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(Received 19 January 2012; accepted 29 March 2012; published online 11 May 2012)

We report on magnetization, magnetoresistance, and Shubnikov-de Haas oscillations experiments
in Na-implanted samples of highly oriented pyrolitic graphite (HOPG). Different ion fluences were
applied so that samples with Na contents of 0.5, 1.0, 1.5, and 2.0 at. % were obtained in the
implanted region. Ferromagnetic-like hysteresis was observed in magnetization experiments where
the field was applied parallel to the graphene planes. The observed saturation moment increases
systematically as a function of the implanted ion concentration up to Na 1 at. %, where it goes
through a maximum before decreasing slightly towards Na 2 at. %. The planar magnetoresistance
amplitude at fixed field and temperature closely correlates with the saturation magnetization data.
This result suggests that the strong planar magnetoresistance in graphite is at least partially related
to a spin dependent mechanism. The magnetoresistance experiments also reveal the occurrence of
Shubnikov-de Haas oscillations. The characteristic frequencies and the effective masses could be
estimated and do not depend on the Na concentration. The reported experiments show that the
expressive enhancement observed in ferromagnetic-like response in Na-implanted HOPG is
primarily due to point defects produced by the implantation process. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4709731]

. INTRODUCTION

The observation of ferromagnetic and superconducting-
like hysteresis loops in highly oriented pyrolitic graphite
(HOPG)' has been an important motivation for the renewed
research activity aimed to understand the electronic proper-
ties of this system and carbon-based materials.> Specifically
concerning the magnetic behavior of graphite, a weak ferro-
magnetic response has been systematically encountered
superimposed to the strong diamagnetic background when
the field is applied parallel to the graphene planes.'
Although showing some sample dependence, the observed
ferromagnetic hysteresis cannot be simply attributed to the
effect of impurities. It is now clear that point defects play a
dominant role in the mechanism giving origin to ferromag-
netism in graphite.* Experiments of proton irradiation*
and theoretical calculations®’ indicate that vacancies and
vacancy-hydrogen complexes may induce magnetic
moments in this material. Studies using positron annihila-
tion in carbon ion implanted HOPG (Ref. 8) also show that
magnetic moments in this system are closely correlated to
the presence of vacancies.

On the other hand, magneto-transport experiments in
HOPG and Kish single crystal graphite clearly reveal quan-
tum phenomena such as the Shubnikov-de Haas (SdH)
oscillations”'? and the quantum Hall effect."'™'* The analy-
sis and interpretation of these results have been related to the
role of normal carriers”'" and Dirac fermions that are known
to govern the electronic properties of graphene.'''* An inter-
esting comparative analysis of the Berry phase effects
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between graphite and other two-dimensional electron sys-
tems is presented in Ref. 12.

In the present study, we carried out magnetic moment
measurements in conjunction with magnetoresistance experi-
ments in HOPG samples implanted with Na ions at different
fluences. Ferromagnetic-like hystereses were systematically
observed when the field was applied parallel to the graphene
layers. It is shown that the saturation moment is a non-
monotonic function of the implanted Na concentration and
correlates with the planar magnetoresistance measured at
fixed temperatures. Moreover, these experiments reveal the
occurrence of SAH oscillations. The characteristic frequen-
cies could be estimated and do not depend on the Na concen-
tration. The oscillation amplitude could be qualitatively
analysed using the Lifshitz-Kosevich theory.'> Our study
aims to investigate the effects of Na ion implantation on the
ferromagnetic response of HOPG, as well as to check for the
possibility of Na doping in the graphene atomic planes of
HOPG. Our findings are discussed in view of the effects pro-
duced by H and He irradiation®> as well as on observations
obtained from carbon ion implantation® in this system.

Il. EXPERIMENTAL

Four HOPG samples were cut out of a pellet sourced by
SPI supplies (SPI-1 grade).'® The samples typically have
dimensions 5 X 5 x 0.25 mm. Before any further processing,
some of these samples were submitted to particle induced
x-ray emission (PIXE) analysis. Impurities at the level of
12 ppm Fe and 5 ppm Ca were detected. One of the four

© 2012 American Institute of Physics
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samples was left pristine. The other four samples were sub-
mitted to Na implantation on one of their large faces. The
implantations were carried out at the 500 keV Ion Implanter
at the Instituto de Fisica, Porto Alegre. The fluences were
0.5, 1, 1.5, and 2 x 10'° Na/cm2 implanted in samples
labelled GNa-0.5, GNa-1, GNa-1.5, and GNa-2, respectively.
In all cases, according to the TRIM code,17 the distribution
of the implanted atoms has a Gaussian profile with center
180 nm below the irradiated surface and 40 nm half-width.
Concentrations of 0.5, 1, 1.5, and 2 at. % Na were obtained
near the peak of the Gaussian distribution for samples GNa-
0.5, GNa-1, GNa-1.5, and GNa-2, respectively. Table I lists
the relevant implantation parameters used in this study.
Magnetic measurements were performed in all the five
studied samples with a Quantum Design MPMS@ SQUID
magnetometer.'® For each sample, the magnetic moment
was measured in the applied field pyH = 0.01 T as a function
of temperature between 5 K and 300 K. Hysteresis loops
were collected at 7 = 30 K in the field range between —2 T
and +2 T. The field was oriented either parallel or perpen-
dicular to the c-axis in all magnetic experiments.
Magnetoresistance experiments were performed in all
the prepared HOPG samples. However, the investigation of
the quantum oscillation effects was limited to the virgin sam-
ple (labelled G-pure), and the GNa-1 and GNa-2 samples.
These experiments were carried out in a Quantum Design
PPMS@ system.'® Four in-line electrical contacts were
attached with silver paint to one of the large surfaces of the
studied samples. In the case of the Na-implanted samples,
the contacts were attached to the irradiated face. The magne-
toresistence was measured in the fixed temperatures 7 = 2 K,
5 K, and 15 K as a function of the magnetic field that was
changed in the range between —9 T and 49 T. In these experi-
ments, the magnetic field was kept aligned to the c-axis.

lll. RESULTS

Representative results for the anisotropic magnetization
of our samples are shown in Fig. 1. Measurements in the
non-irradiated G-pure sample are shown in fields between
—2 T and 42 T for the fixed temperature 7 = 30 K. The
axial magnetization M, obtained when the field is applied
parallel to the c-axis is depicted in Fig. 1(a). The dc suscepti-
bility calculated from these data is y, = —1.8 x 107> (SI)

TABLE I. Parameters for Na implantation in HOPG.

Samples
Parameters G(Na)-0.5 G(Na)-1 G(Na)-2
Energy (KeV) 120 120 120
Current (nA/cm?) 50 50 80
Temperature (°C) 30 30 30
Doses (10'°cm?) 0.5 1 2
At. % Na* 0.5 1 2
Depth (nm)° 180 180 180
Half-width (nm) 40 40 40

*At the maximum of the implanted distribution.
®Gaussian profile.
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FIG. 1. Magnetization of the virgin HOPG sample (G-pure) at T = 30 K in
fields applied (a) parallel and (b) perpendicular to the c-axis. The inset mag-
nifies the ferromagnetic-like hysteresis cycle observed in the low-field mag-
netization perpendicular to the c-axis.

(ory, = =33 %1073 emu,/g), which is accordance with val-
ues reported in the litterature.’ Figure 1(b) shows the planar
magnetization M,. The ratio between axial and planar dia-
magnetic susceptibilities is ./, ~64 at T = 30 K for G-
pure. Our HOPG has a rocking curve FWHM near 2°. The
susceptibility anisotropy can be much larger in samples hav-
ing smaller grain misalignment. In the implanted samples,
the susceptibility anisotropy decreases in proportion to the
Na concentration, so that y./y, ~47 in GNa-2. One clearly
discerns the small ferromagnetic-like contribution to the
bulk magnetization M, around B = 0, as magnified in the
inset of Fig. 1.

Figure 2 shows the planar magnetization loops for all
samples in the field range —2 T < B < 2 T. These cycles
were obtained from the M, measurements after discounting
the diamagnetic background. The shape of the inner loop as
well as the value of the coercive field do not vary appreci-
ably along the series. However, the saturation magnetization
M3“ varies systematically with the Na content, as depicted in
Fig. 3. One observes in this figure that M increases with
the implanted ion content up to 1 at. % Na, reaches a maxi-
mum around this concentration, then decreases slightly for
samples with higher Na content. The implantation effect is
quite expressive since M** in GNa-1 increases up to 40%
with respect to the value measured for the virgin sample.

Figure 4 shows representative results for the planar mag-
netoresistance as a function of the field applied parallel to
the c-axis. A schematic view of the geometry adopted in our
magnetoresistance experiments is shown in the inset of
Fig. 4. Since the four electrical contacts are placed on the
implanted face, the current is expected to flow mainly close
this surface owing to the enormous resistivity anisotropy of
graphite. Thus, in spite of the fact that implantation modifies
only a thin superficial layer of our samples, we expect that
the magnetoresistance experiments are indeed probing the
effects of irradiating HOPG with Na ions. The temperature
was kept fixed in T = 2 K and the field was swept between
—9 T and +9 T. Similar experiments were performed in
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FIG. 2. Hysteresis cycles measured in fields varying between —2 T and +2 T
when applied perpendicular to the c-axis of the studied Na implanted HOPG
samples. The diamagnetic background is subtracted.

temperatures 7 = 5 K, 15 K, and 50 K. In Fig. 4, the planar
magnetoresistance is plotted as
Apa pa<B> B pa(o)

=P~ Falt) 1
Pa pa(0) M

The field induced resistivity variation is very large,
much bigger than the giant magnetoresistance observed in
magnetic multilayers,'® and can be comparable with the col-
lossal magnetoresistance observed in some manganites.?
The magnetoresistance for the GNa-1 sample is the largest
among our samples and amounts to nearly 1000% at B = 5
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FIG. 3. Saturation magnetization at 7 = 30 K (represented as squares) of
the ferromagnetic-like response for the pure and Na-implanted HOPG sam-
ples and the corresponding planar magnetoresistance magnitudes (circles)
measured in poH = 5 T at the same temperature.
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20—
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FIG. 4. Magnetoresistance perpendicular to the c-axis as a function of the
applied field for the quoted samples. The measurements were performed at 7

= 2 K. The inset shows the configuration adopted for attaching the electrical
contacts and schematizes the expected current flow.

T. In Fig. 3, we plot Ap,/p, measured at B=5T and T = 2
K as a function of the Na content. A remarkable correlation
of the magnetoresistance amplitude with the M3 results is
observed. This correlation remains valid independently of
the field and temperature values used to measure Ap,/p,.

The occurrence of Shubnikov-de Haas oscillations are
discernible in the high field range of results in Fig. 4. In
order to magnify these quantum oscillations, we fit smooth
polynomials of the type r(B) = aB — bB* to each magneto-
resistance curve. We then subtract this average curve from
the measured data as

o _Ap(B)
bposc' - Pu 0) '(B) (2)

In Fig. 5, we plot dp,,. for G-pure in temperatures T =
2,5, and 15 K. Similar analyses were done for GNa-1 and

A |
WA 2K
l H\‘ ot Sy e mna # e |
s | sk
/\ 15K
0.0 ' 0.5 ' 1.0 ' 15
1/B(T™)

FIG. 5. Shubnikov-de Haas oscillations in the magnetoresistance of the vir-
gin HOPG sample at the quoted temperatures. The temperature dependence
of the oscillation amplitudes labelled as I and II were analysed with Eq. (3)
for samples GNa-1 and GNa-2.
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FIG. 6. Shubnikov-de Haas oscillations in the magnetoresistance of the vir-
gin and Na implanted GNa-1 and GNa-2 HOPG samples at 7 = 2 K. The
inset shows the amplitude of the fast Fourier transform applied to results for
the G-pure sample.

GNa-2. Figure 6 displays the oscillations observed in T = 2
K for these samples. In T = 50 K, we could not discern any
SdH oscillations in the magnetoresistance measurements.

IV. DISCUSSION

The measured saturation magnetization in our samples
is rather small. For the virgin sample, My,, = 5.2 A/m. This
corresponds to a magnetic moment p- = 5.0 X 105, per
carbon atom. Owing to the 12 ppm of Fe detected into our
HOPG samples, this moment could be explained if one
admits that about 20% of these impurities segregate into
clusters where the bulk Fe moment is preserved. However,
segregation of Fe in graphite has not been seen experimen-
tally.>’ On the other hand, several experimental
reports'*3%22 ag well as theoretical calculations®’** claim
that the ferromagnetic-like moments in graphite have origin
in point lattice defects. Vacancies and vacancy complexes
are supposed to be the more efficient defects to generate
moments in graphene and graphite.”** Indeed, the system-
atic enhancement of My, due to Na ion implantation indi-
cates that point defects of the type produced by ion
irradiation are at least partially responsible for the ferromag-
netic response in HOPG. We notice that the implantation
induced augmentation of M, is a substantial effect since
just a thin superficial layer of the samples is affected. For
instance, for G(Na)-1, the enhancement is M, ~2.1 A/m.
Normalizing this value with respect to the irradiated volume
(depth 200 nm), we estimate that the carbon moment induced
by implantation is dur- =~ 0.006p;. This value may be still
larger if the effective volume to be considered is the one
where the implanted impurities are located.

It is interesting to note in Fig. 3 that M, reaches a max-
imum around 1 at. % Na, then decreases for higher concen-
trations. This effect is probably related to the production of
vacancy clusters at higher fluences that should be less effi-
cient to generate moments in graphite. Results in Fig. 3 are

J. Appl. Phys. 111, 093922 (2012)

in qualitative agreement with experiments and calculations
reported by authors in Ref. 8, who stressed the role of vacan-
cies and vacancy complexes produced by carbon ion implan-
tation in the ferromagnetic response in HOPG. Our results
are also in accordance with expectations from theoretical
analyses®’*? that ascribe ferromagnetism in graphene and
graphite to spin polarization of 7 electrons around point
defects such as vacancies or chemically bounded impurities.
We notice that the observation concerning the saturation
magnetization in Fig. 3 resembles very much the effect of H
and He irradiation in graphite recently reported in Ref. 24.
On the other hand, the striking correlation observed in Fig. 3
between the amplitude of Ap,/p, measured at fixed field and
temperature with the M3 results suggests that, at least in
part, the planar magnetoresistance in HOPG is related to a
spin dependent scattering mechanism. This is a relevant find-
ing since the origin of the huge planar magnetoresistance in
graphite remains under discussion. '

In order to verify if a chemical functionalization of Na
occurs so that the electronic structure of HOPG is modified,
we perform an analysis of the SdH oscillations in our sam-
ples. From the positions of crests and valleys of oscillations
in results as those of Figs. 5 and 6, we guess that two SdH
frequencies with values fi,,, = 4.8(3) T and fjgn = 6.7(3) T
are present. However, from fast Fourier transform analyses
available in popular commercial softwares, we could only
clearly discern the lowest frequency with value fj,,, = 4.7(2)
T, as exemplified for the G-pure sample in the inset of
Fig. 6. This value is independent of the Na content. In spite
of the crudeness of our analyses and the narrow field range
where the SdH oscillations are observed, the lowest fre-
quency is in good agreement with the de Haas-van Alphen
period P, = 0.208 T, reported in Ref. 25, and the value
fiow =4.7 T found in the SdH and quantum Hall effect
experiments of Ref. 11. The Shubnikov-de Haas effect was
carefully and thoroughly studied in single crystal graphite by
Soule et al.’ These experiments aimed to the determination
of the Fermi surfaces of graphite, so that fields up to 24 T
were applied along many different orientations with respect
to the c-axis. The lowest frequency extracted from our
measurements matches the corresponding SdH period
reported in Ref. 9 for the H || ¢ orientation.

The lowest frequency fj,, is identified to electron-like
orbits” According to band calculations of graphite,”® electron
and hole-like small pockets are aligned successively along
the vertical HKH edges of the hexagonal Brillouin zone.
According to magneto-transport experiments, the electron
pocket is located around the central point K.?” The extremal
cross-section areas of the electron and hole Fermi surfaces
on the plane perpendicular to the c-axis may be estimated
from f(1/B) = 2me/hA.*® From our results, we estimate
A, = 4.6 x 10" m™~? for carriers assigned to the lowest SdH
frequency. Since this value is independent of the Na concen-
tration within the accuracy of our experiments, we conclude
that the implanted Na ions do not modify appreciably the
graphite band structure in the orientations perpendicular to
the c-axis. This finding suggests that the irradiated Na ions
might kick some carbon atoms off their lattice sites but do
not substitute them in HOPG.
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We push our SdH analysis further by fitting the tempera-
ture dependence of the oscillations amplitude with the
Lifshitz-Kosevich factor, '’

IT

Frx

where I' = 2n%kg /i The cyclotron frequency is given by
. = eB/m*, where m* is the carrier effective mass. A quali-
tative analysis could be done for oscillations that are labelled
as I and IT in Fig. 5. The corresponding oscillations were also
studied in the GNa-1 and GNa-2 implanted samples. The am-
plitude of each oscillation was estimated from averaging the
vertical distance between the labelled crests and the adjacent
valleys. Figure 7 illustrates the fit obtained for the tempera-
ture dependence of oscillation II to the Lifshitz-Kosevich
factor for the GNa-1 sample. Similar fits were obtained for
both oscillations I and II in the two other samples where the
SdH effect was studied. Table II lists the cyclotron frequen-
cies and effective masses obtained from these analyses.

The effective mass deduced from oscillation II, myj,
= 0.041(2)m,, is close to that identified to electron-like car-
riers in Ref. 9, where the value m*=0.039(1)m, is reported.
The carriers having effective mass m};, = 0.033(2)m,, identi-
fied from the low-field oscillation I, are not reported in Ref. 9.
However, a recent experimental study of the field induced
splitting of the HOPG electronic Raman spectrum into Lan-
dau levels® leads to an effective mass whose value is exactly
the same as that we have found for mj;;. Authors in Ref. 29 at-
tribute this effective mass to chiral fermions with Berry phase
27, also seen in graphene bilayers.*°

In the case of our study, the relevant point is that the Na
implantation does not modify the effective masses identified
from fitting the Lifshitz-Kosevich factor to the temperature
dependence of the SdH amplitudes in HOPG. This finding
further confirms that the implanted Na ions do not produce
significant doping in graphite. Probably, the Na ions do not
substitute the carbon atoms in this solid and occupy interca-
lation positions between graphene planes. The significant
increase of the ferromagnetic saturation moment resulting

0.3+ 4
h 5p05(,‘ — A - F
— 0.2 T sinh(CT) |
o’
oS

0.1 4

0.0 - T . . : : :

0 4 8 12 16

Temperature (K)

FIG. 7. Fitting of the Lifshitz-Kosevich factor (see Eq. (3)) to the tempera-
ture dependent amplitude of the oscillation denoted as II in Fig. 5, but for
the GNa-1 sample.
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TABLE II. Cyclotron frequencies and effective masses corresponding to
oscillations III and IV in the SdH spectra for the samples G-pure, G(Na)-1,
and G(Na)-1.

Oscillation Sample . (10%s71) m*/m,

1II G-pure 1.00 0.035
G(Na)-1 1.13 0.031
G-(Na)-2 1.08 0.033
Average 0.033(2)

v G-pure 1.62 0.040
G(Na)-1 1.62 0.040
G(Na)-2 1.53 0.043
Average 0.041(2)

from the Na implantation must then be attributed to site dis-
order produced in this process.

V. CONCLUSIONS

We carried out magnetization and planar magnetoresist-
ance measurement in highly oriented pyrolitic graphite samples
implanted with Na. From the magnetic measurements per-
formed with field applied perpendicular to the c-axis, we were
able to extract the ferromagnetic-like contribution to the mag-
netic response of graphite. We showed that the ferromagnetic
saturation moment varies as a function of the Na implantation
fluence. This moment increases significantly with the impurity
content up to 1 at. % Na at the implanted region, reaches a maxi-
mum around this concentration, then decreases slightly upon
further implantation. The amplitude of the planar magnetoresist-
ance shows a strong correlation with the ferromagnetic moment
along the series of Na-implanted HOPG samples, suggesting
that a spin dependent scattering mechanism have to be consid-
ered to explain the magneto-transport properties of graphite.

Shubnikov-de Haas oscillations are seen in the planar
magnetoresistance when the experiments are performed with
field applied in the orientation perpendicular to the graphene
planes. The characteristic SdH periods as well the effective
masses deduced from the temperature dependence of the os-
cillation amplitudes do not depend on the implanted Na con-
centration. This result indicates that Na does not substitute
the carbon atoms and the graphite intrinsic electronic proper-
ties remain largely unaffected by implantation, at least in the
orientation of the graphene planes.

The magnetoresistance results lead us to conclude that the
expressive enhancement of the ferromagnetic-like response in
Na-irradiated graphite is primarily due to defects produced by
the implantation process. Likely, point defects as isolated
vacancies or small vacancy complexes are the most effective
to generate magnetic moments since the enhancement of the
saturation magnetization goes through a maximum at low im-
plantation fluences. As a final remark, our results show that a
significative enhancement of the ferromagnetic response in
graphite may be induced by ionic implantation.
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