the longitudinal resistivity caused by un-
avoidable misalignment of the Hall contacts. We remark that
presenting the MR and Hall resistivity data in terms of the globally
measured longitudinal and Hall resistances is a just practical
procedure useful for quantitatively comparing results obtained
from samples cut from different pieces of the original HOPG pellet.
In fact, the reported absolute values for ρxx and ρxy are non-tri-
vially related to parallel associations of resistances and Hall vol-
tages that are pertinent to a sample formed by a thin region
modified by ion irradiation lying above pristine HOPG where the
current flow is non homogeneous because of the adopted elec-
trical contact configuration.

3.1. Longitudinal resistivity

Fig. 1 shows the temperature dependence of the longitudinal
resistivity measured in the studied GW-HOPG sample for all im-
plantation fluences. From room temperature down to about 140 K
the sample has a semiconductor-like behavior, regardless of the
implantation. Subsequent irradiations produce small increments
in the resistivity magnitude at high temperatures. A crossover to a
metallic-like behavior is observed at low temperatures. It is well-
known that commercial HOPG and single-crystal graphite may
have a semiconductor and/or metallic-like behavior according to
the origin of the sample and conditions for its preparation [35].
Different morphological features produce qualitative and quanti-
tative modifications in the electrical transport properties of gra-
phite [35]. The growth temperature of HOPG samples also influ-
ences the resistivity of this system [36], probably because of
changes on the energy bands related to the heat-treatment tem-
perature [37]. The crossover from ρ ( ) <d T dT/ 0xx to ρ ( ) >d T dT/ 0xx
has been associated to the pronounced two-dimensional character
of the electronic conduction in graphite [38]. Alternatively, this
crossover can be accounted for by competing contributions of the
electron and hole carrier densities and their respective mobility
[36].

A relevant feature in the results of Fig. 1 is the significant de-
crease of the residual resistivity (measured at T¼2 K) in GW-As
(0.25). The inset in Fig. 1 shows the variation of the residual re-
sistivity as a function of the implantation fluence. The decrease of
the residual resistivity for the GW-As(0.25) state is of unknown
origin, but is undoubtedly an effect of implantation. A possibility is
that the point defects (vacancies) produced in low fluences give
origin to less resistive channels for planar electron conduction. At
higher fluences, defects as vacancy complexes and amorphization
may prevail, destroying the highly conductive channels.

3.2. Magneto-resistance

Fig. 2(a) shows the planar magneto-resistance measured at
T¼2 K with field applied perpendicular to the graphene planes for
all implantation states. In the pristine state (GW-Pure), the MR
amplitude reaches (Δρ/ρ0)E400 at the maximum induction,

=B 9 T. This amplitude is two times larger in GW-As (0.25). The
MR amplitude in the subsequent implanted states increases
slightly with respect to that for GW-Pure and varies proportionally
to the fluence. Fig. 2(b) shows the reduced MR in B¼5 T and
T¼2 K as a function of the fluence. The pronounced maximum
observed for GW-As (0.25) is mostly due to the smaller resistance
at zero field for this state of the sample. Fig. 2(c) shows the non-
normalized magneto-resistance measured at the same field and
temperature as in panel (b). There one observes that a small but
steady increase of Δρ(B¼5T) occurs when the fluence is increased
up to ×0.5 1016 ion/cm2, then becoming constant with further
fluence augmentation. This behavior is similar to that previously
observed in Na-implanted HOPG [29] and suggests that the As
implantation produces small modifications in the electronic
properties of graphite.

Extremely large MR is a common characteristic of compensated
semimetals with high mobility carriers as Bi [39–42],
Cd3As2[43,44], NbP [45], and WTe2[46]. The origin of the giant
magneto-resistance in graphite is often considered as a Lorentz
force effect in a two-band conducting system with rather small
effective mass carriers [47]. This mechanism, however, predicts a
MR saturation in the high field limit, ω τ⪢1B . Usually, one considers
that this limit in graphite is reached for fields ≥B 1 T, since SdH
quantum oscillations in MR are detectable at this field magnitude.
The absence of any tendency to MR saturation in our graphite
sample, even when the applied field is close to its maximum value,
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might be taken as an indication that a significant fraction of the
carriers in this system propagates with rather short relaxation
time. Other interpretations may be found for the ever increasing
MR of graphite. For instance, it was recently proposed that the
large and almost linearly field dependent MR in graphite is due to
a time-reversal symmetry breaking effect that quenches or con-
fines excitations that are responsible for both the electrical
transport in the graphene planes and the strong diamagnetic
signal observed in response to magnetic fields applied perpendi-
cularly to these planes [48].

Fig. 2(a) shows that the MR oscillations in graphite cease for
fields around B¼8 T, where the quantum limit is reached for the
electron-type carriers. The quantum limit for hole carriers is ex-
pected to occur at a lower field value [49,50].

The standard LK theory for quantum oscillations in the MR
predicts that

ρ
ρ

π γΔ ∝ −
( )

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦⎥R R R

F
B

cos 2 .
1

T D S
0

Terms appearing in Eq. (1) are: (i) RT is the temperature
damping factor, given as ( ) ( )κ κ=R aT B aT B/ /sinh /T , where
κ = 14.7 T/K is a constant, and = *a m m/ e is the effective mass
normalized to the free electron mass; (ii) RD is the Dingle factor
[51], given by ( )−=R aT Bexp /D D , where TD denotes the Dingle
temperature; (iii) RS is the spin-splitting dependence of the am-
plitude oscillation, π= ( − )R gacos /2S , where g is the Landé factor;
(iv) F is the fundamental frequency; and (v) γ is a phase factor,

γ≤ ≤0 1.
We analyze the SdH oscillations in the magneto-resistance in

terms of the numerically determined second derivative, ρd dB/xx
2 2,

so that the contribution of the monotonic contribution to the MR
is largely suppressed. In Fig. 3(a), we plot d2Rxx/dB2 obtained from
measurements carried out at T¼2 K as a function of B1/ for all
implanted states. Similar results were obtained for the other stu-
died temperatures, though a significant broadening of the oscil-
lation spectrum occurs for ≥T 4 K. Fig. 3(a) clearly shows that the
relevant range of magnetic fields for observing SdH oscillations in
graphite is limited to < <− − −T B T0.25 2.51 1 1.

The results shown in Fig. 3(a) were analyzed by fast Fourier
transform (FFT). The outcome of this analysis is shown in Fig. 3(b).
Fig. 3. (a) Second derivative d2ρxx/dB2 versus B�1 for GW–Pure, GW-As (0.25), GW-As (0.5
(b) Fast Fourier transform (FFT) of the data plotted in (a), indicating the relevant freque
The observed peaks correspond to two distinct fundamental fre-
quencies and their first harmonic. The results in Fig. 3(b) are in a
good agreement with previous determinations of the fundamental
oscillation frequencies in graphite, including those obtained using
other techniques [32]. With basis on the Onsager relation [52],

( )π= ℏF e S/2 extr, which states that the frequency of the quantum
oscillations is proportional to an extreme area of the Fermi surface,
it has been shown that the lowest frequency, ≃F 4.6h T , corres-
ponds to the hole pocket of the FS, whereas ≃F 6.4e T is associated
to the electron pocket [12].

Results in Fig. 3(b) do not hint at the occurrence of shifts in-
duced by As implantation in the fundamental frequencies of SdH
oscillations in our GW-HOPG graphite. This fact does not rule out
completely the possibility for the existence of some doping pro-
duced by the implanted ions. However, such an effect would not
be significant enough to change the extreme areas of the FS. We
notice that experiments similar to ours, but using proton irradia-
tion were performed in a high quality HOPG sample (ZYA grade,
0.40 mosaic spread) [25]. This study also does not reveal appre-
ciable carrier-doping effects for fluences up to 10 /16 cm2. Only for a
fluence as high as 10 /17 cm2 the effects of proton irradiation on the
quantum oscillations were reported to become appreciable [25].

Fig. 4(a) shows the FFT analyses carried out for all implanted
states in several temperatures. One clearly observes that the values
for the hole (Fh) and electron (Fe) frequencies do not change with
temperature. This behavior shows that the extreme areas of the FS
are temperature independent in the low-T regime. Fig. 4
(b) displays the amplitudes of the FFT peaks for holes and elec-
trons plotted as a function of temperature. These amplitudes were
fitted to the thermal damping factor RT of the LK theory, as given
by (1). The fittings allowed us to estimate the carriers' effective
masses for the studied fluences, as listed in Table 2.

Table 2 shows that the effective masses for both holes and
electrons remain constant upon implantation in our GW-HOPG.
Moreover, the listed values of effective masses are in accordance to
those reported in the literature for pure graphite [32]. Thus, the
study the SdH oscillations in our sample does not reveal sizable
modifications produced by As implantation in the electronic
properties of graphite.
) and GW-As (1.0) determined at T¼2 K. The curves are shifted vertically for clarity.
ncies.



Fig. 4. (a) Spectral intensity obtained from the FFT analyses of the oscillatory MR component in our GW sample for the studied implantation states. Data were obtained in the
quoted temperatures. (b) Fittings of the FFT peaks amplitude to the thermal damping factor of the LK theory. Squares (black) correspond to the hole frequency Fh and open
circles (red) to the electron frequency Fe. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
SdH fundamental frequencies and effective masses for the GW-HOPG sample in
different implantation states.

Sample Fh
a Hole effective mass Fe

b Electron effective mass

GW-Pure 4.59 0.029 6.43 0.046
GW-As(0.25) 4.59 0.029 6.43 0.047
GW-As(0.5) 4.59 0.030 6.43 0.041
GW-As(1.0) 4.59 0.028 6.43 0.044

a Fundamental frequency for hole carriers.
b Fundamental frequency for electron carriers.
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3.3. Hall effect

Fig. 5(a) shows the Hall resistivity as a function of the applied
field for all As-implanted states of our HOPG-GW sample at T¼2 K.
Contrasting with the longitudinal magneto-resistance, the Hall
resistivity is strongly dependent on the As implantation. Also re-
markable is the sign reversal that occurs in ρxy at characteristic
applied fields * ≃B 7 T in the pristine sample and * ≃B 4 T in the
implanted states. Qualitatively distinct Hall effect results have
been reported for graphite to which different interpretations have
been proposed [53–56]. The remarkable differences among the HE
results reported for graphite indicates that this property depends
crucially on extrinsic morphological aspects of the sample. Likely,
this is also the case for resistivity, magneto-resistance and the SdH
oscillation amplitude. Concerning the results in Fig. 5, it appears
that in applied fields below B* the Hall resistivity behaves ap-
proximately as predicted by the two-band model for Boltzmann-
type transport to which SdH quantum oscillations are
superimposed.

Within the two-band model, the Hall resistivity varies non-
linearly with the applied field, except in the asymptotic low
( ω τ⪡1B ) and high ( ω τ⪢1B ) field limits. In low fields this model
predicts that the Hall resistivity is given by [57]



Fig. 5. (a) Hall resistivity ρxy measured at T¼2 K plotted as a function of magnetic field for all implantation states. Vertical arrows denote the position of B* (B* ¼ 7 T for the
pure sample; B* ¼ 4 T for the implanted samples) (b) The same case as in (a) but for the field region where most of the quantum oscillations occur. (c) Fast Fourier transform
of the data in (b).
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where e is the absolute value of the electron charge, ( )nh e and μ ( )h e

are the density and mobility of hole (electron) carriers, respec-
tively. According to results in Fig. 5(a), in very low applied fields
the Hall constant RH is negative and practically independent of the
As implantation. Supposing that RH is entirely due to electrons in
this field limit, one calculates ≥ ×n 2.8 10e

18 cm −3 using Eq. (2)
with nh ¼ 0. This value is in fairly good agreement with other
estimations for the electron density in graphite [53].

Above ≃B 0.3 T, the Boltzmann-type contribution to the Hall
resistivity deviates from linearity. For ≥B 0.5 T, quantum oscilla-
tions become increasingly discernible, in agreement with the MR
data. Above this field, the deviation of ρ ( )Bxy towards positive va-
lues is enhanced for larger fluences. The Hall resistivity becomes
positive above * ≃B 7 T for GW-Pure and * ≃B 4 T for the im-
planted states. The change of the Hall signal is not an universal
characteristic of all commercial graphite samples, though this
feature was observed previously [12,49,58]. In our sample, ρ ( )Bxy

increases continuously up to highest applied field above the sign
reversal. In the results of Fig. 5(a), one observes that quantum SdH
oscillations of large amplitude are superimposed to an approxi-
mately quadratic behavior of ρ ( )Bxy in the high-field range. Ana-
lyses of the SdH oscillations using the Hall resistivity data were
carried out by performing derivatives as in the case of magneto-
resistance. Most of the relevant oscillations occur in the field range
between 0.5 T ≤ ≤B 4 T. As shown in Fig. 5(b), FFT analysis of the
oscillatory contribution to ρ ( )Bxy leads to the same fundamental
frequencies obtained previously from the MR results. These fre-
quencies do not shift visibly upon As-implantation. In the highest
applied fields, the observed shoulders in ρ ( )Bxy are related to spin-
splitting of the lowest Landau level for the electron pocket [59].

Eq. (2) offers a simple scenario to understand the overall be-
havior of the non- oscillatory contribution to the ρxy results in
Fig. 5, provided that a significant fraction of the hole carrier den-
sity is not submitted to Landau quantization. These extrinsic holes
might come from a narrow band related to defect structures in
HOPG, and their contribution to the hole density is probably
sample dependent. In the specific case of our sample, the ion
implantation is a source for defects, since it generates structural
damage and may induce amorphization in the superficial atomic
layers of graphite [60]. Charge transport by the extrinsic hole
carriers should be present in the whole studied field range. In the
proposed model, the deviations of ρ ( )Bxy towards positive values as
the field magnitude continuously increases and the subsequent
sign reversal can be understood as consequences of the decrease
in the electron density ne available for Boltzmann-type transport
caused by condensation of electron carriers into Landau levels. The
electron density should be reduced upon field increase at least
until the lowest Landau level quantization is attained for electron
carriers around ≃B 9 T [50]. The same condensation into quan-
tized orbits must occur for intrinsic holes having low effective
mass, but without affecting too much the total hole density nh, so
that the numerator of Eq. (2) eventually becomes positive at some
value of the applied field. At this point one might also consider the
possibility for the occurrence of a magnetic freezing-out of elec-
tron carriers to explain the sign reversal of the Hall effect in our
HOPG-GW sample [32]. This effect comes from carrier localization
by impurity centers due a decrease in the screening radius of the
local potential induced by the magnetic field. Though the carrier
freezing-out is a well-known effect in narrow band-gap semi-
conductors [61], it is doubtful that it can be relevant in graphite in
the range of fields applied in our study [62].

The effect of As implantation is large in the Hall resistivity,
contrasting with the small changes induced in the resistivity and
magneto-resistance. However, the effect is qualitatively the same.
For a fixed value of the applied field, increasing the impurity
concentration up to As 5 at% produces a corresponding increase in
the Hall resistivity. Then, similarly to observations in the MR
measurements shown in Fig. 2(c), ρxy remains constant with fur-
ther increase of the concentration up to As 10 at%.

Implantation at low fluences is known to produce vacancy
defects in HOPG [28]. Vacancies in the graphene planes are ex-
pected to act as strong scattering centers for electron carriers, thus
leading to a decrease in μe that further enhances the difference in
the numerator of Eq. (2) upon implantation. To locally preserve
charge neutrality, creation of vacancies in graphite also produces
additional extrinsic holes. This effect would partially restore the
total carrier density, so that it could explain the fact that relatively
small changes in resistivity and magneto-resistance occur in con-
sequence of implantation in our GW-HOPG sample.

We remark that the hole density increment upon implantation
is not a conventional doping effect. Indeed, one would expect that
As entering as a substitute to a C atom in graphite plays as a donor
impurity. According to known results, hole doping produced by
implantation in HOPG seems to be rather associated to disorder
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produced by irradiation than to the valence of the implanted ion
with respect to that of carbon [25,63].
4. Conclusions

Systematic magneto-transport measurements were carried out
in a commercial Highly Oriented Pyrolytic Graphite sample
sourced by the Great Wall Company. After being studied in the
pristine state, the sample was submitted to three subsequent im-
plantations with Arsenic ions. The fluences were chosen so that
the As content at the center of the implantation profile is 2.5, 5 and
10 at%. Experiments were performed after each implantation
stage.

The in-plane magneto-resistance, measured in fields up to B¼9
T and in temperatures as high as T¼12 K, is strongly positive and
its magnitude increases with fluence up to ×0.5 1016 ion/cm2, then
saturates. Quantum Shubnikov-de Haas oscillations were observed
superimposed to the MR monotonic response. Using fast Fourier
transform, the SdH oscillations were analyzed so that the funda-
mental frequencies for electrons and holes were extracted from
the data as well the effective masses for both types of carriers. The
obtained values of fundamental frequencies and effective masses
are in agreement with those reported in the literature. Moreover,
frequencies and effective masses were found to be independent of
fluence. This result indicates that the implanted As atoms do not
modify the intrinsic electron and hole densities in graphite.

The Hall resistivity shows a sign reversal as a function of the
field. In low applied fields, the Hall coefficient is negative, in-
dicating dominance of the electron current. The characteristic field
where the Hall sign changes to positive depends on the fluence.
The amplitude of the Hall resistivity at fixed field and temperature
increases with fluence up to ×0.5 1016 ion/cm2, then stabilizes, as
in the magneto-resistance. Quantum SdH oscillations were also
observed superimposed to the monotonic contribution to the Hall
resistivity. Analysis of these oscillations with FFT leads to the same
results as those obtained from magneto-resistance.

We interpret our magneto-transport results by proposing a
scenario where an extrinsic and significant contribution to the
hole density takes part in the Boltzmann-type electronic conduc-
tion. These holes have large effective masses, and transport by
them occurs in the whole range of applied magnetic fields. The
sign reversal of the Hall effect may then be understood as a con-
sequence of the increasing trap of electron carriers into Landau
levels as the field magnitude is augmented. Arsenic implantation
plays the role of a disorder inducer that reduces the electron
mobility and generates some enlargement in the extrinsic hole
density.

As a general conclusion, our results strongly suggest that As-
implantation does not produce doping in the usual sense. In
contrast to expectations from the semiconductor theory, according
to which As should act as a donor impurity, implantation in gra-
phite mostly affects the hole concentration as a consequence of
disorder rather than of atomic substitution.
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