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G
raphene, a newly discovered two�
dimensional monolayer carbon ma-
terial, has attracted intense atten-

tion recently because its unique electronic
transport properties have shown remark-
able application potential in nanoelectronic
devices.1�4 The low-energy quasi-particles
of graphene are found to be chiral and
massless Dirac fermions, which contributes
to many exciting properties; such as the
anomalous quantum hall effect.5�11 The
electronic transport properties of graphene
can be controlled by the application of
external electric or magnetic fields, or via
the setup of graphene topology, that is,
zigzag or armchair configurations.12�14

When two monolayer graphenes are stac-
ked together, they form the so-called bilayer
graphene, which has a quadratic low-en-
ergy band structure. Bilayer graphene is
reported to exhibit tunable bandgap15,16

and giant intrinsic carrier mobility,17 which
are close to semiconductor properties. The
focus of graphene study is gradually ex-
tending to structures with higher numbers
of layers or few-layer graphene (FLG). A
number of experimental and theoretical ana-
lyses have shown that FLG possesses features
that are different from that of monolayer and
bilayer graphene.18,19 Three to five layer gra-
phene is the subject of considerable interest,
as the layer stacking configurations compli-
cate the electronic interactions.20,21 Trilayer
graphene has a complex band structure
where it contains a combination of two
near-linear and four parabolic conduction
bands, the former is similar to that of mono-
layerwhile the latter is similar to that of bilayer
graphene.22,23 A gate-tunable overlap band-
gap in trilayer graphene was subsequently
reportedwhich leads to the conclusion that it
is a semimetal.24 Nonetheless, the theoretical
understanding and experimental study of
FLG is still not as established as that of

monolayer and bilayer graphene. The influ-
ence of layer stacking onto theband structure
and transport properties still require further
experimental investigations.
In this letter we report on the electronic

and magneto-transport properties of me-
chanically exfoliated five-layer graphene.
An anomalous temperature-dependent re-
sistance was observed. The resistance be-
havior was characterized by three distinct
regions. Below 50 K, the resistance de-
creases linearly under the influence of Cou-
lomb scattering; while above 250 K, the
short-range scattering is dominant, leading
to a linear increase with temperature.
However, between these two temperature
ranges the measured resistance oscillates
with increasing trend. This is attributed
to the transition from the Coulomb to
the short-range scattering. Two different
stacking configurations in the five-layer gra-
phene contribute to the oscillatory resis-
tance property. These properties have not
been observed in any graphene structures.
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ABSTRACT We report on the first observation of an anomalous temperature-dependent

resistance behavior in coupled Bernal and rhombohedral stacking graphene. At low-temperature

regime (<50 K) the temperature-dependent resistance exhibits a drop while at high-temperature

regions (>250 K), the resistance increases. In the transition region (50�250 K) an oscillatory

resistance behavior was observed. This property is not present in any layered graphene structures

other than five-layer. We propose that the temperature-dependent resistance behavior is governed

by the interplay of the Coulomb and short-range scatterings. The origin of the oscillatory resistance

behavior is the ABCAB and ABABA stacking configurations, which induces tunable bandgap in the

five-layer graphene. The obtained results also indicate that a perpendicular magnetic field opens an

excitonic gap because of the Coulomb interaction-driven electronic instabilities, and the bandgap of

the five-layer graphene is thermally activated. Potentially, the observed phenomenon provides

important transport information to the design of few-layer graphene transistors that can be

manipulated by a magnetic field.
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Perpendicular magnetic field induces an excitonic
bandgap, leading to a lower conductivity. The ob-
tained results are important for the illustrated fact that
measurement magnetic field dependence of resis-
tance for these electron densities is used as a qualita-
tive proof for the opening of an energy gap.

RESULTS AND DISCUSSION

To identify and confirm the layer precision of our
graphene sample, we have carried out contrast spectra
measurement of different layers of graphene samples.
As shown in Figure 1a, the contrast spectra provides a
quantitative guide to the visual confirmation of gra-
phene layers.25�28 To ascertain that our sample struc-
ture is a five layer graphene, micro-Raman spectros-
copy measurement was employed via the 2D-band
deconvolution procedure.29�31 The inset of Figure 1a,
clearly depicts the G and 2D band of the respective
graphene layers. Additionally, we have also used AFM
to measure the thickness of five-layer graphene. The
AFM image and height profiles of the five-layer gra-
phene are shown in Figure 1b. The height of the
graphene sample is 2.155 nm which is slightly larger
than the theoretical value of (0.334 nm� 5= 1.670 nm).
This difference is attributed to a “dead” space between
the graphene sample and SiO2 substrates.

3,4

Shown in Figure 2a is the current�voltage (I�V)
relationship of five-layer graphene at different tem-
peratures and magnetic fields. The magnetic field
was applied perpendicularly to the plane of the
graphene. Also shown in the inset is an optical
micrograph of a typical four-terminal configuration
that is used for the transport measurement. The
linear I�V relationship indicates that the five-layer
graphene behaves as a linear resistor in nature. The
increase in resistance as the temperature is reduced
is typical of an intrinsic semiconductor property. On
the other hand, for a fixed temperature, the resis-
tance increases with increasing perpendicular mag-
netic field. Such a behavior indicates that an opening
of the energy gap due to the application of per-
pendicular magnetic fields has caused resistance
increase. The four-terminal magnetoresistance mea-
surements of the five-layer graphene for tempera-
tures 2�50 K is shown in Figure 2b. The measured
resistance is plotted as resistance per square, so
that it is independent of the sample size. For tem-
perature lower than 20 K, the measured resistance
drops quickly when a relatively small field (0.2 T)
is applied. As the temperature increases the drastic
phenomena of magnetoresistance is diminishing.
This is the characteristic of weak localization effect,
which originates from the intervalley scattering
because of atomically sharp scatters in a realistic
graphene sheet.32�35 The suppression of the weak
localization property is mainly dependent on the

trigonal warping of the graphene bands,36�38 result-
ing in an asymmetry of the carrier dispersion with
respect to the center of the corresponding valley. This
is the first observation of a weak localization effect in
five-layer graphene, and our systematic multilayer
graphene investigations reveal that the weak localiza-
tion effect becomes more pronounced when the num-
ber of graphene layers is increased from two to five.23

Figure 2c shows a close-up view of the resistance
transition region at low temperatures where the weak
localization effect is significant.
In FLGs, each Landau level at energy En is assumed to

be 4-fold degenerate due to 2-fold spin degeneracy
and 2-fold sublattice symmetry. The application of a
magnetic field induces sublattice symmetry breaking,
and the gap formation is caused bymany-body correc-
tion in the Landau level.39,40 The gap as shown in
Figure 3a, is excitonic in nature and increases with√
B. The four-terminal resistance measurements of

five-layer graphene at large magnetic field, in the

Figure 1. (a) Contrast spectrummeasurement of graphene.
Inset shows comparison of Raman spectra at 532 nm for
mono- to six-layer graphene. The position of G peak and the
spectral features of 2D band indicate the number of gra-
phene layer. (b) AFM height profiles indicated by the red
box in the inset AFM topographic image of five-layer
graphene. Inset show the height profiles of monolayer
graphene. Scale bar represents 5 μm.The height of
monolayer and five-layer is 0.654 nm and 2.155 nm,
respectively.
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temperature range of 4�340 K is shown in Figure 3b.
The measurements reveal that the longitudinal resis-
tance Rxx has a nonlinear relationship with magnetic
field strength. It is in contradiction with the Zeeman
spin-splitting model, where the Zeeman spin-splitting
gap is given by

Δz ¼ gμBB (1)

where g is the free-electron g-factor g = 2 and μB is the
Bohr magneton.41 The origin of the smooth resistance
increment is the splitting of Landau level that gives
rise to a bandgap opening at zero energy level.39,42

This is ascribed to the attractive interaction between
electron�hole pairs that forms a condensation gap
when Coulomb interaction is included. The dotted line
in Figure 3b is a fit following the relationship

Rxx∼exp[ �ΔE=kBT] (2)

where kB is the Boltzmann constant, and ΔE is the
energy gap.41,42 As ΔE is proportional to

√
B, we can

rewrite that as

Rxx � exp(
ffiffiffi
B

p
=kBT) (3)

This equation is ingoodagreementwithour experimental
data. This behavior differs from that of monolayer and
bilayer graphene, where the resistance increases nonli-
nearly with magnetic field strength and exhibits plateau-
like phases. As such, our results reveal that the additional
layer in five layer graphene as compared to mono and
bilayer graphene significantly screens the ripple effect.
One should note that weak localization is not the

origin of the positive magnetoresistance as seen in
Figure 2b. A possible mechanism for the positive
magnetoresistance in the five-layer graphene sample
is charge inhomogeneity.43 The conductivity around
the charge neutral point, dominated by charge dis-
order, creates electron and hole puddles in the
sample.44 Within the Drude model, a conductor with
electrons and holes may show large transverse magne-
toresistance, due to the electrons and holes developing
components of drift velocity perpendicular to the current,
giving rise to zero net transverse current. Both holes and
electrons are present at finite temperatures in graphene.
Such a two-fluid system having equal mobility for both
typesof carriers, canyieldpositivemagnetoresistancedue

Figure 2. (a) Current�voltage characteristics of five-layer graphene at temperatures 4 and 340 K. The measurements show an
Ohmic behavior irrespective of thepresenceof an appliedmagneticfield. Top corner inset is anopticalmicrographof our graphene
four-terminal configuration. Bottom corner inset shows contrast spectrameasurements of one to six layers of graphene structures,
the number of graphene layers in our samples canbeprecisely determined via this opticalmeasurementmethod. (b). Four-terminal
resistance measurement of five-layer graphene as a function of magnetic field at different temperatures. At low temperatures the
resistance drops quickly when a relatively small perpendicular field is applied; it increases slightly before saturation when the field
strength is further enhanced. This phenomenon isgradually diminishingwhen themeasurement temperature is increased from2 to
20 K and completely disappears at 50 K. This observation indicates the presence of aweak localization effect in five-layer graphene.
(c) A close-up view of the resistance transition region at low temperatures where the weak localization effect is significant.
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to a net drift velocity perpendicular to the applied current
at finite magnetic field.43,45

The resistance of the charge carrier in graphene is
greatly influenced by scattering mechanisms. The
main scattering mechanisms in FLG are Coulomb
scattering,46 short-range scattering45 and phonon
scattering by graphene phonon.47 These scattering
mechanisms are strongly dependent on temperature.
To understand the effect of crystallographic stacking
orders on the scattering mechanisms, we have carried
out a systematic study of the transport properties of
pure ABABA and ABCAB graphene structure. In Figure
4a,c,e, we present the normalized resistance RT/RT=340K
of the two different crystallographic stacking orders in
five-layer graphene as a function of temperature,
under the conditions of zero and 12 T magnetic fields.
The measured resistance decreases monotonically as
the temperature is increased from 2 to 340 K, irrespec-
tive of the magnetic field strength. The higher resis-
tance observed confirms the opening of an excitonic
energy gap in the five-layer graphene when a perpen-
dicular field of 12 T is applied. The temperature de-
pendence of mobility in five-layer graphene is mainly
determined by Coulomb and short-range scatterings,
which are caused by the source of impurities and
defects, respectively. To deduce the five-layer gra-
phene mobility, we first assume that the scattering
charge centers are at the SiO2�graphene interface
and the short-range scattering is a constant.48 The

transport scattering rate can be written as

1
τ(Ek)

¼ 2πni
p

Z
k0

d2k0

(2π)2

�����
V(q)
ε(q)

�����
2

�(1þ cos θkk0 )(1 � cos θkk0 ) δ(Ek � Ek0 ) (4)

according to the Fermi-Golden rule, where V(q) is the
matrix element of the scattering potential, θkk0 is the
angle between the scattering in and out wave vector k
and k0, ε(q) is the 2D finite temperature static random-
phase-approximation dielectric function appreciate for
graphene, ni is the concentration of the impurity
center. The energy average scattering time can be
expressed as48

Æτæ ¼
Z

dEk Ekτ(Ek) � Df
DEK

� �
=

Z
dEk Ek � Df

DEK

� �

(5)

where Ek is the wave vector energy, τ(Ek) is the trans-
port scattering rate. The density-of-states function in
five-layer graphene is a constant:

D(EF) ¼ 2m�
πp2

(6)

where the Fermi energy is EF = p2k2/2m* = p2πn/2m*.
From the Boltzmann equation of mobility:

μ ¼ eD(EF)vF2(τ)
2n

(7)

we can obtain the mobility of five-layer graphene as

μ5 layers ¼ eÆτæ
m� (8)

By using theMatthiessen's rule the overall mobility can
be expressed as45

μtotal
�1 ¼ μC

�1 þ μSR
�1 (9)

where μC, μSR are the mobility of Coulomb scattering
and short-range scattering, respectively. It has been
shown by Zhu et al.48 that the Coulomb scattering is a
strong function of temperature,

μ5 layers � kBT (10)

and the short-range scattering is independent of
charge density in FLG. With that deduction, we can
use the following expression to fit the measured
resistance for five-layer graphene:

R5 layers ¼ RC-5 layers þ RSR-5 layers (11)

where we find RC-5 layers = 1/((aþ bT) 3 ne), RSR-5 layers = c,
and a, b, and c are the fitting parameters. Themodel fits
well with the obtained measurements as shown in
Figure 4a,c,e. The value of the short-range scattering
parameter has increased when the five-layer graphene
is subjected to a magnetic field, indicating the influ-
ence of external magnetic field on lattice defects.49�51

These considerations explain qualitatively why the

Figure 3. (a) Illustration of the five-layer graphene bandgap
and Landau level splitting under the application of a
magnetic field. The zero-energy state with respect to up-
spin electrons and down-spin holes make an excitation
condensation gap due to the attractive Coulomb force
between a hole and an electron. (b) Resistance measure-
ment with a larger magnetic field range of the five-layer
graphene at different temperatures. The results show that
the magnetoresistance nonlinear increase with magnetic
field strength at the different temperature. The line is fits
following the relationship Rxx � exp (

√
B/kBT).
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resistance of five-layer graphene decreases with in-
creasing temperature. This is further evidenced by the
increase in resistance as themagnetic field is increased.
Weplot the relative change in resistance,ΔR=RB=12T�

RB=0T as a function of temperature in Figure 4b,d,f. As
shown in Figure 4b,d f, the results indicate that the
relative resistance dependence on temperature be-
tween the ABCAB flake and ABABA flake is qualitatively
different. We argue that this remarkable relative resis-
tance dependence on temperature originates from
different crystallographic stacking orders in the five-
layer graphene, which strongly influence their electro-
nics properties.51�53 Thebandstructure is dependent on
the stacking and the perpendicular field in layered
graphene.18 Recent studies18,53�55 have shown that
the stacking of Bernal (ABA) graphene samples exhibit
stability with semimetallic property, while rhombo-

hedral (ABC) graphene samples show tunable band gap
as induced by a perpendicular electric field. Rui et al.56

have reported that the line shape and width of the
Raman 2Dmode provides a useful tool for identification
the characterization of stacking order with respect
to the Bernal and rhombohedral in FLG. The inset
of Figure 4b,d,f shows the Raman 2D-mode spectra of
the five-layer graphene used in our experiment. The
ABCAB and ABABA stacking orders are clearly distin-
guished in our graphene sample. The red and yellow
regions in the images correspond, respectively, to ABA-
BA and ABCAB five-layer graphene domains. For the
ABCAB stacking, the results show that the relative
resistance value rises with the increasing temperature.
The presence of the pure ABCAB stacking in our
sample implies that the bandgap of the five layer
graphene is opened by the presence of the external

Figure 4. (a, c, and e) The relative change of resistance per square measurements of the five-layer graphene as a function of
temperature at different magnetic fields with different crystallographic stacking orders. The measurements show that when
the temperature increases from 4 to 340 K, the resistance of the five-layer graphene drops significantly. This result indicates
that an intrinsic semiconductor property is present and an applied perpendicularmagneticfield could induce high resistance.
The symbols are themeasureddata and the lines arefits. (b, d, and f) Four-terminal resistanceof thefive-layergrapheneRB=12T�
RB=0T as a function of temperature with different crystallographic stacking orders.. The results of mixed stacking orders
indicate that the relative resistance values change at three different temperature regimes. (b) Region I is under the influence
of the Coulomb scattering. Region III is dominated by the short-range scattering. The oscillatory resistance in region II is due
to the competition of the Coulomb and the short-range scattering. (d) For the ABCAB stacking, the results show that the
relative resistance values rise with the increasing temperature. This indicates that a magnetic field opens an excitonic gap
because of the Coulomb interaction-driven electronic instabilities. (f) For the ABABA stacking, the results show that the
relative resistance value decreases with the increasing temperature which exhibit stability with semimetallic property. Inset
shows the Raman 2D-mode spectra of the five-layer graphene with ABCAB and ABABA stacking orders. The red and yellow
regions in the images correspond, respectively, to ABABA andABCAB five-layer graphene domains. The scale bars are 3 μm in
length.
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magnetic field. Under the applied perpendicular mag-
netic field, our result indicates that a magnetic field
opens an excitonic gap because of the Coulomb inter-
action-driven electronic instabilities and the bandgap of
the five layer graphene is thermally activated. So the
bandgap is strongly dependent on the temperature
under the application of magnetic field, namely, on the

Fermi level near the five-layer graphene band structure.
For the pure ABABA stacking, the results show that the
relative resistance values decreases with increasing tem-
perature, exhibiting semimetallic property. However, for
the mixed ABABA and ABCAB stacking sample, the
relative resistance of the five-layer graphene exhibits
an oscillatory behavior as a function of increasing

Figure 5. (a�f) Resistance measurements as a function of electric field in five-layer graphene under different perpendicular
magnetic fields and temperatures. (g) Gradient of the R�E curve as a function of the temperature. As the temperature
increases the dependence of themeasured resistance on electric field is gradually weaken because the scattering induced by
electric field from the substrate surface polar phonons is significantly screened by the additional layer at room temperature.
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temperature. This oscillation behavior originates from
different bandgaps which are induced by different
crystallographic stacking orders under the application
of amagneticfield in thefive-layer graphene.51�53 There-
fore, experimental challenges for the fabrication of these
different stacked of FLGS would be very interesting.
This relative oscillatory resistance dependence on

temperature properties implies that the five-layer gra-
phene energy bandgap is a function of both the
magnetic field and temperature, i.e.,ΔE (B, T). For lower
temperature range, that is, region I (T < 50 K), the
dominant scattering mechanism is impurity Coulomb
scattering, hence the relative resistance follows the
relationship Rxx � exp [ΔE/kBT]. For higher tempera-
tures (T > 250 K), the relative resistance shows a linear
relationship. This is caused by the defect short-range
scattering which dominates at high temperature. For
the temperature range 50 K< T < 250 K, the resistance
increases with an oscillating property. The observed
oscillatory behavior is due to the competition between
the two dominant modes of scattering.
Graphene is a natural charge carrier system with

both neutral and charge impurities. These impurities in
graphene can act as additional sources of scattering
center and produce variation of the crystal potential.
The short-range scattering due to defects and disloca-
tion in graphene lattice induces a short-range poten-
tial. This potential result in a small additional resistivity
which is constant and independent of the induced
carrier concentration.45,48 However, the coulomb scat-
tering originating from charge impurities, induces
long-range Coulomb potential and leads to the resis-
tance being proportional to temperature.46,48 In such a
two-type charge carrier system, the combined total
scattering time contributes to the graphene conduc-
tivity. The Coulomb scattering time is proportional to
the charge impurities concentration τC � (ni)

1/2, while
the short-range scattering time is inversely propor-
tional to the neutral impurities concentration τs �
(1)/((np)

1/2). From that it is clear that the Coulomb
scattering dominates at lower temperature, while
short-range scattering has more influence at higher
temperature. The competition between these two
types of scatterers determines the conductivity of
graphene in different charge concentration regimes
n. However, the carrier density of FLG is proportional to
the increasing temperature.48 Different scattering me-
chanisms dominate at different temperatures. The
crossover between these two mechanisms occurs in

the temperature region where the two scattering
potentials are equivalent. In our results, the crossover
temperature regime was in the range of 50�250 K.
Figure 5 panels a�f show the resistance of the five-

layer graphene as a function of an electric field under
different magnetic field strengths and temperatures.
The measured R�E curves are nearly symmetric when
the applied electric fields sweep from positive to
negative values because of the chirality of graphene
electrons. As the temperature increases the rate of the
resistance drop or the gradient of the R�E curve is
decreasing, as plotted in Figure 5g. The larger resistance
drop at lower temperature range, specifically for
T < 50 K, indicates that Coulomb scattering is the main
scattering mechanism in the five-layer graphene within
this temperature range. As the Coulomb scattering time
is proportional to the carrier density nDirac � kBT,

48 it is
a strong function of temperature. The dependence of
the measured resistance on electric field indicates that
the scattering inducedby electric field from the substrate
surface polar phonons is significantly screened at room
temperature.57 The application ofmagnetic field that has
caused the increaseof resistance is similar toourprevious
explanation.

CONCLUSIONS

In conclusion, we have investigated the temperature
and magnetic field dependence of electrical resistance
in five-layer graphene. The transport measurements
have revealed that the relative change of resistance as
induced by perpendicular magnetic fields is thermally
activated. This relative oscillatory resistance dependent
on temperature properties originates from different
bandgapwhich are induced by different crystallographic
stacking orders (ABCAB and ABABA) under the applica-
tion of a magnetic field in the five-layer graphene. The
measured resistance increases nonlinearly with mag-
netic field which implies sublattice symmetry breaking
and gap formation due to many-body correction in the
Landau level. As the temperature-dependent resistance
behavior is a good indicator of the five-layer graphene
bandgap the observed relative resistance oscillation
infers the thermally activated behavior. By using a
combination of the Coulomb and short-range scattering
mechanisms, an analyticalmodelwasused to explain the
results. Additionally, the dependence of the measured
resistance on electric field indicates that the scattering
induced by electric field from the substrate surface polar
phonons is significantly screened at room temperature.

EXPERIMENTAL METHODS

The graphene layers are produced using mechanical exfoliation
techniques2 from the bulk highly oriented pyrolitic graphite
(grade ZYA, SPI Supplies) on Si/SiO2 (300 nm) substrates. Optical
microscopy was used to locate the graphene flakes. One to five

layers graphene samples were confirmed by Raman and contrast

spectroscopy with WITEC CRM200 Raman system under 532 nm

excitation wavelength in the backscattering configuration and

using a 100� objective lens with a numerical aperture (NA) of

0.95[28]. The graphene contact electrodes are fabricated using
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photolithography techniques. Cr (10 nm)/Au (90 nm) contact
electrodes were deposited via thermal evaporation techniques at
10�7 mbar conditions. The patterns were obtained after lift-off in
warm acetone. Electronic transport measurements were carried out
on multiple samples, using PPMS (Quantum Design) with a fixed
excitation current of 0.01 mA. For magnetic field measurement, the
field was applied along the perpendicular direction to the plane of
the sample. Thermal annealing was carried out above 300 �C in
vacuum being 3 h in duration. In situ sample cleaning by magnetic
and electric fields were performed to improve the transport mea-
surements. Four-terminal electrical measurements were used for
transport characterization.
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