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Sample-Size Effects in the Magnetoresistance of Graphite
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Conduction electrons in graphite are expected to have micrometer large de Broglie wavelength as well
as mean free path. A direct influence of these lengths in the electric transport properties of finite-size
samples was neglected in the past. We provide a direct evidence of this effect through the size dependence
of the magnetoresistance, which decreases with the sample size even for samples hundreds of micrometers
large. Our findings may explain the absence of magnetoresistance in small few graphene layers samples
and ask for a general revision of the experimental and theoretical work on the transport properties of this

material.
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It belongs to physics’ basics that the wave nature of the
electrons must be invoked via the de Broglie wavelength
Agg = h/p when they are confined in regions of the order
of A4g (p is the particle momentum). Similarly to the role
that the atomic lattice constant plays to electron diffraction
phenomena, the size of the sample is of importance for
defining the properties of the system if it becomes of the
order of A4g. In usual metals this happens in the nanometer
range. Graphite, however, is extraordinary because the de
Broglie wavelength for massless Dirac fermions Agg ~
hvp/Ep (vp = 10° m/s is the Fermi velocity and Ep <
100 K the Fermi energy) or for massive carriers Aqg =
h/\2m*Ep (with effective mass m* < 0.01m) as well as
the two-dimensional Fermi wavelength Ap = (27/n)"/2,
are of the order of microns due to the low carrier density
n =< 10'° cm~2 and low effective mass.

In the semiclassical description of the electronic trans-
port properties of metals a la Boltzmann, widely applied to
graphite, the electrons are treated as particles of mass m*
with a group velocity v = h_1§kE(lz) of a fairly well
“localized”” wave packet. However, semiclassical theory
may not be applicable when the coherence length, the
Fermi wavelength, as well as the mean free path of the
carriers are of the order of the sample size. In these con-
ditions Boltzmann’s transport theory may not be a good
approximation and all kinds of finite-size effects should
appear. For example, what is the meaning of the classical
cyclotron radius r, =~ m*vp/eB~0.05 um at B~1T
when the wavelength of the electrons Agpp~ 1 um?
The Onsager quantization that gives rise to the de Haas-
van Halphen and Shubnikov-de Haas oscillations also
needs to be reconsidered because now the wave vector
might not be a continuum for micrometer size samples.
We note that electrons in graphite give us the unusual
possibility to study electron optics phenomena in macro-
scopic samples.
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Apparently, the question of what happens when the
graphite sample size is reduced has not been correctly
addressed in the past and the experimental data may need
a new interpretation. The aim of this Letter is to analyze
experimentally the behavior of the ordinary magnetoresis-
tance (OMR) in highly oriented pyrolytic graphite samples
upon their macroscopic size and the effects of a con-
strained region. We found that the smaller the size of a
graphite sample or a constraint in it, the smaller the OMR
is. Surprisingly, the effect is already noticeable at hundred-
of-microns-large samples providing an unequivocal evi-
dence for the huge mean free path (or elastic coherence
length) and wavelength of the carriers in this material.

In order to carry out a systematic study we have per-
formed experiments in different highly oriented pyrolytic
graphite (HOPG) samples from Advanced Ceramics or
Structure Probe, Inc., with mosaicities 0.4° *= 0.1°, 0.8° =
0.15°, and 3.5° = 0.4°. The smaller the mosaicity, the
higher the orientation of the crystallites is, but their size
remains practically similar for the mosaicity range used
here. The results presented in this Letter are from HOPG
samples with mosaicities of 0.4° and 0.8°. Results for
larger mosaicity will be presented elsewhere. The advan-
tage of using HOPG of good quality is that due to the
perfection of the graphene layers and low coupling be-
tween them, a low two-dimensional carrier density n ~
10'°-10'"" cm™2 is obtained [1-3]. This value is much
smaller than in typical few graphene layers (FLG) samples
[4] probably due to lattice defects generated by the used
method to produce FLG samples and/or surface doping.
Other advantage of using HOPG samples is that the prepa-
ration procedure for macroscopic sample size (from mm to
pm) is rather simple enhancing the reproducibility and
also the possibilities of checking different geometries.

The graphite samples of thickness between ~10 um
and ~40 um were prepared by peeling from HOPG using
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double sided tape. The samples were then glued with
varnish onto silicon substrates. Electrical contacts were
made by using silver loaded cryogenic epoxy in the usual
four-point arrangement for resistance measurements. The
used current was between 1 ©A to 100 mA. The sample
width was reduced by cutting the sample with a diamond
tip (wide cuts). Also we changed the voltage electrode
distance without changing the sample size. For small con-
strictions we used a FEI Novalab 200 dual beam scanning
electron microscope (SEM) with a crossing focus ion beam
(FIB). This setup allows us well-defined production of
rectangular constraints of different lengths and widths
between the voltage electrodes and to study their influence
on the OMR. We have produced constrictions of microme-
ter size and not in the nanometer range because we are
interested to know at what sample size or constriction
width one starts observing size effects. Part of the experi-
mental studies were done at room temperature and 77 K
and a few samples were cooled down to 4 K. The magnetic
field was applied always perpendicular to the graphene
planes of the HOPG samples.

Electron backscattering diffraction (EBSD) was per-
formed with a commercially available device (Ametek-
TSL). In this setup the sample under investigation was
illuminated by the SEM beam and the diffracted electrons
were detected by a fluorescence screen and a digital cam-
era. The TSL software was used to calculate the orientation
of the HOPG surface as function of the electron beam
position. Figures 1(a) and 1(b) show the same 600 X
200 um? area of a HOPG sample. Figure 1(b) shows the
distribution of the ¢ axis of the hexagonal unit cell at the
graphite surface depicted by the spreading of the (red)
color. The grain distribution can be also seen in Fig. 1(a)
where the in-plane orientation is recognized by the (blue-
green) color distribution. In Fig. 1 we see that the typical

FIG. 1 (color online). Inverse pole figures maps from EBSD
measurements of the HOPG surface showing the in-plane (a) and
the c-axis orientation (b) of the crystallites on the sample
surface. The scan size is ~600 X 200 ,u,rnz; the size of the
domain patterns matches the results of EFM measurements [16].

crystal size in HOPG (0.4°) is of the order of several
micrometers. Upon defect concentration in the crystals
and their influence on the effective carrier density, one
estimates Agg r = 1 uwm. Therefore, we expect that size
effects might be seen at relatively large sample or con-
striction size. All these numbers already suggest a situation
very different from that found in metals, where size effects
in the magnetoresistance may start to be seen when the
sample size reduces to ~20 nm or less.

We would like to note also the following. The electron
mean free path L, that is relevant to our measurements is
due to inelastic processes because the resistance is mea-
sured, although we cannot exclude that part of it is due to
an elastic change of momentum. Usually, size effects are
expected when L, is comparable to or larger than the
crystallites size, which in our case is <10 um, see
Fig. 1. The results presented below indicate, however,
that sample-size effects on the OMR start to be seen at
sample sizes 2 orders of magnitude larger than the classi-
cally estimated L, ~ m*vyu/e = 1 um, taking into ac-
count a mobility u ~ 10® cm?/V's [5], a value 10-10?
larger than those found in typical FLG. Comparing our
results and these estimates we realize that due to the
extraordinary large carrier wavelength Ap 45, phenomena
as wave diffraction and interference should play a signifi-
cant role in the electronic conduction, and size effects
might be seen at sample sizes much larger than any clas-
sically estimated value of L,. In other words, if the results
obtained in these studies for graphite apply also for FLG
one would expect a measurable size effect for samples of
micrometer size and L, = 0.1 um. In fact, quantum os-
cillations have been seen in experiments and explained in
terms of quantum effects [6].

Figure 2 shows the dependence of the OMR defined as
[R(0.5 T) — R(0)]/R(0) with the sample width measured
at 300 K (@, [J) and 77 K (*) (right axis). Note that the
sample width changes between 1 cm and 80 um. The
OMR clearly decreases from ~40% for a macroscopic
sample to ~20% for a still relatively large constricted
sample of 80 wm. The data (@) also indicate that the
OMR saturates for a sample width =1000 um. In Fig. 2
there are points for another HOPG sample (L) prepared
similarly, which shows the same trend. The decrease of
OMR is also clearly observed at 77 K (). This result is
quite spectacular because the reduction is a factor of 2 at
300 K and nearly a factor 10 at 77 K, even if the sample
size is ~20-100 times the (estimated) mean free path or
the Fermi wavelength.

One may speculate that due to the method used to reduce
the width of the sample we are introducing defects and this
is the reason for the observed decrease of the OMR. To
check that this is not the case we have done two more
experiments that are described below. The reason is that by
reducing temperature the mean free path increases and
quantum, nonclassical effects start to affect larger areas
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FIG. 2 (color online). Magnetoresistance as a function of
sample’s width size in micrometers. The data were taken from
three HOPG samples of mosaicity 0.4° at 300 K (@, [J, %), left
axis, and a sample of 0.8° at 77 K (*), right axis. The width of
the samples described by the points (@, [J, *) were changed
using a diamond tip. The line is only a guide to the eye. The
width values of the sample described by the symbol (%) mean
the distance between the voltage electrodes without changing the
sample dimensions. Inset: magnetoresistance R(B)/R(0) vs ap-
plied field for a HOPG sample with a constraint width of 16 um
at 270 K and 4 K. The dashed (red) line follows the function
70|B|"4 + 1.

of the sample. Note that HOPG samples have Dirac and
massive electrons [3] and the former have a tremendously
large mean free path (several tens of microns) and these are
likely the ones that reduce the OMR at large sample size.

In the same Fig. 2 we show the change of OMR at 300 K
for a HOPG sample changing only the distance between
voltage electrodes from ~1 cm to ~100 um (%). The
same tendency is observed, i.e., the OMR decreases nearly
logarithmical with the sample width or electrode distance.
This phenomenon is also observed if we produce a rectan-
gular constraint of small length ~2 wm, much smaller
than the sample width =~ 500 um, and located at the
middle between the voltage electrodes (distance
~500 pwm) on a HOPG sample (0.4°), see Fig. 3. The
constraint length is so small that in principle one does
not expect any change in the OMR. In fact, at 270 K the
value obtained for the OMR for this sample is = (.30 (at
B = 0.5 T, see inset in Fig. 2), in agreement with the data
shown in Fig. 2. In other words, at this temperature we
measure the OMR coming from the sample bulk. The inset
in Fig. 2 shows the parabolic behavior of the OMR at 270 K
for the sample with a constraint width of 16 um; this
behavior remains independent of the constraint width in
the measured range.

However, at lower temperatures, due to the increase of
the mean free path the influence of the constraint might be
not negligible anymore. In agreement with this expecta-
tion, we observed a clear dependence of the OMR with
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FIG. 3. Magnetoresistance of a HOPG sample (0.4°) as a
function of applied magnetic field at different widths of a
constraint localized in the middle of the voltage electrodes, at
4 K. The constraint widths were (1.8, 16,35, 500) wm corre-
sponding to the symbols: (A, %, O, ). The straight line has a
field dependence B'? and the dashed line B!7. Inset: magneto-
resistance defined as R(0.5)/R(0) vs constriction width. The line
is a logarithmic fit to the data.

constraint width at 4 K, see Fig. 3. The inset in this figure
shows the magnetoresistance defined as the resistance ratio
R(0.5)/R(0) versus the width of the constraint where a
logarithmic dependence is clearly observable. Two impor-
tant details of these results are worth to mention. The
observed influence of the constraint remains even for mac-
roscopic large widths, see inset in Fig. 3. Note that the
measured magnetoresistance is given by two contributions,
one coming from the sample bulk, which remains as a
constant background, and the other due to the influence
of the constraint.

All the results presented above point out to phenomena
that in a metal do not happen at least at the scale of the
graphite samples. Our results show that reducing the sam-
ple size the OMR reduces. If we extrapolate the overall
sample size to a few micrometers or below we expect a
negligible OMR, as has been experimentally observed for
graphite samples of size of the order of ~50 pum to less
than 100 nm [7,8]. We note also that the reported OMR
data in FLG samples indicate practically the absence of
OMR [9-11] in comparison with that observed in bulk
HOPG, which is of the order of 5000% at ~0.5 T and at
low temperatures [1], see Fig. 3. Apparently, the sample
size in the experiments with FLG’s is what strongly re-
duces the OMR and not their thickness, even if the classi-
cally estimated L, would remain much smaller than the
typical FLG lateral size.

There is still a behavior that we would like to remark
about the OMR. At 270 K the OMR increases quadratically
with field (see inset in Fig. 2) while at temperatures below
~100 K it behaves quasilinearly (see Fig. 3 and inset in

216601-3



PRL 99, 216601 (2007)

PHYSICAL REVIEW LETTERS

week ending
23 NOVEMBER 2007

Fig. 2). This is an experimental fact that is well-known for
graphite and other semimetals. Abrikosov [12,13] sug-
gested that this phenomenon takes place in the Landau
level quantization regime of the Dirac fermion system,
i.e., above a certain minimum field. However, note that
this quasilinear OMR is also observed at very low fields
[=0.01 T, see, for example, the data (M) in Fig. 3]. Our
explanation is again in terms of electron mean free path
and the role played by the platelets of ~10 um size
approximately conforming HOPG (see Fig. 1). When the
mean free path of the electrons is of the order or larger than
the platelets size, then electrons reflect and are being trans-
mitted coherently at the borders of the platelets and quan-
tum currents circulate creating Hall-like potentials. This
circulation of quantum currents at the platelets edges (see
Fig. 1) produces a quasilinear behavior with field of the
OMR. A similar picture has been discussed to interpret
experiments done with a Corbino disk geometry in HOPG
[14] and disordered semiconductors [15]. This is the same
thing that happens in optics with the reflection of waves
between different media. At room temperature the mean
free path is smaller than the platelets size and the quantum
currents at the border of the platelets do no exist. In this
case we recover the classical parabolic Ohmic behavior of
the OMR. This appears to be the explanation for the two
regimes of OMR at low and high 7. Temperature depen-
dent measurements of the resistance with constraints pro-
vide an estimate of the mean free path and its temperature
dependence L, ~ 1-4 X 10T~ umK!> for T > 10 K.

The OMR 4 K data for different constraint widths shown
in Fig. 3 indicate that the low-field exponent increases from
1.2 to 1.7 decreasing the size of the constraint. This be-
havior is due to electron localization at small fields that
shows a OMR dependence of the type ~B~%3. The change
of slope in Fig. 3 is a clear manifestation of this effect.
Localization effects are reflected also in a noise behavior of
the OMR at low fields.

In conclusion, our studies reveal a rather spectacular size
effect in the transport properties of graphite, specially in its
magnetoresistance. The influence is observable up to mac-
roscopic sample size of the order of several hundreds of
micrometers, orders of magnitude larger than the estimated
mean free path. We suggest that this is due to not only the
large mean free path but also the Fermi wavelength of the
carriers (Dirac as well as massive electrons) in graphite.
Our results indicate that when the sample size is of the
order or smaller than the Fermi wavelength or mean free
path, the classical Boltzmann transport theory becomes
gradually not valid, in particular, when the estimated clas-

sical cyclotron orbits are much smaller than A, L,. For
these sizes the wave vector of the carriers might conform a
discrete set of quantum numbers and therefore the quanti-
zation of orbits requires to have this into account. Our
observations provide a possible answer to the almost ab-
sence of OMR in FLG’s reported in the literature.
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