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We have investigated the weak localization correction to magnetoresistance in one to six layer

graphene structures. The magnetoresistance measurements have revealed that, in addition to the

known transition from weak anti-localization in monolayer graphene to weak localization in
bilayer graphene, the weak localization effect becomes more pronounced as the number of

graphene layers increases. The obtained results substantiate that because few-layer graphene

suppresses mesoscopic corrugations and increases intervalley scattering it leads to the observed

enhancement of negative resistance, resulting in the restoration of the weak localization in

graphene materials. High field magnetoresistance measurements show non-linear behavior,
which indicates the breaking of sub-lattice symmetry and the formation of excitonic gap in

the Landau level.

1. Introduction

Graphene has shown remarkable quantum interference properties
because its low-energy excitation is massless Dirac fermions
and this quasi-particle is chiral in nature.' > This property is
attributed to the fact that two valleys of Dirac-like chiral
quasi-particles with isospin in the hexagonal lattice exhibit
Berry phase m with respect to the momentum direction.*®
Hence, graphene has unique quantum interference behavior
compared to the conventional two-dimensional systems.
Owing to the chirality feature of its electrons, it is not only
dependent on inelastic and phase-breaking scattering, but also
on a number of elastic scattering processes.’” The accumulation
of Berry phase © changes the sign of the amplitude in the time-
reversed path, resulting in a suppression of backscattering
as the two paths interfere destructively.®'® Therefore, one
expects a positive magnetoresistance (MR) when the scattering
between valleys in monolayer graphene is neglected.!''* For
bilayer graphene, due to the massive chiral quasi-particles with
a parabolic dispersion and a different degree of chirality with
respect to Berry phase 2x, the backscattering is not suppressed
and that leads to the conventional weak localization.'®'
Generally, intravalley and intervalley elastic scattering can
be represented by two different scattering times i, o and Tinger-
If Tinwa < Tiner ONE expects weak anti-localization (WAL),
whereas for Tiyga > Tinwer Weak localization (WL)™® is obtained.
Recently, three and higher numbered layer graphene structures
have attracted significant attention because the layer stacking
configurations give rise to novel electronic interactions.'®™'®
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The unusual electronic transport properties have shown remark-
able application potential in nanoelectronic devices.'”>*> How-
ever, the understanding of quantum interference correction to
the magneto-transport in few-layer graphene (FLG) is not
fully established yet. Specifically, the influences of the nature
of disorder and the mesoscopic ripple on the quantum inter-
ference transport properties are of particular interest. Hence, a
better understanding of the general quantum interference
transport property of few-layer graphene is necessary.

In this paper, we report on the systematic study of the weak
localization effect in few layer graphene; from monolayer to
six-layer. Our investigation reveals that the effect changes from
weak anti-localization to weak localization for the transition
from one to two layers, and the weak localization effect becomes
more pronounced as the number of graphene layers is increased
beyond two. As the number of graphene layers increases, the
weakening ripple effect causes the intervalley scattering to be
more dominant in determining the weak localization effect.
At high field measurement the measured magnetoresistance
(MR) increases non-linearly with the applied field strength.
The obtained result implies that the excitonic gap in few layer
graphene is thermally activated.

2. Methods

Graphene layers were produced using mechanical exfoliation
techniques® from the bulk highly oriented pyrolitic graphite
(grade ZYA, SPI Supplies) on Si/SiO, (300 nm) substrates.
Optical microscopy was used to locate the graphene flakes.
Four contact electrodes were fabricated using standard optical
lithography techniques and deposition of Cr (10 nm)/Au (80 nm)
films was carried out via thermal evaporation under 10~’ mbar
conditions. Electronic transport measurements were conducted
on multiple samples, using PPMS (Quantum Design) with a fixed
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Fig. 1 (a) Comparison of Raman spectra at 532 nm for mono-to six-
layer graphene. The position of the G peak and the spectral features of
the 2D band indicate the number of graphene layers. (b) Contrast
spectrum measurement of mono- and six-layer graphene. Inset in (b) is
an optical image of the FLG interconnected with the corresponding
metal electrodes.

excitation current of 0.01 mA. For magnetic field measurement,
the field was applied perpendicular to the plane of the sample.
Thermal annealing was carried out at 300 °C in a vacuum for
3 hours to eliminate contamination and to restore clean surfaces
of graphene. In situ magnetic and electric fields cycling was
carried out to clean the graphene samples. The determination of
the number of graphene layers was carried out using the micro-
Raman spectroscopy technique via the 2D-band deconvolution
procedure.”?* The Raman spectra were measured at room
temperature using a WITEC CRM200 instrument at 532 nm
excitation wavelength in a backscattering configuration. Shown
in Fig. 1a are the characteristic Raman spectra of the few layer
graphene. For all the graphene layers, the Raman spectrum has
a distinguishable G peak and a 2D band, which are strongly
dependent on the number of graphene layers. By comparing
the full-width at half maximum of the 2D band of all the
layers, we can confirm the number graphene layers.? In addi-
tion, we have also carried out contrast spectrum measurement
for each graphene sample and the result is shown in Fig. 1b.

Comparison among the contrast spectrum could provide a
quantitative guide to the visual confirmation of the graphene
layers,Z(r29 and is consistent with our results from Fig. la. An
optical image of the FLG interconnected with the corres-
ponding metal electrodes is displayed in the inset of Fig. 1b.

3. Results and discussion

The quantum interference effect present in graphene has a
notable difference compared to that in a conventional two-
dimensional (2D) system, i.e. the chiral nature of the charge
carriers and the addition of the Berry phase have led to
reduced backscattering.®'® Recent theoretical analysis has
shown that the quantum interference in graphene is not only
dependent on elastic scattering, but also on inelastic scatter-
ing, which could affect the phase of the wave function.’
Scattering between the valleys in graphene and the quasi-exact
conservation of the chirality have a profound effect on the
low-field magnetoresistance.® Fig. 2a illustrates the band
structure of graphene. The dotted and solid arrows indicate
the intravalley and the intervalley scatterings, respectively.
Fig. 2b is an illustration of the trajectory of an electron scattered
by impurities that result in quantum correction to the resistance.
A pair of time-reserved paths contributes to backscattering: a
different direction of electron travel along a closed path induces
an accumulation of the geometric phase, which contributes to
the interference process. In monolayer graphene, the two paths
interfere destructively because Berry phase m leads to the
suppression of backscattering.''™!* Fig. 2¢ is an illustration
of the process responsible for trigonal warping (ty,'), inter-
valley scattering (z; ') and chirality-breaking (z; '). The dashed
line is the shape of the hexagonal Brillouin zone of graphene
and the solid line of trigonal shape is the Fermi surface at a
finite energy in the vicinity of two non-equivalent valleys K ;.
and K_. The trigonal warping effect’® induces an asymmetry
of the electron dispersion at each valley &(K.., p) # &(K., —p),
where p is the momentum. The warping effects in the inter-
valley have opposite signs: &(Ky, p) = &(Kx, —p). The warping
effect of the electron dispersion near the center of each valley
breaks the chirality of quasi-particles in the localization proper-
ties, which leads to the suppression of WAL and WL effects in
the monolayer and bilayer, respectively. However, because of
the opposite chirality of the quasi-particles in the two valleys,
the chirality-breaking elastic intervalley scattering will restore
WL which exhibits negative magnetoresistance behavior in
monolayer and bilayer graphene.'' '

In Fig. 3 we present low-field magnetoresistance measure-
ment of one to six layer graphene structures at temperatures
2 K, 20 K and 50 K. Our experimental results confirm the
known transition of weak anti-localization in monolayer
graphene to weak localization effects in bilayer graphene. The
origin of the suppression of the weak localization property in
monolayer graphene is dependent on the trigonal warping of the
graphene band structures, which results in an asymmetry of the
carrier dispersion with respect to the center of the corresponding
valley. To better analyze our results we choose a model proposed
by McCann er al.,® that the weak localization magnetoresistance
is mainly dependent on two types of scattering rates, i.e. inelastic
(phase-breaking, t4) and elastic (chirality-breaking, i, y).
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Fig. 2 (a) Schematic of the band structure of graphene, with dotted and solid arrows showing the intravalley and the intervalley scatterings,
respectively. (b) Illustration of the trajectories of an electron scattered by impurities that result in a quantum correction to the resistance.
(c) Mlustration of the process responsible for trigonal warping (ty,'), inter-valley scattering (z; ') and chirality-breaking (z; '). The dashed line is the
shape of the hexagonal Brillouin zone of graphene and the solid line of trigonal shape is the Fermi surface at a finite energy in the vicinity of two
non-equivalent valleys K . and K_. The trigonal warping effect induces an asymmetry of the electron dispersion at each valley &(K.., p) # &Ky, —p),
where p is the momentum. The effects of the warping in the intervalley have opposite signs: &(Ky, p) = &(K+, —p). The trigonal warping time grows as
the Fermi energy increases and contributes to the coherent backscattering in the valley.

The magnetoresistance expression of the model is given by:

62 2 T
p(B)—p(0) =Ap(B) =L [F(Ld»)
F 2 o 2
- p(ty! +21") B w(ty 47 )

(1)

where F(z) =In(z) + /(5 +1). Here, y is the digamma func-
tion; 74 is the phase coherence time; 7; is the intervalley scattering
time, where the scattering potential is long-range due to ripples,
dislocations and charged scatterers; 7, is the warping-induced
relaxation time that is contributed by the intravalley scatter-
ing due to the trigonal warping effect; 15 = z(fﬁ,
the diffusion constant. The trigonal warping time grows as the
Fermi energy increases and contributes to a certain degree of
backscattering in the valley. The first term in eqn (1) is respon-
sible for weak localization, while the second and third terms with
negative sign lead to anti-localization. The theory implies that
the MR has a sharp peak at B = 0 and a positive slope at higher
fields. The positive MR shown in Fig. 3a is a clear signature
of WAL, as a result of the suppression of the backscattering
because of Berry phase m, as well as the suppression of the
weak localization due to the trigonal warping effect. Therefore,
the results signify the importance of intravalley scattering in

where D is

monolayer graphene and the long-range scattering that contri-
butes to the preservation of AB sublattice symmetry.

In even numbered layer graphene the total phase around a
closed loop is 2m and the backscattering is not suppressed.
Therefore, the results show an ordinary weak localization effect.
To analyze the even numbered layer graphene results we use the
following expression '* for the magnetoresistance due to WL:

B B
—F(—" ) +2F(———
(Bcb + 23&) - (Bcb + 3*)]

where F(z) = In(z) + Y (3 +1), Byi-=75Tps. and (o) =
()" + (1,,)"". The distinctive feature compared to the mono-
layer graphene is that the third term in eqn (2) has a positive
sign. Owing to the presence of an intervalley scattering factor
(Bj) in the second term, the first term becomes dominant at
small field. This result leads to the observation of a negative
magnetoresistance due to the WL effect. The model predicts that
such WL correction to magnetoresistance in bilayer graphene
is saturated at a magnetic field determined by the intervalley
scattering time. This is different from the transport time used
in conventional metal structures with respect to the intervalley
scattering time t;. The negative MR in Fig. 3b is a clear
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Fig. 3 (a)—(f) Low-field magnetoresistance of mono- to six-layer graphene at temperatures 2-50 K. The measurements reveal a positive
magnetoresistance in monolayer graphene and a negative magnetoresistance in few-layer graphene, which correspond to anti-weak localization
and weak localization effects, respectively. The weak localization effect becomes more pronounced when the number of graphene layers increases.
As the temperature increases the weak localization effect diminishes due to the reduction of the phase coherence time. (g) The relative amplitude of
magnetoresistance as a function of the number of graphene layers, the result shows that the weak localization effect has stronger dependence on the

graphene layer. The solid line is a guide to the eye.

signature of the WL effect, arising from backscattering as a
consequence of the Berry phase 2n. The result signifies the
importance of intervalley scattering in bilayer graphene and
the short-range scattering that contributes to the breaking of
AB sublattice symmetry. For graphene structures with three
layers and above, their parabolic band structure is similar to
that of bilayer graphene. The few layer graphene is charac-
terized by the chiral quasi-particles property with respect to
Berry phase Nn for N layers. Hence, for odd layer graphene,
the backscattering is suppressed due to the odd Berry phase,

however, this is not happening in even layer graphene (even
Berry phase). Consequently, the low-field magnetoresistance
for even layer graphene shows an ordinary weak localization
effect. The quantum interference correction to the magneto-
resistance in few layer graphene is dependent on the interplay
of the intravalley and intervalley scatterings. As the number
of graphene layers increases, measurement results shown in
Fig. 3c—f indicate that the weak localization effect becomes
more pronounced. The enhanced WL effect is ascribed to the
suppression of the mesoscopic corrugations and the increase of
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intervalley scattering as more graphene layers are added. More
graphene layers directly contribute to the addition of atomically
sharp scatters hence increasing the intervalley scattering.” '
This leads to a negative magnetoresistance that tries to restore
the weak localization in few layer graphene. The quantum inter-
ference corrections to the magnetoresistance in graphene diminish
as temperature rises. This originates from the reduction of the
phase coherence time. At low temperature elastic scattering
becomes the dominant mechanism as inelastic scattering is
strongly suppressed, which allows electrons to retain their phase
coherence over long distances. However, at higher temperature
inelastic scattering becomes more dominant than elastic scatter-
ing, this results in a phase coherence distance of electron waves
smaller than the scattering length. Hence, weak localization is
the typical quantum interference effect that arises in graphene at
low temperatures.

Fig. 4 shows four-terminal magnetoresistance R(B)/R(0)
measurement of mono-to six-layer graphene as a function of
magnetic fields at temperature 77 = 2 K. The measurements
show that the magnetoresistance Ry has a non-linear relation-
ship with applied magnetic field strength. The origin of the
magnetoresistance increment is that the splitting of the Landau
level gives rise to bandgap opening at the zero energy level >*=2
In monolayer graphene, one of the unique properties of mass-
less Dirac electrons is that it has intrinsic Zeeman energy which
is accurately one half of the cyclotron energy in magnetic field.
This property leads to the splitting of the Landau-level (LL)
energy spectrum and is characterised by four-fold degeneracy at
zero and non-zero-energy levels,*® which leads to the breaking
of sub-lattice symmetry and the formation of excitonic gap in
the Landau level.** In addition, when the Coulomb interaction
is accounted, it gives rise to a gap opening at the zero energy
level due to the attractive interaction between electron—hole
pairs that forms an excitonic condensation gap.** Shown in
Fig. 4a, b and c are illustrations of monolayer, bilayer and
trilayer graphene bandgaps and Landau level splitting under the
influence of a magnetic field, respectively. The zero-energy state
with respect to up-spin electrons and down-spin holes makes an
excitation condensation gap due to the attractive Coulomb force
between a hole and an electron. The gap is excitonic in nature
and increases with v/B. In FLGs, each Landau level at energy
E, is assumed to be N fourfold degenerate due to twofold spin
degeneracy and twofold sublattice symmetry. As seen from Fig. 4a,
there is a strong increase in the resistance in the range of applied
field strength 0-6 T. At larger fields (>6 T), Ro(B)/Rn(0)
increases in a nonlinear manner, with indication towards
saturation. One interesting characteristic in Fig. 4a and b is that
the non-linear increments of magnetoresistance Rp(B)/Rn(0)
contain a plateau-like phase. One possible explanation for
this is the formation of an augmented sublattice spin-splitting
due to surface-impurity concentration of the graphene layer.>
The measured magnetoresistance in three to six-layer graphene
differs from that of monolayer and bilayer graphene, i.e. non-
linear resistance increment without showing plateau-like
phases. This is because the surface impurity is significantly
screened by an additional graphene layer. In our measure-
ments, we have observed an analytical approximation for the
non-linear magnetoresistance Ry o exp(v/B/kgT), where kg
is the Boltzmann constant. Our results reveal that the energy

gap in graphene is thermally activated and is proportional to v/B.
These considerations give a qualitative explanation of the
non-linear relationship between magnetoresistance Ry and the
magnetic field strength.

4. Conclusion

In conclusion, we have investigated the weak localization correc-
tion to magnetoresistance in mono-to six-layer graphene.
Our measurements confirm that the effect changes from weak
anti-localization to weak localization in mono-to bilayer
graphene, and reveal a stronger dependence of the WL effect
on the number of graphene layers. The WL enhancement in
FLGs is ascribed to the suppression of the ripple effect as
the graphene layer increases, as well as the increase of the
intervalley scattering because of atomically sharp scatters.
High field magnetoresistance measurement shows a non-linear
behavior, which implies the formation of an excitonic gap
in few-layer graphene, and it also shows thermally activated
property.
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