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Quantum Hall effect (QHE) is observed in graphene grown by chemical vapour deposition using

platinum catalyst. The QHE is even seen in samples which are irregularly decorated with

disordered multilayer graphene patches and have very low mobility (<500 cm2V�1s�1). The effect

does not seem to depend on electronic mobility and uniformity of the resulting material, which

indicates the robustness of QHE in graphene. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4839295]

The integer quantum Hall effect (QHE) is a hallmark of

a two-dimensional (2D) electron gas formed at the interface

between semiconductors or their surfaces.1 Graphene is a

perfect 2D material.2 Unlike the conventional 2D electron

gas, graphene shows a half-integer QHE due to a Berry’s

phase p.3 The half-integer QHE in graphene demonstrates

not only the 2D nature of graphene but also its unique Dirac-

like electronic structure associated with the spin- and valley-

degeneracy and the feature of the central Landau level (LL)

where electrons and holes coexist.

Generally, in order to observe the QHE, three essential

conditions are required: low temperatures (< 4 K), high mag-

netic fields (�10 T), and clean samples with high mobility

(>103 cm2 V�1s�1). This makes LLs more discrete by

decreasing the width of LLs and increasing the energy spac-

ing between adjacent LLs. Indeed, most of QHE experiments

(including fractional QHE) on graphene were performed

under these conditions.3–7 Exceptionally, graphene QHE was

observed even at room-temperature8 explained by the fact

that graphene innately has an unequal energy spacing

between LLs and an anomalously large energy spacing

between the central LL and its nearest LLs, compared to an

ordinary 2D electron gas. The ultra-high magnetic field

(�30 T) and notably high mobility of the sample (>104

cm2V�1s�1) used in this experiment also enable the QHE to

appear at room temperature. Meanwhile, the weak QHE

associated with relatively low mobility 2D gas system is usu-

ally employed to study a magnetic field induced transition

from the Anderson localization (insulator) to quantum Hall

sate (conductor).9 Recently, the transition was also observed

in low mobility graphene (�900 cm2V�1s�1) grown on sili-

con carbide.10

The width C of LLs and the energy spacing DE between

LLs are determined by the mobility l and magnetic field B.

The high mobility assures the small C because of the uncer-

tainty relation C�s� �h, where �h is the reduced Planck’s

constant and s is the momentum relaxation time, which is

proportional to the mobility. The high magnetic field

increases DE (¼ �hwc) since the cyclotron frequency wc is

proportional to the magnetic field. Hence, DE needs to be

much larger than C for observing the QHE, which results in

the condition, wcs¼lB � 1 corresponding to l> 1000

cm2V�1s�1 at B¼ 10 T.

Accordingly, most of the previous QHE experiments on

graphene were performed using mechanically exfoliated gra-

phene with high mobility exceeding 104 cm2V�1s�1.3–7

However, there have been some reports on QHE in graphene

grown by chemical vapour deposition (CVD) using nickel-11

and copper-catalyst.12 Although the QHE in the CVD-

graphene was not as clear as in exfoliated one, the relatively

high mobility of such a graphene (>3000 cm2V�1s�1) en-

sures seeing QHE. Recently, CVD-graphene on Pt was also

grown and investigated,13–15 although no QHE in such a gra-

phene has so far been reported in the literature. Graphene

grown on Pt can have millimetre-sized hexagonal single-

crystal grains and mobility greater than 7000 cm2V�1s�1

(Ref. 14), promising clear QHE in such samples.

Here, we experimentally confirm the half-integer QHE

in CVD-graphene grown on platinum in the magnetic field

B> 11 T. Surprisingly, we observe the QHE even in samples

which are irregularly decorated with disordered multilayer

graphene patches (see Fig. 1(a)) and have very low mobility

(<500 cm2V�1s�1). This emphasizes the robustness of QHE

in Pt-CVD graphene.

The graphene is synthesised in a cold-wall low-pressure

CVD system16 equipped with a small-mass graphite heater.

A 100 lm-thick polycrystalline Pt foil (99.99%) is employed

as catalyst. First, we ramp up the temperature of the foil to

1000 �C at 300 �C/min and hold it at this temperature for

5 min in a flow of 1000 sccm H2. Then, 70 sccm CH4

pre-diluted with Ar to 5% is introduced into the chamber to

activate graphene growth. The growth time is 10 min.

Finally, the foil is cooled down to below 100 �C within 15

min by turning off the heater current. The CH4 is kept flow-

ing while cooling down. We note that the growth tempera-

ture of 1000 �C is the nominal temperature obtained from a
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thermocouple sensor gently touching the heater. The actual

catalyst temperature can be 100–200 �C higher.17 The high

melting point (�1770 �C) of Pt enables us to access high

temperature over 1000 �C, which is impossible to achieve

with conventional Cu catalyst. In addition to the high tem-

perature >1000 �C, we use a low partial pressure of the pre-

cursor gas, different from the previous graphene growth on

Pt,14,15 performed under atmospheric pressure and tempera-

ture �1000 �C.

We notice that changing the flow rate of CH4 to some-

what in excess of�50 sccm gives rise to additional multilayer

graphene patches of �5 lm in size (Fig. 1(a)), whereas the

overflow of CH4 (>100 sccm) generates much thicker and

larger multilayer patches. This means that the thickness and

size of the patches are controllable by the flow rate of CH4.

Afterwards, the graphene is transferred onto a highly

doped Si substrate capped with 300 nm SiO2, allowing for a

field-effect transistor structure. We employ the frame-assisted

bubbling transfer technique14,18 instead of usual wet etching

of the metal catalyst thereby avoiding etching residues and

possible damage of graphene caused by strong acids as in the

case of Pt catalyst. The semi-rigid frame supporting the

PMMA coated graphene allows for easy handling and clean-

ing of graphene.18 Using the frame, we can rinse graphene

more thoroughly during the transfer process. Finally, gra-

phene Hall bar structures (�10� 40 lm2) are patterned using

a standard micro fabrication process.

The resistance measurements are carried out using a

current-reversing dc technique with a bias current of 100 nA.

In addition, the measurements are done both at positive and

negative magnetic fields to be able to eventually compensate

for a small misalignment of the Hall contacts.

Fig. 1(a) shows an optical image of our graphene sample

placed on the SiO2/Si substrate. The image contrast is suffi-

cient to discern the boundary of graphene and its inhomoge-

neous structure. We can see that relatively dark patches

(<5 lm) are scattered all over the sample. The patchy struc-

ture is made by increasing the flow rate of CH4 to about 70

sccm during the growth process compared to the optimal flow

rate of CH4� 50 sccm for growing a single-layer graphene

without patches. If we further increased the flow rate of CH4,

much thicker pyramid-like patches would be formed, where

several graphene layers would be clearly distinguishable.

We measure the 4-probe conductance of graphene at dif-

ferent charge carrier densities by tuning the gate voltage at

the temperature T¼ 100, 10, and 2 K (see Fig. 1(b)). The

conductance curves show a p-type doping (Dirac point

VDP�þ6.5 V); their shape is independent of the

voltage-contact pairs (1 and 2 or 3 and 4 in Fig. 1(a)). Thus,

the patches do not appear to affect the overall average con-

ductance of the sample. The conductance has a positive tem-

perature dependence (dG/dT> 0) in the whole range of the

gate voltage. This agrees with the previous results on defec-

tive graphene deliberately damaged by the hydrogenation19

or ion irradiation.20 The positive temperature dependence in

our case can also be associated with the inhomogeneity of

our sample and explained by the heterogeneous model of

variable-range hopping where well conducting regions (sin-

gle layer graphene) are separated by less conducting regions

(multilayer patches).21

The slope of conductance curves allows for rough esti-

mates of the mobility at different temperatures (see the inset

of Fig. 1(b)). In contrast to usually enhanced mobility of

monolayer graphene at lower temperature, the mobility of

this sample decreases with decreasing temperature, which

results in the mobility l� 400 and 190 cm2V�1s�1 at

T¼ 2 K for holes and electrons, respectively. The tempera-

ture dependence of mobility is analogous to that of multi-

layer graphene where Coulomb scattering is dominant and

the substrate surface polar phonon induced electric field is

screened by extra graphene layers.22 Hence, we believe that

our positive temperature dependence of mobility can be

associated with the multilayer patches in the sample. Here,

we use a parallel-electrode capacitance model.2 The Hall

mobility for the holes is �310 cm2V�1s�1, which is compa-

rable with the field-effect result. It is a very low mobility

compared to the previously reported graphene field effect

devices in literatures. The low mobility cannot be only attrib-

uted to the presence of the defective patches because the dis-

tance between them is rather big. Even in the predominantly

single-layer areas (region A), the graphene is quite disor-

dered as seen in the Raman spectra in Fig. 1(d).

In an effort to identify the patch composition, Raman

spectroscopy is performed. Fig. 1(c) indicates mapping of

Raman intensity ratio between 2D- and G-bands for gra-

phene region enclosed by dashed line in Fig. 1(a). We find

that the intensity ratio of graphene patches (blue round

FIG. 1. (a) An optical image of the Hall-bar shaped graphene decorated with

multilayer patches. The scale bar is 5 lm. (b) The conductance G versus

gate voltage Vg at temperature T¼ 100, 10, and 2 K. The solid- and

open-squares in the inset show the temperature-dependent mobility l for

electrons and holes, respectively. The mobility decreases with decreasing

temperature. The hole- and electron-mobility at T¼ 2 K are 400 and 190

cm2V�1s�1, respectively. The Hall mobility is independent of the

voltage-contact pairs (1 and 3 or 2 and 4 in Fig. 1(a)). (c) Mapping of

Raman intensity ratio between 2D- and G-bands for graphene region

enclosed by dashed line in (a). (d) The Raman spectra of graphene at two

sites denoted by arrows in (a): A (single layer graphene) and B (multilayer

graphene patch). Both spectra are normalized to 2D-band intensity and spec-

trum B is shifted upwards for clarity.
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regions) is smaller than one. Fig. 1(d) shows Raman spectra

from different sample parts denoted in Fig. 1(a): A (outside

the patch) and B (at the patch). The spot A demonstrates a

typical Raman spectrum characteristic for a disordered single

layer graphene with exception for additional peaks between

D and G bands. The peaks can be caused by amorphous

(hydrogenated) carbon formed during sample growth or de-

vice fabrication.23 The Raman spectrum in region B displays

a much stronger intensity of both D-band (related to the

inter-valley scattering process) and D0-band (associated with

the intra-valley scattering process in graphene) compared to

that of the single layer region A. This indicates that graphene

is much more disordered in patch spot B than in single-layer

area A. In addition, the spectrum obtained from the patch

shows a broader 2D-band accompanied with blue shift

(�þ7.1 cm�1) and lower ratio of I2D to IG. This is consistent

with the signature of multi-layer graphene.24 Therefore, we

conclude that the dark patches consist of a defective

multi-layer graphene.

We now turn to QHE measurements. In general, it is

known that single-layer graphene shows the half-integer

QHE conductance plateaus rxy¼64(nþ 1/2)e2/h	 �e2/h
with the non-negative integer n and filling factors �¼62,

66, 610…. The integer step of 4 in � is a manifestation of

the four-fold degeneracy of graphene LL owing to the spin-

and valley-degeneracy. Occasionally, high quality graphene

shows other integer � owing to symmetry breaking;4,5 even

fractional � can sometimes be found.6,7

Figs. 2(a) and 2(b) show the longitudinal resistance Rxx

and Hall resistance Rxy as a function of the gate voltage

measured at the magnetic field B¼ 14 T and T¼ 2 K. We can

see that the longitudinal resistance Rxx abruptly drops to

nearly zero (160 X and 530 X for holes and electrons)

whereas Rxy reaches the quantum Hall plateaus at �¼62

corresponding to
612.9 kX. The slight deviation of the

measured values (–12.5 kX and þ12.3 kX for holes and elec-

trons) from the exact QHE plateau value is caused by the

external shunting resistors of 1 MX connecting all the elec-

trodes together to avoid occasional sample damage due to

discharges. The deviation can also be a result of incomplete-

ness of the quantum Hall state in our system as indicated by

the non-zero Rxx. The presence of bilayer regions can be the

cause of such a situation.25 Besides, a weak signature of the

plateaus at �¼66 (
4.30 kX) can be found together with a

slight dip in Rxx. The higher-order plateaus cannot be seen

much likely due to disorder-induced broadening of the LLs

at higher energy. The QHE is seen more clearly on the hole

side due to the higher mobility of holes (400 cm2V�1s�1)

compared to the mobility of electrons (190 cm2V�1s�1).

Evolution of the quantum Hall plateaus with magnetic

field is shown in Fig. 2(c). For comparison, we prepare a uni-

form monolayer (non-patched) Pt-CVD graphene using

reduced flow rate of CH4� 50 sccm. The sample shows a

relatively high mobility l� 2000 cm2V�1s�1; its QHE is

denoted as dashed red line. The QHE measurements for both

patched (low mobility)- and non-patched (high mobility)--

samples are conducted at the fixed gate voltages Vg corre-

sponding to the first dip position on the hole-side of the

Rxx(Vg) curves. Here, the two different slopes of Rxy in the

low B-field regime (B< 4 T) represent different carried den-

sities. According to the inset showing the zoomed-region, we

find that Rxy in our patched graphene starts saturating to

quantum Hall plateau from B
 11 T, while non-patched gra-

phene converges to it from B
 10 T. The variation of plateau

values between the two cases is much likely due to different

contact resistances in each measurement. Indeed, the part of

the current that branches off into the shunt resistors depends

on the contact resistances rather than the quality of

graphene.

It is interesting that QHE is developed even in such low

mobility CVD-graphene where highly defective multilayer

graphene patches are dispersed. Although there are reports

on QHE in CVD-graphene grown on Ni7 and Cu,12 the gra-

phene mobility is usually larger than 3000 cm2V�1s�1 asso-

ciated with less defects (also witnessed by a small Raman

D-band). According to the Raman spectra in Fig. 1(d), the

mobility of graphene in the single layer region can be esti-

mated to be �3000 cm2V�1s�1.26 In principle, the mobility

is high enough to validate the QHE so that our observation

of QHE in the (on average) low-mobility sample can be

ascribed to the locally high mobility graphene. This is in

agreement with in general higher quality of CVD-grapehne

grown on Pt.

Indeed, recent study shows that graphene grown on Pt

can have millimetre-sized hexagonal single-crystal grains

with mobility greater than 7100 cm2V�1s�1,14 which implies

superior graphene quality compared to previously reported

CVD-graphene using other metal catalysts. Additionally, we

use the bubbling transfer technique14,18 instead of wet etch-

ing. This technique allows avoiding etchant residues and get-

ting cleaner graphene surface. Therefore, Pt catalyst

combined with bubbling transfer can be favourable for QHE

behaviour.

Based on the measurements of Rxx and Rxy in Figs. 2(a)

and 2(b), we show the longitudinal (rxx)- and Hall (rxy) con-

ductivities in Fig. 3 as functions of the carrier density n
(¼ b(Vg � VDP), where b
 6.7� 1010 cm�2 V�1, obtained

FIG. 2. (a) The longitudinal resistance Rxx and (b) Hall resistance Rxy as a

function of gate voltage at magnetic field B¼ 14 T and T¼ 2 K. Both Rxx

and Rxy are independent of the voltage-contact pairs (1 and 2 or 3 and 4 for

Rxx and 1 and 3 or 2 and 4 for Rxy, see Fig. 1(a)). Quantum Hall resistance

of 6h/2e2 (
 612.9 kX) and 6h/6e2 (
4.30 kX) are denoted as horizontal

dashed lines in (b). (c) Rxy versus B at Vg¼�6 V. The dashed red line corre-

sponds to the high mobility sample which has no patches. The inset shows

quantum Hall plateaus in the zoomed-in region.
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from Hall measurement) measured in units of 2eB/h which

correspond to the half of filling factor �/2 (¼hn/2eB). Here,

h and e are the Plank’s constant and electron charge, respec-

tively. Apart from the expected quantum Hall conductivity

plateaus at 62e2/h, we see other features. First, at the Dirac

point (n¼ 0), rxx shows an unexpected dip while rxy has an

unusual Hall plateau as indicated by the two vertical blue

arrows in Fig. 3. This can be attributed to a band gap forma-

tion at the Dirac point resulting in a slight splitting of the

central LL at n¼ 0 into two levels. Until now, the �¼ 0

quantum Hall state has been experimentally observed

only for high quality graphene made by mechanical

exfoliation.4,5,27–29 This state is normally explained by the

spin-valley symmetry breaking which lifts the degeneracy of

LL,4,29 counter-propagating edge states,27 and gap opening

in the magnetic field.5,28 We believe that in our case it is

rather due to the disorder induced gap opening30 resulting

from the defective multilayer graphene patches. In fact, we

also observed the same behaviour of the QHE in wrinkled

CVD-graphene grown on Cu (not shown here).

Moreover, the centre of the dip (in rxx) and plateau (in

rxy) is somewhat shifted from the anticipated positions

�¼62 denoted by the vertical dashed lines. This can be

attributed to a pool of localized states which do not contrib-

ute to the degeneracy of LL.31 The localized states are situ-

ated between LLs and result in a “delay” when filling LLs by

increasing carrier density. Here, the spatially distributed gra-

phene patches probably act as origin of the localized states.

We have observed the QHE in CVD-graphene grown on

platinum. The QHE is even seen in samples which are irreg-

ularly decorated with disordered multilayer graphene patches

and have very low mobility (< 500 cm2V�1s�1). The effect

does not seem to depend on electronic mobility and uniform-

ity of the resulting material, which indicates the robustness

of QHE in graphene.

Financial support from the Swedish Research Council,

the Swedish Foundation for Strategic Research (Sweden), and

the Leading Foreign Research Institute Recruitment Program

(No. 0409-20100156) of National Research Foundation and

the FPRD of BK21 through the Ministry of Education,

Science and Technology, Korea is greatly appreciated.

Clean-room processing has been achieved using equipment

sponsored by the Knut and Alice Wallenberg Foundation.

1K. v. Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett. 45(6), 494

(1980); T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys. 54(2), 437

(1982).
2K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V.

Dubonos, I. V. Grigorieva, and A. A. Firsov, Science 306(5696), 666

(2004).
3K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I. Katsnelson,

I. V. Grigorieva, S. V. Dubonos, and A. A. Firsov, Nature 438(7065), 197

(2005); Y. Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, ibid. 438(7065),

201 (2005).
4Y. Zhang, Z. Jiang, J. P. Small, M. S. Purewal, Y. W. Tan, M. Fazlollahi,

J. D. Chudow, J. A. Jaszczak, H. L. Stormer, and P. Kim, Phys. Rev. Lett.

96(13), 136806 (2006).
5J. G. Checkelsky, L. Li, and N. P. Ong, Phys. Rev. Lett. 100(20), 206801

(2008).
6X. Du, I. Skachko, F. Duerr, A. Luican, and E. Y. Andrei, Nature

462(7270), 192 (2009); C. R. Dean, A. F. Young, P. Cadden-Zimansky, L.

Wang, H. Ren, K. Watanabe, T. Taniguchi, P. Kim, J. Hone, and K. L.

Shepard, Nat. Phys. 7(9), 693 (2011).
7K. I. Bolotin, F. Ghahari, M. D. Shulman, H. L. Stormer, and P. Kim,

Nature 462(7270), 196 (2009).
8K. S. Novoselov, Z. Jiang, Y. Zhang, S. V. Morozov, H. L. Stormer, U.

Zeitler, J. C. Maan, G. S. Boebinger, P. Kim, and A. K. Geim, Science

315(5817), 1379 (2007).
9Y. G. Arapov, G. I. Harus, I. V. Karskanov, V. N. Neverov, N. G.

Shelushinina, M. V. Yakunin, O. A. Kuznetsov, L. Ponomarenko, and A.

de Visser, Low Temp. Phys. 33(2), 147 (2007); C.-T. Liang, L.-H. Lin, C.

K. Yoa, S.-T. Lo, Y.-T. Wang, D.-S. Lou, G.-H. Kim, C. Yuan-Huei, Y.

Ochiai, N. Aoki, J.-C. Chen, Y. Lin, H. Chun-Feng, S.-D. Lin, and D.

Ritchie, Nanoscale Res. Lett. 6(1), 131 (2011).
10E. Pallecchi, M. Ridene, D. Kazazis, F. Lafont, F. Schopfer, W. Poirier,

M. O. Goerbig, D. Mailly, and A. Ouerghi, Sci. Rep. 3, 1791 (2013).
11K. S. Kim, Y. Zhao, H. Jang, S. Y. Lee, J. M. Kim, K. S. Kim, J.-H. Ahn,

P. Kim, J.-Y. Choi, and B. H. Hong, Nature 457(7230), 706 (2009).
12S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng, J. Balakrishnan, T.

Lei, H. R. Kim, Y. I. Song, Y.-J. Kim, K. S. Kim, B. Ozyilmaz, J.-H. Ahn,

B. H. Hong, and S. Iijima, Nat. Nanotechnol. 5(8), 574 (2010); H. Cao, Q.

Yu, L. A. Jauregui, J. Tian, W. Wu, Z. Liu, R. Jalilian, D. K. Benjamin, Z.

Jiang, J. Bao, S. S. Pei, and Yong P. Chen, Appl. Phys. Lett. 96(12),

122106 (2010); T. Shen, W. Wu, Q. Yu, C. A. Richter, R. Elmquist, D.

Newell, and Y. P. Chen, ibid. 99(23), 232110 (2011).
13P. Sutter, J. T. Sadowski, and E. Sutter, Phys. Rev. B 80(24), 245411

(2009); J. Ping and M. S. Fuhrer, e-print arXiv:1304.5123.
14L. Gao, W. Ren, H. Xu, L. Jin, Z. Wang, T. Ma, L.-P. Ma, Z. Zhang, Q.

Fu, L.-M. Peng, X. Bao, and H.-M. Cheng, Nat. Commun. 3, 699

(2012).
15H. Xu, Z. Zhang, R. Shi, H. Liu, Z. Wang, S. Wang, and L.-M. Peng, Sci.

Rep. 3, 1207 (2013); R. Shi, H. Xu, B. Chen, Z. Zhang, and L.-M. Peng,

Appl. Phys. Lett. 102(11), 113102 (2013).
16S. Jie, N. Lindvall, M. T. Cole, K. T. T. Angel, W. Teng, K. B. K. Teo, D.

H. C. Chua, L. Johan, and A. Yurgens, IEEE Trans. Nanotechnol. 11(2),

255 (2012).
17For instance, the nominal value corresponding to Cu melting point is about

850 �C. Therefore, we believe actual temperature in the case of Pt catalyst

is also somewhat higher than 1000 �C.
18C. J. L. de la Rosa, J. Sun, N. Lindvall, M. T. Cole, Y. Nam, M. Loffler, E.

Olsson, K. B. K. Teo, and A. Yurgens, Appl. Phys. Lett. 102(2), 022101

(2013).
19D. C. Elias, R. R. Nair, T. M. G. Mohiuddin, S. V. Morozov, P. Blake, M.

P. Halsall, A. C. Ferrari, D. W. Boukhvalov, M. I. Katsnelson, A. K.

Geim, and K. S. Novoselov, Science 323(5914), 610 (2009).
20J.-H. Chen, W. G. Cullen, C. Jang, M. S. Fuhrer, and E. D. Williams,

Phys. Rev. Lett. 102(23), 236805 (2009).
21A. B. Kaiser, C. G�omez-Navarro, R. S. Sundaram, M. Burghard, and K.

Kern, Nano Lett. 9(5), 1787 (2009).
22W. Zhu, V. Perebeinos, M. Freitag, and P. Avouris, Phys. Rev. B 80(23),

235402 (2009).
23J. Hong, M. K. Park, E. J. Lee, D. Lee, D. S. Hwang, and S. Ryu, Sci. Rep.

3, 2700 (2013).
24E. H. M. Ferreira, M. V. O. Moutinho, F. Stavale, M. M. Lucchese, R. B.

Capaz, C. A. Achete, and A. Jorio, Phys. Rev. B 82(12), 125429 (2010).

FIG. 3. The longitudinal conductivity rxx (black lines) and Hall conductivity

rxy (red lines) versus the carrier density n. They are calculated using Rxx and

Rxy in Figs. 2(a) and 2(b). The n corresponding to filling factor �¼62 are

denoted as vertical dashed lines. Two vertical blue arrows indicate unusual

dip (in rxx) and plateau (in rxy) at n¼ 0.

233110-4 Nam et al. Appl. Phys. Lett. 103, 233110 (2013)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.16.203.110 On: Thu, 30 Jan 2014 09:52:12

http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/RevModPhys.54.437
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1103/PhysRevLett.96.136806
http://dx.doi.org/10.1103/PhysRevLett.100.206801
http://dx.doi.org/10.1038/nature08522
http://dx.doi.org/10.1038/nphys2007
http://dx.doi.org/10.1038/nature08582
http://dx.doi.org/10.1126/science.1137201
http://dx.doi.org/10.1063/1.2409651
http://dx.doi.org/10.1186/1556-276X-6-131
http://dx.doi.org/10.1038/srep01791
http://dx.doi.org/10.1038/nature07719
http://dx.doi.org/10.1038/nnano.2010.132
http://dx.doi.org/10.1063/1.3371684
http://dx.doi.org/10.1063/1.3663972
http://dx.doi.org/10.1103/PhysRevB.80.245411
http://arxiv.org/abs/1304.5123
http://dx.doi.org/10.1038/ncomms1702
http://dx.doi.org/10.1038/srep01207
http://dx.doi.org/10.1038/srep01207
http://dx.doi.org/10.1063/1.4795332
http://dx.doi.org/10.1109/TNANO.2011.2160729
http://dx.doi.org/10.1063/1.4775583
http://dx.doi.org/10.1126/science.1167130
http://dx.doi.org/10.1103/PhysRevLett.102.236805
http://dx.doi.org/10.1021/nl803698b
http://dx.doi.org/10.1103/PhysRevB.80.235402
http://dx.doi.org/10.1038/srep02700
http://dx.doi.org/10.1103/PhysRevB.82.125429


25T. L€ofwander, P. San-Jose, and E. Prada, Phys. Rev. B 87(20), 205429

(2013).
26Z. H. Ni, L. A. Ponomarenko, R. R. Nair, R. Yang, S. Anissimova, I. V.

Grigorieva, F. Schedin, P. Blake, Z. X. Shen, E. H. Hill, K. S. Novoselov,

and A. K. Geim, Nano Lett. 10(10), 3868 (2010).
27D. A. Abanin, K. S. Novoselov, U. Zeitler, P. A. Lee, A. K. Geim, and L.

S. Levitov, Phys. Rev. Lett. 98(19), 196806 (2007).
28L. Zhang, Y. Zhang, M. Khodas, T. Valla, and I. A. Zaliznyak, Phys. Rev.

Lett. 105(4), 046804 (2010).

29Y. Zhao, P. Cadden-Zimansky, F. Ghahari, and P. Kim, Phys. Rev. Lett.

108(10), 106804 (2012).
30C.-K. Yang, Carbon 48(13), 3901 (2010); B. S. Pujari and D. G. Kanhere,

J. Phys. Chem. C 113(50), 21063 (2009); N. Amirhasan, C. Mirco, V.

Tom, P. Geoffrey, C. Francesca, H. van der Veen Marleen, H. Johan, M.

H. Marc, G. Stefan De, and F. S. Bert, Nanotechnology 21(43), 435203

(2010).
31D. S. Lee, C. Riedl, T. Beringer, A. H. C. Neto, K. von Klitzing, U.

Starke, and J. H. Smet, Phys. Rev. Lett. 107(21), 216602 (2011).

233110-5 Nam et al. Appl. Phys. Lett. 103, 233110 (2013)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.16.203.110 On: Thu, 30 Jan 2014 09:52:12

http://dx.doi.org/10.1103/PhysRevB.87.205429
http://dx.doi.org/10.1021/nl101399r
http://dx.doi.org/10.1103/PhysRevLett.98.196806
http://dx.doi.org/10.1103/PhysRevLett.105.046804
http://dx.doi.org/10.1103/PhysRevLett.105.046804
http://dx.doi.org/10.1103/PhysRevLett.108.106804
http://dx.doi.org/10.1016/j.carbon.2010.06.056
http://dx.doi.org/10.1021/jp907640t
http://dx.doi.org/10.1088/0957-4484/21/43/435203
http://dx.doi.org/10.1103/PhysRevLett.107.216602

