PHYSICAL REVIEW LETTERS 121, 136806 (2018)

Marginally Self-Averaging One-Dimensional Localization in Bilayer Graphene

Md. Ali Aamir,l’* Paritosh Kamatak,” Aditya Jayaraman,l’jF T. Phanindra Sai,1 T. V. Ramakrishnan,1
Rajdeep Sensarma,” and Arindam Ghosh'?
lDepartment of Physics, Indian Institute of Science, Bangalore 560 012, India
2Department of Theoretical Physics, Tata Institute of Fundamental Research, Dr. Homi Bhabha Road, Mumbai 400005, India
Centre for Nano Science and Engineering, Indian Institute of Science, Bangalore 560 012, India

® (Received 28 August 2017; revised manuscript received 7 July 2018; published 26 September 2018)

The combination of a field-tunable band gap, topological edge states, and valleys in the band structure
makes insulating bilayer graphene a unique localized system, where the scaling laws of dimensionless
conductance g remain largely unexplored. Here we show that the relative fluctuations in In g with the
varying chemical potential, in strongly insulating bilayer graphene (BLG), decay nearly logarithmically for
a channel length up to L/ ~ 20, where £ is the localization length. This “marginal” self-averaging, and the
corresponding dependence of (Ing) on L, suggests that transport in strongly gapped BLG occurs along
strictly one-dimensional channels, where £ =~ 0.5 4+ 0.1 pgm was found to be much longer than that expected
from the bulk band gap. Our experiment reveals a nontrivial localization mechanism in gapped BLG,

governed by transport along robust edge modes.
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The nature of subgap electrical transport in bilayer
graphene (BLG) at large transverse electric fields (D) has
led to considerable debate [1-6]. D lifts the interlayer
symmetry, opening a band gap in the quasiparticle energy
spectrum. Atlarge D, the charge carriers in BLG are strongly
localized when the Fermi level is tuned close to the charge
neutrality point (CNP) [1]. Moreover, gapped BLG behaves
as a “marginal topological insulator,” where the finite Berry
phase and field-induced inversion symmetry breaking lead to
topologically protected one-dimensional conduction modes
along specific edge and stacking boundary configurations
[7-9]. While this has been experimentally verified through
observation of the valley Hall effect [10,11] and ballistic 1D
channels along artificial [12] and natural [13] stacking
boundaries, the topological properties also raise doubts on
the current understanding of the localized state transport in
gapped BLG at low temperature (7" < 50 K). Although
initial results were analyzed in terms of two-dimensional
Mott-type variable range hopping (VRH) associated with
localized states in the bulk [1-4,14], recent supercurrent
interferometry experiments [5,6] suggest strong edge-mode
transport in short gapped BLG transistors. While this seems
consistent with the apparent saturation of ¢ at large D
reported recently [6], the dimensionality of localized state
transport in generic gapped BLG remains uncertain so far.

In BLG subjected to large D at low 7, the localization at
the edge (due to short-range lattice defects, chemical
adsorbates, etc.) and that in the gapped bulk are hard to
distinguish because of limited experimental temperature
range for VRH. Here, we have followed a new route based
on evaluating the full conductance statistics in the insulat-
ing regime and we specifically study its self-averaging
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properties. A macroscopic variable X in a disordered system
of linear dimension L is spatially ergodic, or self-averaging,
when the relative fluctuations Ry = ((AX)?)/(X)?> - 0 as
L — oo, where (---) represents averaging over different
realizations of disorder. For strongly localized noninteracting
carriers, the electrical conductance g (in units of e?/h) does
not self-average, but the logarithm of g does [15-18], in a
manner that is uniquely sensitive to the dimensionality and
the scaling properties of Anderson localization for L > £, the
localization length [19-24]. In two and three dimensions, the
ensemble fluctuations in In g are strongly self-averaging with
Ry, ~ L™ (d =2, 3) [20,24], whereas in 1D disordered
systems at finite 7', In g is only marginally self-averaging
because Ry, , decays logarithmically with L [19-21]. This
purely 1D effect, which so far remains experimentally
elusive, to the best of our knowledge, is predicted to occur
because the conductance of the system is determined
primarily by the most resistive, but unavoidable, hop at
the percolation threshold [22]. To determine Ry, ;, we directly
obtain the mean and the variance of In g by measuring the full
conductance probability distribution function (PDF) in the
localized state for many dual-gated BLG devices with
varying channel lengths. We find that for small electric
fields (typically |D| < 0.5 V/nm), the relative fluctuations in
In g with the Fermi level close to the CNP decay with L as
~1/L?, but the decay becomes nearly logarithmic at larger
D—a characteristic of strictly 1D localized transport.

The dual-gated BLG channels were created with
mechanical exfoliation, followed by either one (top) or
both sides covered with hexagonal boron nitride (hBN).
Both surface and edge-contacting methods were adopted
[25], and the top gate length defines the channel length L.
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FIG. 1. Device characteristics and conductance fluctuations. (a) Device schematic. (b) Transfer characteristics (g — V) for a few V,,,

at 275 mK. (c) Mean conductance (genp) at the charge neutrality point (CNP) as a function of D for several devices with different
channel lengths. Inset shows extrapolated values of (genp) to D =0 V/nm. (d) Carrier density (n) dependence of (g) for
|D| = 0.75 V/nm. (e) Conductance fluctuations as a function of small variations in n induced by the top gate at three different
points marked in (d). (f) Variance of conductance fluctuations ((Ag)?) as a function of n for several D.

A representative schematic of an edge-contacted device is
shown in Fig. 1(a), and more details can be found in
Ref. [26]. We have studied the conductance statistics of
20 BLG channels with L ranging from ~0.7 to 19.5 ym in
different BLG flakes with channel widths ranging from
~1.0 to 3.1 ym. Although measurements were carried out
down to ~20 mK, the conductance becomes nearly insen-
sitive to T below <1 K in all devices in the localized
regime [Fig. 3(c)]. Figure 1(b) illustrates the typical transfer
characteristics of gated BLG, obtained at 7 = 275 mK in
device Dev3 with L = 1.28 ym, where the two-probe
conductance ¢ is shown as a function of the top gate
voltage (V) at fixed backgate voltages (Vy,).

Figure 1(b) also shows that the conductance at CNP,
gonp < 1 for large values of |V, |, which implies strong
localization of carriers at the center of the band gap as |D|
increases. Between |D| = 0 and <0.4 V/nm, when locali-
zation in the bulk is weak, the variation in gcnp With D is
device dependent. However, for |D| > 0.5 V/nm, gcnp
decreases nearly exponentially in almost all our devices
irrespective of L [Fig. 1(c)]. The absence of saturation in gcnp
at large D confirms that there are no accidental stacking or
grain boundaries that shunt the source and drain leads [13],
and that L > £ in all devices. To avoid gate leakage, the
maximum |D| was limited to ~0.9-1.3 V/nm, which, for
longer devices, led to genp as low as ~1073-1074,

The key feature of the transfer characteristics in Fig. 1(b) is
the strong relative fluctuations in ¢ in the vicinity of the
CNP, which become more apparent as |D| increases. The

fluctuations are remarkably reproducible as the Fermi level
is varied, as illustrated in Fig. 1(e) with device Dev6
(L=292um) at T=0.03K and |D|=0.75V/nm.
The panels of Fig. 1(e) represent three separate regimes
from metallic (large n) to strongly localized (CNP,
n~0 x 10'® m~2) transport, where four traces of g within
the window én = 0.36 x 10'® m™ demonstrate the repro-
ducibility, and confirm negligible contribution from time-
dependent noise [25,29]. Within dnr, which is similar to
the spatial variation in carrier density typically present
in BLG [30], the fluctuations reflect traversing across
the microscopic realizations at a fixed point in the phase
space [19,20,22].

To quantify, we have first calculated the variance ((Ag)?)
within on (consisting of ~400 points or realizations) and
shown it as a function of n in Fig. 1(f) for three values of D.
At large n (typically |n| > 1 x 10'® m=2), the onset of a
quasimetallic or weakly localized regime is characterized
by g = 1, where ((Ag)?) saturates to ~0.1-1, irrespective of
D. This is universal conductance fluctuations due to
quantum interference of multiply backscattered electron
waves [31,32]. Since the Fermi level lies within the
conduction or valence bands, this is a bulk phenomenon,
expected for diffusive 2D disordered systems when the
phase coherence length is similar to L. As |n| decreases,
{(Ag)?) decreases, exhibiting a minimum around the CNP.
The reduction in ((Ag)?) at CNP is weak for D = 0 V/nm,
but is nearly 5 orders of magnitude for |[D| > 0.6 V/nm.
The fluctuations in the localized regime are largely immune
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to contact effects [25], where the channel conductance
is at least an order of magnitude lower than that of the
contacts.

Fluctuations in ¢ with gate voltage in the strongly
localized regime may be caused by inhomogeneous charge
distribution or single-particle localized states in the bulk of
the BLG [33] through, e.g., local charging of electron-hole
puddles [34] or multiple transmission resonances [35].
However, direct charging or resonance effects are expected
to decay rapidly for L = O[100 nm], the typical scale of
inhomogeneity. Such fluctuations may also arise in dis-
ordered quasi-1D or (short) 2D systems due to the extreme
sensitivity of the critical resistance-determining hop to the
local chemical potential [36], as shown for short con-
ducting channels in silicon and semiconductor heterostruc-
tures [22,37,38]. This mechanism manifests in the PDF of
In g that approaches a Gaussian for large L [17,20,21,23],
and the characteristic L dependence of the mean and
variance of In g depend sensitively on the dimensionality
of the system [19-21].

Figures 2(a)-2(d) show the PDF of the fluctuations in ¢
observed within the 6n window around the CNP for different
values of D and L. Figures 2(a) and 2(b) present data from
device Dev10 with L = 3.68 ym at different D. At D =
0 V/nm [Fig. 2(a)], the device is quasimetallic (gcnp =~ 2),
and the PDF of gcnp is close to a Gaussian, symmetric around
(genp) (dashed line). However, at large |D| of 0.75 V/nm

(a) (b)

[Fig. 2(b)], the device is strongly localized at the CNP with
modal gcenp ~ 0.01, and the PDF in gconp is strongly
asymmetric around the peak. Instead, as shown in the inset
of Fig. 2(b), the PDF of Ingcnp is symmetric around
(In genp)» and corresponds closely to a Gaussian distribution
(solid line). The log-normal PDF in gcnp is observed for all
butone L atlarge D (typically |D| Z 0.5 V/nm, see Ref. [26]
for details), as illustrated with two other devices in Figs. 2(c)
and 2(d). Occasionally, the distribution can exhibit weak
asymmetry due to the blocking effect or “optimal shorts or
punctures” in long and short channels, respectively [21,22]
(Fig. S3 of Supplemental Material [26]).

Log-normal conductance PDF in strongly localized
systems, when L > £, has been analytically shown in
1D systems [17,18], whereas only numerically in higher
dimensions [24,39]. The Gaussian fits to the PDFs allow a
direct evaluation of (In genp) and var(In genp) with varying
D and L, shown in Figs. 2(e) and 2(f), respectively.
Quantitatively, the mean conductance of a 1D disordered
system can be expressed as [20,21]

TO 1/2
mo~=(3) rwenyn.
where Ty = 1/kgéN, and N is the 1D density of states at
the Fermi level. The functional form of f depends on the
details of the hopping mechanism. Serota, Kalia, and Lee
(SKL) [20] considered that selective links which are the
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FIG. 2. Conductance distribution. Probability distribution function of conductance [P(gcnp) and P(In genp)] around the CNP for
different L and D, with a fixed length L = 3.68 ym at (a) D = 0 V/nm and (b) |D| = 0.75 V/nm; (c),(d) for a fixed |D| = 0.75 V/nm
at(c) L = 0.67 ym and (d) L = 10.48 pm. Insets in (b)—(d) show the corresponding probability distributions of In gcnp. The dashed and
solid lines represent normal and log-normal distributions, respectively. (e) Average logarithm of conductance around the CNP
({In gcnp)) as a function of L for |D| = 0.75 V/nm. The expected variations of (In gcnp) from SKL [20] (black solid line), RR [21] (red
solid line), and Anderson model [17] (green dashed line) are also indicated. The error bars indicate the standard deviation of (In genp)
over ensemble variations. (f) The variance of In genp, var(In genp), as a function of channel length L for |[D| = 0.75 V/nm. The L
dependence of variance expected from SKL, RR, and Anderson model, with £ ~ 0.5 ym, are shown. The error bars represent the

uncertainty in log-normal fits.
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weakest dominate the net conductance, and showed that
f~[In(2L/&)]'/?. On the other hand, Raikh and Ruzin
(RR) [21] introduced the concept of an optimal break in the
phase space of energy and position of the localized
states and derived f~{In[(L/&)(T/Ty)"*In'/2(L/&)]}!/2.
Moreover, the variance of conductance for a 1D disordered
system is predicted to exhibit a logarithmic decrease
[~[In (2L/&)]7'] [20,21]. Therefore, the relative fluctua-
tions, obtained by dividing var(In gcnp) with the corre-
sponding (In genp)?, are expected to only marginally decay
with L as Ry, ~ [In (2L/&)]2 in 1D.

Figure 3(a) shows the L dependence of the rela-
tive fluctuations Ry, in the strongly localized regime
(|D| 2 0.5 V/nm). Clearly, Ry, remains nearly constant
or decreases marginally even as L increases by more than
an order of magnitude. This represents near absence of self-
averaging in the localized BLG transport. While SKL and
RR [20,21] generally capture the logarithmic decay in self-
averaging with L [solid lines in Fig. 3(a)], we emphasize
that the marginal self-averaging behavior is a model-
independent phenomenon. This is expected in a randomly
disordered purely 1D system because the most resistive link
cannot be bypassed with an increasing system size.
Intriguingly, the best fit to the data, both by SKL and
RR, yields a similar estimate of £ & 0.5 ym. This estimate
exceeds the localization length ~#/v/2m*A ~3-10 nm
due to the bulk band gap (A) by nearly 2 orders, but is
similar to the length scale of short-range edge defects and
intervalley scattering [40], suggesting transport along the
BLG edge [6]. The insensitivity of Ry, , to the magnitude of
D for |D| 2z 0.5 V/nm further suggests that, beyond a
certain gap, the bulk of the BLG becomes largely incon-
sequential to the hopping transport. Importantly, the self-
averaging properties expected in two dimensions are
recovered at low |D|, where bulk transport contributes
significantly, and manifest in Ry, , ~ 1/L? [20,24] for |D| <
0.5 V/nm [inset of Fig. 3(a)].

The (In gonp)? and the var(In geyp), shown in Figs. 2(e)
and 2(f), respectively, can also be roughly described by the
SKL and RR models with the same £ =~ 0.5 = 0.1 um as used
above but are inconsistent with the form expected from the
T =0 K Anderson localization model [17]. Importantly,
both SKL and RR models suggest (In g) ~ —(T,/T)"/? inthe
leading order, which is indeed observed in our experiments in
the range 7 2 1 K as shown in Fig. 3(c).

Alternative edge-bound transport processes, in particu-
lar, those due to lateral confinement at the BLG boundary
[5], cannot be completely ruled out. However, the inherent
tendency to bypass around strong disorder renders a quasi-
1D nature to these channels and it is unlikely that such a
mechanism would lead to the suppression of self-averag-
ing, which is a strictly 1D phenomenon. The self-averaging
may also be absent in specific cases of fractal disorder
landscape [41] or proximity to critical point [24], which are
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FIG. 3. Self-averaging of In gcnp in gapped bilayer graphene.
(a) Relative fluctuations Rj,, = var(Ingexp)/(Ingenp)® as a
function of L for high |D| (> 0.5 V/nm). The solid lines
represent a logarithmic decay R, , o [In (2L/&)]7? expected from
the SKL and RR models with {~0.5 yum. Inset shows Ry,
versus L for |D| = 0.3, 0.45, and 0.5 V/nm. Here, strong self-
averaging is indicated by the decay in Ry, , as Ry, , o L2 (solid
line). The error bars have been computed as the net error
from uncorrelated relative errors in (In gonp) and var(In genp)-
(b) Schematic depicting hopping transport along disordered 1D
edge of the bilayer graphene with gapped bulk. (¢) (gcnp) as a
function of 7793 for three devices at a fixed |D| = 0.75 V/nm,
where the fits (g) ~exp —(T,/T)"/? indicate the validity of 1D
hopping transport.

not likely in the BLG devices. Thus, in view of the
theoretical [7] and recent experimental reports [5,6], a
likely mechanism is hopping via low-energy electronic
states of disordered edges in BLG [see Fig. 3(b)]. Notably,
the observed prefactor gy ~ 2—6 in the exponential variation
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of gene = 9o exp(—a|D]) for |D| Z 0.4 V/nm [Fig. 1(c),
inset] is similar to that expected in the localized edge
transport [7], although the manner by which D modifies the
tunneling probability of charge between two adjacent
fragments needs further understanding (here, a is a
device-dependent parameter).

Finally, we note an intriguing feature in the 7' depend-
ence of conductance in the strongly localized phase
(|ID] =0.75 V/nm) as shown in Fig. 3(c), where
In genp[~ — (To/T)"/?] extrapolates to a prefactor of the
order of the conductance quantum (~0.5¢?/h—2e?/h) in
three separate channels. While 1D localized channels may
naturally exhibit this in the 7 — oo limit [42], the universal
prefactor in localized 2D electron systems has previously
been attributed to electron-electron interaction-driven
hopping transition [43,44]. In localized 1D systems [45],
the effect of electron-electron interaction on the hopping
mechanism remains poorly understood, compounded by the
difficulty in distinguishing the Efros-Shklovskii mechanism
[46] with In g ~ —(T,/T)"/?, from the Mott hopping law.
Nonetheless, recent spectroscopy [47] and transport [48]
experiments reveal strong on-site electron-electron interac-
tion along the edges of graphene.

In summary, our experiment probes self-averaging of the
logarithm of conductance in strongly localized bilayer
graphene with full conductance statistics as a function of
the device length and band gap. We observed a logarithmi-
cally slow marginal self-averaging, which is a strictly one-
dimensional phenomenon, and may be connected to an
interplay of topological states at the bilayer graphene edge
and frozen disorder (edge lattice defects).

We thank Michael Pepper, Subroto Mukerjee, and
Sumilan Banerjee for valuable discussions. The authors
thank CSIR and DST for financial support.

M.A. A, PK., and A.JL
this work.

contributed equally to

“amohammed @iisc.ac.in
Tparitosh@iisc.ac.in
Yaditya@iisc.ac.in

[1] J. B. Oostinga, H. B. Heersche, X. Liu, A. F. Morpurgo, and
L.M. K. Vandersypen, Gate-induced insulating state in
bilayer graphene devices, Nat. Mater. 7, 151 (2008).

[2] K. Zou and J. Zhu, Transport in gapped bilayer graphene:
The role of potential fluctuations, Phys. Rev. B 82, 081407
(2010).

[3] T. Taychatanapat and P. Jarillo-Herrero, Electronic Trans-
port in Dual-Gated Bilayer Graphene at Large Displacement
Fields, Phys. Rev. Lett. 105, 166601 (2010).

[4] J. Yan and M.S. Fuhrer, Charge transport in dual gated
bilayer graphene with Corbino geometry, Nano Lett. 10,
4521 (2010).

[5] M. T. Allen, O. Shtanko, I. C. Fulga, A.R. Akhmerov, K.
Watanabe, T. Taniguchi, P. Jarillo-Herrero, L. S. Levitov,

and A. Yacoby, Spatially resolved edge currents and guided-
wave electronic states in graphene, Nat. Phys. 12, 128
(2016).

[6] M.J. Zhu et al., Edge currents shunt the insulating bulk in
gapped graphene, Nat. Commun. 8, 14552 (2017).

[7] J. Li, I. Martin, M. Biittiker, and A.F. Morpurgo, Topo-
logical origin of subgap conductance in insulating bilayer
graphene, Nat. Phys. 7, 38 (2011).

[8] A. Vaezi, Y. Liang, D.H. Ngai, L. Yang, and E.-A.
Kim, Topological Edge States at a Tilt Boundary in
Gated Multilayer Graphene, Phys. Rev. X 3, 021018
(2013).

[9] F. Zhang, A. H. MacDonald, and E.J. Mele, Valley Chern
numbers and boundary modes in gapped bilayer graphene,
Proc. Natl. Acad. Sci. U.S.A. 110, 10546 (2013).

[10] Y. Shimazaki, M. Yamamoto, I. V. Borzenets, K. Watanabe,
T. Taniguchi, and S. Tarucha, Generation and detection of
pure valley current by electrically induced Berry curvature
in bilayer graphene, Nat. Phys. 11, 1032 (2015).

[11] M. Sui et al., Gate-tunable topological valley transport in
bilayer graphene, Nat. Phys. 11, 1027 (2015).

[12] J. Li, K. Wang, K. J. McFaul, Z. Zern, Y. Ren, K. Watanabe,
T. Taniguchi, Z. Qiao, and J. Zhu, Gate-controlled topo-
logical conducting channels in bilayer graphene, Nat.
Nanotechnol. 11, 1060 (2016).

[13] L. Ju et al, Topological valley transport at bilayer
graphene domain walls, Nature (London) 520, 650
(2015).

[14] H. Miyazaki, K. Tsukagoshi, A. Kanda, M. Otani, and S.
Okada, Influence of disorder on conductance in bilayer
graphene under perpendicular electric field, Nano Lett. 10,
3888 (2010).

[15] P. W. Anderson, D.J. Thouless, E. Abrahams, and D.S.
Fisher, New method for a scaling theory of localization,
Phys. Rev. B 22, 3519 (1980).

[16] A. Abrikosov, The paradox with the static conductivity of a
one-dimensional metal, Solid State Commun. 37, 997
(1981).

[17] C.E.J. Beenakker, Random-matrix theory of quantum
transport, Rev. Mod. Phys. 69, 731 (1997).

[18] K. A. Muttalib and P. Wélfle, “One-Sided” Log-Normal
Distribution of Conductances for a Disordered Quantum
Wire, Phys. Rev. Lett. 83, 3013 (1999).

[19] P. A. Lee, Variable-Range Hopping in Finite One-Dimen-
sional Wires, Phys. Rev. Lett. 53, 2042 (1984).

[20] R. A. Serota, R. K. Kalia, and P. A. Lee, New aspects of
variable-range hopping in finite one-dimensional wires,
Phys. Rev. B 33, 8441 (1986).

[21] M. E. Raikh and I. M. Ruzin, Fluctuations of the hopping
conductance of one-dimensional systems, Zh. Eksp. Teor.
Fiz. 95, 1113 (1989) [JETP 68, 642 (1989)].

[22] R.J.F. Hughes, A.K. Savchenko, J.E.F. Frost, E.H.
Linfield, J. T. Nicholls, M. Pepper, E. Kogan, and M.
Kaveh, Distribution-function analysis of mesoscopic hop-
ping conductance fluctuations, Phys. Rev. B 54, 2091
(1996).

[23] Z. Shi, J. Wang, and A.Z. Genack, Microwave conductance
in random waveguides in the cross-over to Anderson
localization and single-parameter scaling, Proc. Natl. Acad.
Sci. U.S.A. 111, 2926 (2014).

136806-5


https://doi.org/10.1038/nmat2082
https://doi.org/10.1103/PhysRevB.82.081407
https://doi.org/10.1103/PhysRevB.82.081407
https://doi.org/10.1103/PhysRevLett.105.166601
https://doi.org/10.1021/nl102459t
https://doi.org/10.1021/nl102459t
https://doi.org/10.1038/nphys3534
https://doi.org/10.1038/nphys3534
https://doi.org/10.1038/ncomms14552
https://doi.org/10.1038/nphys1822
https://doi.org/10.1103/PhysRevX.3.021018
https://doi.org/10.1103/PhysRevX.3.021018
https://doi.org/10.1073/pnas.1308853110
https://doi.org/10.1038/nphys3551
https://doi.org/10.1038/nphys3485
https://doi.org/10.1038/nnano.2016.158
https://doi.org/10.1038/nnano.2016.158
https://doi.org/10.1038/nature14364
https://doi.org/10.1038/nature14364
https://doi.org/10.1021/nl1015365
https://doi.org/10.1021/nl1015365
https://doi.org/10.1103/PhysRevB.22.3519
https://doi.org/10.1016/0038-1098(81)91203-5
https://doi.org/10.1016/0038-1098(81)91203-5
https://doi.org/10.1103/RevModPhys.69.731
https://doi.org/10.1103/PhysRevLett.83.3013
https://doi.org/10.1103/PhysRevLett.53.2042
https://doi.org/10.1103/PhysRevB.33.8441
https://doi.org/10.1103/PhysRevB.54.2091
https://doi.org/10.1103/PhysRevB.54.2091
https://doi.org/10.1073/pnas.1319704111
https://doi.org/10.1073/pnas.1319704111

PHYSICAL REVIEW LETTERS 121, 136806 (2018)

[24] A. Aharony and A.B. Harris, Absence of Self-Averaging
and Universal Fluctuations in Random Systems near Critical
Points, Phys. Rev. Lett. 77, 3700 (1996).

[25] P. Karnatak, T. P. Sai, S. Goswami, S. Ghatak, S. Kaushal,
and A. Ghosh, Current crowding mediated large contact
noise in graphene field-effect transistors, Nat. Commun. 7,
13703 (2016).

[26] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.121.136806, which in-
cludes Refs. [27,28], for additional data.

[27] B. Kramer and A. MacKinnon, Localization: Theory and
experiment, Rep. Prog. Phys. 56, 1469 (1993).

[28] A.M. Somoza, M. Ortuio, and J. Prior, Universal Distri-
bution Functions in Two-Dimensional Localized Systems,
Phys. Rev. Lett. 99, 116602 (2007).

[29] A.N. Pal and A. Ghosh, Resistance Noise in Electrically
Biased Bilayer Graphene, Phys. Rev. Lett. 102, 126805
(2009).

[30] G.M. Rutter, S. Jung, N. N. Klimov, D. B. Newell, N. B.
Zhitenev, and J. A. Stroscio, Microscopic polarization in
bilayer graphene, Nat. Phys. 7, 649 (2011).

[31] P. A. Lee and A. D. Stone, Universal Conductance Fluctua-
tions in Metals, Phys. Rev. Lett. 55, 1622 (1985).

[32] A.N. Pal, V. Kochat, and A. Ghosh, Direct Observation of
Valley Hybridization and Universal Symmetry of Graphene
with Mesoscopic Conductance Fluctuations, Phys. Rev.
Lett. 109, 196601 (2012).

[33] Z.-M. Liao, B.-H. Han, H.-Z. Zhang, Y.-B. Zhou, Q. Zhao,
and D.-P. Yu et al., Current regulation of universal con-
ductance fluctuations in bilayer graphene, New J. Phys. 12,
083016 (2010).

[34] C. Beenakker and H. van Houten, Quantum transport in
semiconductor nanostructures, Solid State Phys. 44, 1
(1991).

[35] M. Y. Azbel, A. Hartstein, and D. P. DiVincenzo, T Depend-
ence of the Conductance in Quasi-One-Dimensional
Systems, Phys. Rev. Lett. 52, 1641 (1984).

[36] V. Ambegaokar, B. I. Halperin, and J. S. Langer, Hopping
conductivity in disordered systems, Phys. Rev. B 4, 2612
1971).

[37] A.B. Fowler, G.L. Timp, J.J. Wainer, and R. A. Webb,
Observation of Resonant Tunneling in Silicon Inversion
Layers, Phys. Rev. Lett. 57, 138 (1986).

[38] A. Hartstein, R. Webb, A. Fowler, and J. Wainer, One-
dimensional conductance in silicon Mosfet’s, Surf. Sci. 142,
1 (1984).

[39] A. Cohen, Y. Roth, and B. Shapiro, Universal distributions
and scaling in disordered systems, Phys. Rev. B 38, 12125
(1988).

[40] R. V. Gorbachev, F.V. Tikhonenko, A.S. Mayorov,
D. W. Horsell, and A.K. Savchenko, Weak Localization
in Bilayer Graphene, Phys. Rev. Lett. 98, 176805 (2007).

[41] A. Bunde and J. Driger, Localization in disordered struc-
tures: Breakdown of the self-averaging hypothesis, Phys.
Rev. E 52, 53 (199)).

[42] Y. V. Nazarov and L.I. Glazman, Resonant Tunneling of
Interacting Electrons in a One-Dimensional Wire, Phys.
Rev. Lett. 91, 126804 (2003).

[43] S.1. Khondaker, I. S. Shlimak, J. T. Nicholls, M. Pepper,
and D. A. Ritchie, Two-dimensional hopping conductivity
in a 6-doped GaAs/Al,Ga,_,As heterostructure, Phys. Rev.
B 59, 4580 (1999).

[44] A. Ghosh et al., Electron assisted variable range hopping in
strongly correlated 2D electron systems, Phys. Status Solidi
230, 211 (2002).

[45] D.L. Shepelyansky, Coherent Propagation of Two Interact-
ing Particles in a Random Potential, Phys. Rev. Lett. 73,
2607 (1994).

[46] A.L. Efros and B.I. Shklovskii, Coulomb gap and low
temperature conductivity of disordered systems, J. Phys. C
8, L49 (1975).

[47] G.Z. Magda, X. Jin, I. Hagymasi, P. Vancs6, Z. Osvith,
P. Nemes-Incze, C. Hwang, L. P. Bir6, and L. Tapaszto,
Room-temperature magnetic order on zigzag edges of
narrow graphene nanoribbons, Nature (London) 514, 608
(2014).

[48] A. Kinikar, T.P. Sai, S. Bhattacharyya, A. Agarwala, T.
Biswas, S. K. Sarker, H. R. Krishnamurthy, M. Jain, V. B.
Shenoy, and A. Ghosh, Quantized edge modes in atomic-
scale point contacts in graphene, Nat. Nanotechnol. 12, 564
(2017).

136806-6


https://doi.org/10.1103/PhysRevLett.77.3700
https://doi.org/10.1038/ncomms13703
https://doi.org/10.1038/ncomms13703
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.136806
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.136806
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.136806
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.136806
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.136806
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.136806
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.136806
https://doi.org/10.1088/0034-4885/56/12/001
https://doi.org/10.1103/PhysRevLett.99.116602
https://doi.org/10.1103/PhysRevLett.102.126805
https://doi.org/10.1103/PhysRevLett.102.126805
https://doi.org/10.1038/nphys1988
https://doi.org/10.1103/PhysRevLett.55.1622
https://doi.org/10.1103/PhysRevLett.109.196601
https://doi.org/10.1103/PhysRevLett.109.196601
https://doi.org/10.1088/1367-2630/12/8/083016
https://doi.org/10.1088/1367-2630/12/8/083016
https://doi.org/10.1016/S0081-1947(08)60091-0
https://doi.org/10.1016/S0081-1947(08)60091-0
https://doi.org/10.1103/PhysRevLett.52.1641
https://doi.org/10.1103/PhysRevB.4.2612
https://doi.org/10.1103/PhysRevB.4.2612
https://doi.org/10.1103/PhysRevLett.57.138
https://doi.org/10.1016/0039-6028(84)90275-9
https://doi.org/10.1016/0039-6028(84)90275-9
https://doi.org/10.1103/PhysRevB.38.12125
https://doi.org/10.1103/PhysRevB.38.12125
https://doi.org/10.1103/PhysRevLett.98.176805
https://doi.org/10.1103/PhysRevE.52.53
https://doi.org/10.1103/PhysRevE.52.53
https://doi.org/10.1103/PhysRevLett.91.126804
https://doi.org/10.1103/PhysRevLett.91.126804
https://doi.org/10.1103/PhysRevB.59.4580
https://doi.org/10.1103/PhysRevB.59.4580
https://doi.org/10.1002/1521-3951(200203)230:1%3C211::AID-PSSB211%3E3.0.CO;2-N
https://doi.org/10.1002/1521-3951(200203)230:1%3C211::AID-PSSB211%3E3.0.CO;2-N
https://doi.org/10.1103/PhysRevLett.73.2607
https://doi.org/10.1103/PhysRevLett.73.2607
https://doi.org/10.1088/0022-3719/8/4/003
https://doi.org/10.1088/0022-3719/8/4/003
https://doi.org/10.1038/nature13831
https://doi.org/10.1038/nature13831
https://doi.org/10.1038/nnano.2017.24
https://doi.org/10.1038/nnano.2017.24

