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Weak localization and universal conductance fluctuations in large-area twisted bilayer graphene
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We study diffusive magnetotransport in highly p-doped large-area twisted bilayer graphene in 1◦, 7◦, 9◦, and
20◦ samples. All samples exhibit weak localization, from which we extract the phase coherence length and
intervalley scattering lengths, and from that determine that dephasing is caused by electron-electron scattering
and intervalley scattering is caused by point defects. We observe signatures of universal conductance fluctuations
in the 9◦ sample, which has high mobility and is near the van Hove singularity. Further improvements in sample
quality and applications to large-area moiré materials will open new avenues to observe quantum interference
effects.
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I. INTRODUCTION

Quantum interference can lead to electronic localization
where weak disorder localizes electrons in one dimension,
while in three dimensions electrons remain delocalized [1,2].
In the scaling theory of electronic localization [3], two di-
mensions is marginal and the symmetry of the Hamiltonian
dictates whether large samples are conductive or insulat-
ing [4]. Graphene presents an ideal platform to explore this
physics where valley SU(2) symmetry-preserving systems are
in the symplectic ensemble and are conductive and exhibit
weak antilocalization (WAL) in magnetotransport; in con-
trast, valley symmetry-breaking systems are in the orthogonal
ensemble and flow to an insulating renormalization-group
fixed point at long length scales and exhibit weak localization
(WL) [5]. Previous studies (discussed below) on monolayer
graphene and Bernal bilayer graphene have observed WL,
WAL, and universal conductance fluctuations (UCFs) tuned
by defects. Studying quantum transport of twisted bilayer
graphene (TBG) in the metallic regime reveals the extent of
intervalley coherence [6] and the mechanisms by which phase
coherence is lost.

Here we use twist angle as a knob to tune the electronic
structure between symmetry classes where, at large twist an-
gles, there is a conserved valley symmetry and, at small twist
angles, Bragg scattering and hybridization break the valley
symmetry. Despite the different electronic structures, we ob-
serve WL in all samples which we attribute to defects that
introduce intervalley scattering. Nevertheless, near the twist
angle where the van Hove singularity (vHs) crosses the chem-
ical potential and a crossover between these classes occurs,
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we observe enhanced fluctuations consistent with a crossover
between ensembles [7], and we analyze the possibility of
UCFs. Below the vHs, the electronic structure of TBG is
well described by two Dirac cones and is in the symplectic
class; above the vHs, backfolding and band mixing break the
valley symmetry and the system is in the orthogonal class
[8]. To conduct these experiments, we leveraged advances
in fabrication to create millimeter-size TBG with p doping
far from charge neutrality [9–11], which ensured that the
mesoscopic regime was accessible, all samples were metal-
lic, and weak localization corrections would be significant.
We then conducted temperature-dependent magnetotransport
measurements.

II. TWISTED BILAYER GRAPHENE

Twisted bilayer graphene is a tunable platform for elec-
tronic physics, but, to date, weak localization has not been
observed in TBG, perhaps due to a suppression of WL/WAL
near charge neutrality [12]: here we observe weak localiza-
tion in TBG samples far from charge neutrality. Near the
magic angle, TBG exhibits electronic localization due to
flat bands, as first predicted by tight-binding theory [13,14]
and subsequently explained by low-energy theories [15–19].
These flat bands are now well accepted with direct nano–
angle-resolved photoemission spectroscopy (nano-ARPES)
measurements [20,21] and observations of localization near
the magic angle [22,23]. These flat bands enhance the role of
electronic interactions leading to correlated insulating states
[24] and superconductivity [25,26] and a plethora of corre-
lated phenomena reviewed in Ref. [27]. Flat bands are not
unique to TBG and arise in a number of distinct physical
platforms [28–32], leading to similar localization and correla-
tion phenomena. TBG is also notable for its inflated unit cell
which compresses the Brillouin zone making Wannier-Stark
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localization in an electric field possible [33–37]. Meanwhile,
at larger twist angles, interlayer coherence effects similar
to that of Bernal bilayer graphene can become important
[38–40], where the band structure becomes highly tunable
with electric field [41–44] and the electronic structure can be
revealed by terahertz optics [45–47]. Magnetotransport mea-
surements should provide a detailed probe of this coherence,
tunability, and the effect of disorder, as explored in a number
of recent theory works [6,48–50]: here we study magneto-
transport as a function of twist angle far from the Landau fans
measured near charge neutrality.

To fabricate the samples, monolayer graphene was grown
on germanium. The TBG samples were prepared from the
monolayers with a previously developed wet transfer tech-
nique [10] with the bilayers placed on a sapphire substrate; the
total sample dimensions were roughly 5 × 5 mm. The twist
angle uncertainty is estimated as ±1.5◦, consistent with other
samples prepared using this technique quantified using trans-
mission electron microscopy diffraction patterns [10]. The
Hall effect measurements were performed in a van der Pauw
geometry with contacts made using pressed indium wires.
The contacts were placed to minimize any effects of tears
which could be seen using an optical microscope. Leads were
spaced up to 1 mm apart. The measurements were performed
in a Quantum Design Physical Property Measurement system
from 2 K up to 110 K and over field ranges chosen so that the
full set of weak-localization features would be visible.

As the twist angle decreases, the energy of the vHs de-
creases, as predicted by electronic structure theory [51,52]
and observed in tunneling measurements [53–56] and Raman
spectroscopy [57]. The vHs separates symplectic ensemble
Dirac physics from orthogonal ensemble multiband physics
where varying twist angle at fixed chemical potential is ex-
pected to tune transport from WAL to WL: this idea underlies
the design of the study, as illustrated in Fig. 1(a), where we
have manufactured TBG in both regimes and near the vHs
with ∼0.5 eV p doping. In the transfer process, some ger-
manium or gold residue may have been introduced and this
could explain the p doping. Van Hove singularities, where
the density of states is drastically enhanced, have been long
recognized [58] to enable unusual electronic physics includ-
ing high-temperature superconductivity [59] and correlated
states [60,61]. Monolayer graphene has a vHs at ∼3 eV from
charge neutrality [62,63] and, while doping to this point is
predicted to lead to superconductivity [64], drastic measures
are needed to reach this level of doping: Rosenzweig et al.
doped to the van Hove singularity at 5.5 × 1014 cm−2 using
Yb intercalation and K adsorption [65], but modified the elec-
tronic structure in the process. The angle-tunable vHs in TBG
enables us to cross the vHs and observe enhanced fluctuations
[7] by varying the twist angle between samples.

III. WEAK LOCALIZATION

Before the onset of strong/Anderson localization [1,2],
weak localization occurs as described in the scaling theory
of localization [3]. A key distinction is between weak local-
ization where constructive interference between time-reversed
paths leads to increased localization and weak antilocalization
where destructive interference leads to delocalization [66,67].

(a) (b)

(c)

FIG. 1. Crossing the van Hove singularity in doped twisted bi-
layer graphene: the 1◦ sample (green) is deep in the multiband
regime, the 7◦ (purple) and 9◦ (blue) samples are near the van Hove
singularity, and the 20◦ (orange) sample is deep in the Dirac regime.
The twist-angle uncertainty is estimated to be 1.5◦. (a) Sample twist
and chemical potential plotted with regimes in red and blue, with the
phase boundary determined from the first van Hove singularity of a
tight-binding model. (b) Hall effect measurements at 20 K (colored),
linear fits (dotted), and extracted hole densities in 1013 cm−2. (c)
Density of states and chemical potential from fitting hole densities
to the tight-binding model density of states.

In graphene, this interference could originate from a zero
Berry phase in the valley symmetry-breaking regime (orthog-
onal) and a π Berry phase in the valley symmetry-conserving
regime (symplectic) [5]. Now, applying a magnetic field intro-
duces an additional Aharonov-Bohm phase that modifies the
total phase between time-reversed paths, leading to decreased
interference and hence negative magnetoresistivity [positive
magnetoconductivity (MC)] for WL and positive magnetore-
sistivity (negative MC) for WAL.

Monolayer graphene with its Dirac cones leading to a
quantized π Berry phase in the absence of intervalley scat-
tering is a perfect platform to study WAL and WL. Shortly
after the isolation of monolayer samples [68], many ex-
periments observed WAL and WL tuned by the chemical
potential and defect structure of samples [12,69–83]. These
experiments were readily understood in terms of WL the-
ory [84–89] and more general theory on disordered transport
and electronic properties in monolayer graphene [90–94]. Ex-
tensions to the Bernal bilayer with massive Dirac fermions
and Berry phase 2π , where weak localization occurs in the
absence of scattering, came quickly with theory works on
weak localization [95–97] and disordered transport [98], and
with experimental observations of weak localization coming
soon after [99–106]. Despite these successes in monolayer
and Bernal bilayer graphene, WL/WAL in TBG has not
been observed. We hypothesize that this is because WL is
a mesoscopic phenomenon occurring in metallic systems
at mesoscopic length scales where diffusive transport takes
place. Most previous TBG devices were only available at mi-
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(a)

(b) (d)

(c)

FIG. 2. Weak localization in twisted bilayer graphene. (a) Twist-angle and temperature-dependent magnetoconductivity (MC) plotted
against dimensionless magnetic field μhB. In dimensionful units, the x axis limits are, from left to right, ±1.20, 0.62, 0.17, and 1.32 T. Note
the pronounced weak-localization peak around zero field. The 20◦ sample has low mobility and low MC, which is multiplied by 10 to plot on
the same axes as the other samples. (b) Quantum contribution to the MC obtained by subtracting the classical Drude term from the total MC;
data are fitted (dotted black lines) by the Hikami-Larkin-Nagaoka (HLN) formula for quantum contribution to the MC. (c) Phase coherence
length from the HLN fit; power-law scaling between −0.5 and −1 indicates that electron-electron scattering is the main mechanism for phase
decoherence. (d) Intervalley scattering length from the HLN fit; the roughly temperature-independent length suggests that intervalley scattering
is caused by point defects in the lattice.

croscopic scales where ballistic transport predominates, and
devices with diffusive transport were near charge neutrality
and insulating states where weak localization effects are a
small correction [18,107]. Advances in transfer techniques
and ultraflat substrates have enabled the fabrication of meso-
scopic and even macroscopic TBG [9–11]. We leverage these
developments to fabricate TBG samples with size up to 5 ×
5 mm in the p-doped metallic regime, which enable us to sys-
tematically study the diffusive magnetotransport of metallic
TBG.

We take the measured longitudinal (Rxx) and transverse
(Rxy) magnetoresistance and decompose it into symmetric
ρxx(B) = [Rxx(B) + Rxx(−B)]/2 and antisymmetric ρxy(B) =
[Rxy(B) − Rxy(−B)]/2 parts to eliminate the effects of sam-
ple geometry. Now, we use the Hall effect ρxy(B) = B/ne to
determine the hole density n in the samples, which is of the
order of 1013 cm−2 corresponding to highly doped samples
well away from charge neutrality. At this chemical potential,
K and Kθ are fully mixed, but in the absence of scattering, K
and K ′ remain independent pseudospin degrees of freedom.
From the conductivity, σxx = ρxx/(ρ2

xx + ρ2
xy), we can calcu-

late the mobility of holes, μh = σxx(0)/ne, and estimate the
mean free path as Lmfp = 2[σxx(0)/(e2/h)]/gsgvgLkF , where
n = πk2

F and gs = gv = gL = 2 are the spin, valley, and layer
degeneracies [5,63]. We find Lmfp of the order of 100 nm,
which is diffusive for these samples.

Now the central object of focus in this section is the
magnetoconductivity MC = σxx(B) − σxx(0), which can be fit
by a combination of classical and quantum conductivities,
MC = MCC + MCQ, where the classical conductivity is the
Drude MC,

MCC (B, T ) = −σxx(0, T )
[μh(T )B]2

1 + [μh(T )B]2
(1)

and the quantum conductivity is given by a variant of
the Hikami-Larkin-Nagaoka (HLN) model, which includes
long-range dephasing terms Bφ and short-range intervalley
scattering terms Biv (in other systems, Biv is caused by spin-
orbit coupling) [5,70,84,108–110]. Explicitly, for spin-triplet
Cooperons with the same relaxation time,

MCQ(B, T ) = s

[
F

(
B

Bφ

)
− 3F

(
B

Bφ + 2Biv

)]
, (2)

where F (z) = ln(z) + ψ (1/2 + 1/z) for the digamma func-
tion ψ and a sample-dependent scale factor s. The
temperature-dependent magnetic field scales Bφ and Biv are
related to their corresponding “magnetic” lengths as Lφ =√

h̄/4eBφ and Liv = √
h̄/4eBiv. As in monolayer graphene,

spin-orbit coupling is weak relative to intervalley scattering,
so we neglect the spin-orbit terms.

In Fig. 2, we plot the total MC as a function of temperature
and magnetic field for four samples with twist angles of 1◦,
7◦, 9◦, and 20◦. In all samples, we see a pronounced cusp at
zero field corresponding to WL. While this is expected for the
1◦ sample and possibly the 7◦ and 9◦ samples, the 20◦ sample
is expected to have a conserved valley symmetry leading to
WAL; the WL in this sample is the evidence that the valley
symmetry is broken, and the Berry phase is zero, likely due to
the presence of atomic point defects. We expect that defects
are particularly prevalent in the 20◦ sample as it has the lowest
conductivity and mobility of all samples; to plot the MC on the
same axes as the other samples, we multiply its MC and MCQ

by 10. By subtracting the classical Drude MC in Fig. 2(b),
we obtain the quantum MC, which is well fit at low fields by
Eq. (2).

Now, we plot the fit parameters in Figs. 2(c)–2(d). The
temperature dependence of the phase coherence length Lφ
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is in the range of −1/2 to −1, which indicates that phase
decoherence is caused by electron-electron scattering; if phase
coherence were limited by electron-phonon scattering, the
phase coherence would fall off faster with T [110]. Next, the
roughly temperature-independent intervalley scattering length
indicates that the intervalley scattering mechanism is temper-
ature independent; additionally, intervalley scattering from K
to K ′ requires a large momentum transfer corresponding to a
scatterer on the scale of the atomic lattice, so we conclude that
intervalley scattering is caused by atomic point defects.

IV. DOPING DEPENDENCE OF WEAK LOCALIZATION

One may wonder why previous studies on twisted bilayer
graphene have not observed weak localization; we suggest
that it is because the samples in the diffusive metallic regime
were insufficiently doped to observe weak localization. Here
we show that the magnitude of weak localization goes as√

n ln(
√

n) in Dirac materials: increasing doping enhances
weak localization. In the weak magnetic field limit, the am-
plitude of the weak-localization effect for bilayer graphene
reduces to the form [111]

s = gsgvgL

2π

e2

h

m∗

me
ln

(
1 + τφ

τmfp

)
, (3)

where gs = gv = gL = 2 are the spin, valley, and layer de-
generacies, and m∗ = εF /v2

F for Dirac materials. Now we
note that σxx(0) = e2ν2D, with the diffusion constant D =
v2

F τmfp/2 and therefore

τmfp = 2h̄

εF

σ0

gsgvgL
, (4)

where σ0 = σxx(0)/(e2/h) and we used the density of states
for bilayer graphene, ν2 = (gsgvgL/2π ) · m∗/h̄2. Next, when
electron-electron scattering limits phase coherence (as we
have determined is the case here), τφ is given by [112]

τφ = 2h̄

kBT

σ0

ln(σ0)
. (5)

This means that in the low-temperature limit (which is even
satisfied at room temperature for our samples),

s =
[

gsgvgL

2π

εF /v2
F

me
ln

(
gsgvgLεF

kBT

1

ln(σ0)

)]
e2

h
. (6)

This expression implies that the weak-localization amplitude
becomes large at high density—it scales as εF ln(εF ) or,
equivalently, as

√
n ln(

√
n)—which is precisely the regime of

our samples.
In previous studies of twisted bilayer graphene in the dif-

fusive regime, weak localization was not observed [107,113].
In Ref. [107], for a sample at 1.59◦, the parameters are
vF = 2.0 × 105 m/s, σxx(0) = 76 e2/h, and n = −2.94 ×
1011 cm−2, so εF = 4.03 meV. Meanwhile, for our 9◦ sample
at 2 K, we have vF = 9.53 × 105 m/s, σxx(0) = 2390 e2/h,
and εF = −376 meV. Evaluating the expressions for the
1.59◦ sample and for our 9◦ sample at T = 2 K, we find s is
0.085 e2/h and 0.715 e2/h, respectively. Now, our sample was
doped to n = −3.98 × 1013 cm−2. If it had only been doped
to 2.9 × 1011 cm−2, then s would have been 0.042 e2/h and

weak localization would not have been a significant effect.
While our 9◦ sample is near the edge of the Dirac regime and
close to the van Hove singularity, and the 1.59◦ sample is near
the magic regime, we nevertheless expect that this Dirac-only
scaling relation captures the key feature of enhanced weak
localization at increased density.

V. UNIVERSAL CONDUCTANCE FLUCTUATIONS

A related phenomenon to weak localization is univer-
sal conductance fluctuations (UCFs) that often occur in
conjunction with each other in diffusive magnetotransport
experiments. UCFs occur in systems where coherent scatter-
ing of different electronic trajectories happens on the phase
coherence length Lφ [114,115]. In monolayer graphene, UCFs
were predicted shortly after predictions for WL [73,116–120]
and observed in short order, often in the same experiments that
demonstrated weak localization [12,74,75,81–83,121–126].
Likewise, UCFs were observed in experiments on Bernal
bilayers [99,100,102,103,105,106,127] and topological insu-
lators with Dirac cones [128].

To diagnose UCFs, we consider fluctuations quantified by
the connected correlation function 〈MC2

Q〉 − 〈MCQ〉2, where
the average is taken over magnetic field strengths B and we
have subtracted the classical Drude MC. For the right com-
bination of disorder strengths, as realized by the 9◦ sample,
fluctuations of the order of e2/h enter the low-temperature
MC. Explicitly, UCFs are expected to scale as [115]〈

MC2
Q

〉 − 〈MCQ〉2

(e2/h)2
= cL4−d

∗ , (7)

where c is a temperature-independent scale factor, d is the
effective dimensionality of the channel between the contacts,
and L∗ = (1/L2

φ + 1/L2
T )−1/2. Lφ is determined from the HLN

model fit to the MC data and the thermal length is LT =√
h̄LmfpvF /2kBT , with vF ≈ 106 m/s for the 9◦ sample. With

Lφ < LT , as is the case here, phase decoherence dominates
thermal scattering and fluctuations go as cL4−d

φ .
Now, in Fig. 3, we consider two runs of temperature-

dependent MC measurements. In Fig. 3(a), we see that the
gross structure of the MC is the same for the two runs, but
once the classical MC is subtracted from the quantum MC
[Fig. 3(b)], the two runs exhibit different structures with fluc-
tuations of the order of e2/h. To quantify the fluctuations, we
evaluate 〈MC2

Q〉 − 〈MCQ〉2 for fields from μhB = 0.2 to 1.0,
where we exclude the low field data since it has a systematic
contribution from the weak-localization effect. In Fig. 3(c),
we see that the fluctuations are on the scale of a few (e2/h)2

and that the fluctuations fall off with temperature. We fit the
data to both cL2

φ and cL1
φ . The former is expected to be the

scaling form in two dimensions and, while it works acceptably
at low temperatures, it underestimates the fluctuations at high
temperatures. This could be due to deviations from square
geometry or the presence of point defects not modeled by the
theory. Curiously, the fall-off is better captured by cL1

φ over
the full temperature range.

Another unusual feature is that the leads were spaced by
∼1 mm, which is much longer than Lφ ∼ 1 µm. This is rather
surprising as, up to logarithmic corrections, one expects the
amplitude of UCFs to go as L2

φ/Area, so one would expect
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(a)

(b)

(c)

FIG. 3. Universal conductance fluctuations in the 9◦ twisted bi-
layer graphene sample measured with B in the range ±0.7 T. (a)
Total magnetoconductivity (MC) for two separate runs on the same
sample. (b) Quantum MC obtained by subtracting classical Drude
MC; temperature sweeps are shifted by a constant offset of 2e2/h
from each other at B = 0 for visual clarity. (c) The magnitude of
fluctuations is on the scale of the universal conductance (e2/h)2 and
falls off with the phase coherence length Lφ .

that UCF would be attenuated by a factor of ∼10−6 in these
samples [115]. The key realization is that this scaling analysis
assumes spatial uniformity, but in real systems, macroscopic
geometry does not necessarily imply many independent co-
herent regions: a percolation network of very few strong links
can dominate electrical transport. In this case, the length to
obtain full self-averaging can be much longer than Lφ . This
breakdown of the typical scaling has been seen in a number of
thin films where UCFs were observed at length scales of 2 mm
in In2O3 [129], 0.1 mm in HgTe [130], 0.1 mm in Al [131],
1 mm in Al [132], 0.6 mm in Au [133], and 2 mm in Au [134],
all while phase coherence lengths were two to three orders
of magnitude smaller. A more exotic mechanism involving
many-body coherence and Berry phase effects [135] has re-
cently been proposed to explain coherent transport at length
scales far exceeding the phase coherence length kagome met-
als [136]. In our case, the effect of inhomogeneity and a few
strong links seem to plausibly explain the persistence of UCFs
to the mm scale.

Finally, to address why the 9◦ sample exhibits UCFs while
the fluctuations in the other samples are considerably smaller,
we point out that the mobility of the 9◦ sample is the greatest
of the four samples at nearly 15 000 cm2/V s (see Table I)
and its intervalley scattering length is substantially longer than
that of the other samples [Fig. 2(d)]. Both of these features
should help to enable mesoscopic coherence phenomena such
as UCF.

VI. DISCUSSION

In this study, we report weak localization and universal
conductance fluctuations in twisted bilayer graphene. While

TABLE I. Sample-dependent transport properties at zero mag-
netic field.

Sample ρxx (0) (�) σxx (0) (e2/h) μh (cm2/V s) Lmfp (nm)

1◦ 78.4 329 823 74.1
7◦ 26.0 992 4864 313
9◦ 10.8 2396 14570 842
20◦ 2018 12.8 45.3 3.43

these mesoscopic quantum coherence phenomena have been
seen in monolayer and Bernal bilayer graphene for some time,
until recently samples of twisted bilayer graphene have been
either (1) too small to observe weak localization, (2) insu-
lating or near to an insulating state where weak localization
does not appear, or (3) insufficiently doped for weak local-
ization to be significant. We overcame these difficulties by
using a recently developed transfer technique [10,11] to fabri-
cate macroscopic (millimeter-scale) samples with substantial
p doping, and we measured their magnetoconductivity. The
p doping brought the samples far from charge neutrality
and away from the Landau fan diagrams measured in other
experiments of Landau levels and correlated insulators, and
into a regime where mesoscopic coherence dominates. This
method of sample preparation is much more scalable than
typical exfoliation followed by dry transfer and may enable
future device applications. Large samples are also desirable
for infrared and terahertz optical studies, which could probe
low-lying electronic excitations; we have already interfaced
terahertz optics with large-area twisted bilayer graphene and
were able to resolve inter-Landau-level transitions [47]. Look-
ing ahead, the pursuit of even higher quality samples with
fewer point defects may enable the observation of meso-
scopic physics tuned purely by electronic structure, where the
role of defects is secondary, such as weak antilocalization in
large-angle twisted bilayer graphene with a preserved valley
symmetry.
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FIG. 4. Raw magnetoresistance data. The colorbar scale is the same as in the main text, where dark blue is 2 K and dark red is 110 K. Note
that the difference between 9◦ Run A and Run B is less than 0.5% and is not visible until the classical magnetoresistance is subtracted, as we
do in the main text.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

APPENDIX A: RAW MAGNETORESISTANCE DATA

Here, in Fig. 4, we plot the raw magnetoresistance data for
the 1◦, 7◦, 9◦ run A, 9◦ run B, and 20◦ samples.

APPENDIX B: SAMPLE PROPERTIES

Here, in Table I, we tabulate the sample resistivity, conduc-
tivity, mobility, and mean-free paths of the samples.

APPENDIX C: TIGHT-BINDING MODEL

For the theoretical model of the density of states in TBG,
we used a Slater-Koster tight-binding model of p and s orbitals
on carbon atoms with hopping t (r) = Vppπ (r) + Vppσ (r) de-
veloped and used in Refs. [14,137], where the hopping terms
are given by

Vppπ (r) = tppπe−(|r|−a0 )/δ

[
1 −

(
r · ez

|r|
)2

]
, (C1)

Vppσ (r) = tppσ e−(|r|−d )/δ

(
r · ez

|r|
)2

, (C2)

for hopping amplitudes tppπ = −2.7 eV and tppσ = 0.48 eV,
the unit vector perpendicular to the bilayer is ez = (0, 0, 1),
intralayer atomic spacing is a0 = a/

√
3 = 0.142 nm, inter-

layer spacing is d = 0.335 nm, and decay length is δ =
0.184a = 0.0453 nm. The Dirac point then occurs at K at
an energy E0 = 0.7833 eV, which is an overall shift that we
add to the Hamiltonian. The atomic positions are obtained
through a rigid rotation of two honeycomb lattices by an an-
gle θ (m, n) = Arg[(mω∗ + nω)/(nω∗ + mω)]; the pair (m, n)
parametrizes a commensurate rotation and ω = eiπ/6. The ro-
tation center is given by a point where two A sublattice sites
overlap (no displacement between layers), and this point can
be chosen to be the corner of the unit cell. In Table II we
tabulate the twist angles modeled in this study.

For the determination of the van Hove singularities in
Fig. 1(a), we calculated the density of states on a k-space

mesh chosen so that 106 to 107 total states are calculated, for
a variety of twist angles from 1◦ to 22◦, as follows:

For the densities of states plotted in Fig. 1(c), we used
(m, n) = (33, 32), (26, 21), (29, 22), (47, 25) for the 1◦, 7◦, 9◦,
and 20◦ samples, respectively. To find the chemical potential,
we integrate the density of states to the energy where the
number density equaled the number density found through
Hall effect measurements in Fig. 1(b).

The twist angle variability across the sample was estimated
as ±1.5◦, which could influence the chemical potential. To
quantify this effect, we calculated the chemical potential for
the 1◦ sample density at a 2.5◦ twist, (14,13); the 7◦ sample at
5.5◦/(13, 11) and 8.5◦/(22, 17); the 9◦ sample at 7.5◦/(5, 4)
and 10.5◦/(29, 21); and the 20◦ sample at 18.5◦/(9, 5) and
22◦/(2, 1). The uncertainty in the data points in Fig. 1(a) is
the variability among the chemical potentials determined for
the same sample.

TABLE II. Twist angles and commensuration integer pairs (m, n)
used to obtain the line separating the “Multiband Regime” from the
“Dirac Regime” in Fig. 1.

Twist (m, n) EvHs (eV)

1◦ (33,32) 0.0021
1.5◦ (23,22) −0.0059
2◦ (17,16) −0.0299
2.5◦ (14,13) −0.0579
3◦ (23,21) −0.0979
5◦ (7,6) −0.258
5.5◦ (13,11) −0.290
7◦ (26,21) −0.402
7.5◦ (5,4) −0.426
8.5◦ (22,17) −0.510
9◦ (29,22) −0.554
10◦ (19,14) −0.618
10.5◦ (29,21) −0.658
11.5◦ (27,19) −0.722
12◦ (13,9) −0.758
14◦ (20,13) −0.890
16◦ (23,14) −1.018
18.5◦ (9,5) −1.182
20◦ (47,25) −1.250
22◦ (2,1) −1.342
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[32] D. Călugăru, A. Chew, L. Elcoro, Y. Xu, N. Regnault, Z. D.
Song, and B. A. Bernevig, General construction and topolog-
ical classification of crystalline flat bands, Nat. Phys. 18, 185
(2022).

[33] G. H. Wannier, Wave functions and effective Hamiltonian for
Bloch electrons in an electric field, Phys. Rev. 117, 432 (1960).

[34] A. R. Kolovsky and E. N. Bulgakov, Wannier-stark states and
Bloch oscillations in the honeycomb lattice, Phys. Rev. A 87,
033602 (2013).

[35] H. K. Kelardeh, V. Apalkov, and M. I. Stockman, Wannier-
stark states of graphene in strong electric field, Phys. Rev. B
90, 085313 (2014).

[36] G. Iafrate and V. Sokolov, The bloch electron response to
electric fields: Application to graphene, Phys. Status Solidi B
257, 1900660 (2020).

[37] C. De Beule, S. Gassner, S. Talkington, and E. J. Mele,
Floquet-bloch theory for nonperturbative response to a static
drive, Phys. Rev. B 109, 235421 (2024).

165430-7

https://doi.org/10.1103/PhysRev.109.1492
https://doi.org/10.1103/RevModPhys.80.1355
https://doi.org/10.1103/PhysRevLett.42.673
https://doi.org/10.1103/RevModPhys.69.731
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/PhysRevB.111.L241103
https://doi.org/10.1103/PhysRevB.66.165310
https://doi.org/10.1103/PhysRevB.86.155449
https://doi.org/10.1021/acs.nanolett.9b00555
https://doi.org/10.1021/acs.nanolett.1c04139
https://doi.org/10.1038/s41563-022-01378-z
https://doi.org/10.1103/PhysRevLett.97.016801
https://doi.org/10.1103/PhysRevB.82.121407
https://doi.org/10.1021/nl902948m
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1103/PhysRevResearch.1.013001
https://doi.org/10.1103/PhysRevB.99.140302
https://doi.org/10.1038/s41467-021-25864-1
https://doi.org/10.1088/2053-1583/ac044f
https://doi.org/10.1038/s41567-020-01041-x
https://doi.org/10.1038/s41567-020-0974-x
https://doi.org/10.1126/sciadv.abc5555
https://doi.org/10.1038/s41586-021-03252-5
https://doi.org/10.1038/nature26154
https://doi.org/10.1038/nature26160
https://doi.org/10.1126/science.aav1910
https://doi.org/10.1038/s41563-020-00840-0
https://doi.org/10.1103/PhysRevA.94.043831
https://doi.org/10.1080/23746149.2021.1901606
https://doi.org/10.1103/PhysRevB.106.L161109
https://doi.org/10.1038/s41586-022-04519-1
https://doi.org/10.1038/s41567-021-01445-3
https://doi.org/10.1103/PhysRev.117.432
https://doi.org/10.1103/PhysRevA.87.033602
https://doi.org/10.1103/PhysRevB.90.085313
https://doi.org/10.1002/pssb.201900660
https://doi.org/10.1103/PhysRevB.109.235421


SPENSER TALKINGTON et al. PHYSICAL REVIEW B 113, 165430 (2026)

[38] S. Shallcross, S. Sharma, and O. A. Pankratov, Quantum in-
terference at the twist boundary in graphene, Phys. Rev. Lett.
101, 056803 (2008).

[39] E. J. Mele, Commensuration and interlayer coherence in
twisted bilayer graphene, Phys. Rev. B 81, 161405(R)
(2010).

[40] E. J. Mele, Interlayer coupling in rotationally faulted mul-
tilayer graphenes, J. Phys. D: Appl. Phys. 45, 154004
(2012).

[41] E. McCann, Asymmetry gap in the electronic band structure
of bilayer graphene, Phys. Rev. B 74, 161403(R) (2006).

[42] E. V. Castro, K. S. Novoselov, S. V. Morozov, N. M. R.
Peres, J. M. B. L. dos Santos, J. Nilsson, F. Guinea, A. Geim,
A. K. Geim, and A. H. Castro Neto, Biased bilayer graphene:
semiconductor with a gap tunable by the electric field effect,
Phys. Rev. Lett. 99, 216802 (2007).

[43] K. F. Mak, C. H. Lui, J. Shan, and T. F. Heinz, Observation
of an electric-field-induced band gap in bilayer graphene by
infrared spectroscopy, Phys. Rev. Lett. 102, 256405 (2009).

[44] S. Talkington and E. J. Mele, Electric-field-tunable band gap
in commensurate twisted bilayer graphene, Phys. Rev. B 107,
L041408 (2023).

[45] S. Talkington and E. J. Mele, Terahertz circular dichroism in
commensurate twisted bilayer graphene, Phys. Rev. B 108,
085421 (2023).

[46] S. Talkington and M. Claassen, Linear and non-linear response
of quadratic Lindbladians, npj Quantum Mater. 9, 104 (2024).

[47] B. F. Mead, S. Talkington, A. H. Chen, D. Mallick, Z. Chu,
X. Han, S. J. Yang, C. J. Kim, M. Brahlek, E. J. Mele, and L.
Wu, Terahertz Landau level spectroscopy of Dirac fermions in
millimeter-scale twisted bilayer graphene, Phys. Rev. B 112,
205116 (2025).

[48] Z. L. Li, X. H. Li, and Y. Wan, Time-domain interferometry
of electron weak localization through terahertz nonlinear re-
sponse, Phys. Rev. Res. 6, 033125 (2024).

[49] P. A. Guerrero, V. H. Nguyen, J. M. Romeral, A. W.
Cummings, J. H. Garcia, J. C. Charlier, and S. Roche,
Disorder-induced delocalization in magic-angle twisted bi-
layer graphene, Phys. Rev. Lett. 134, 126301 (2025).

[50] A. Mondal, P. Sinha, and B. L. Chittari, Magneto transport
of pressure induced flatbands in large angle twisted bilayer
graphene, arXiv:2503.22920.

[51] J. M. B. Lopes dos Santos, N. M. R. Peres, and A. H. Castro
Neto, Graphene bilayer with a twist: Electronic structure,
Phys. Rev. Lett. 99, 256802 (2007).

[52] S. Shallcross, S. Sharma, and O. Pankratov, Emergent mo-
mentum scale, localization, and van Hove singularities in the
graphene twist bilayer, Phys. Rev. B 87, 245403 (2013).

[53] G. Li, A. Luican, J. Lopes dos Santos, A. Castro Neto, A.
Reina, J. Kong, and E. Andrei, Observation of van Hove
singularities in twisted graphene layers, Nat. Phys. 6, 109
(2010).

[54] W. Yan, M. Liu, R. F. Dou, L. Meng, L. Feng, Z. D. Chu,
Y. Zhang, Z. Liu, J. C. Nie, and L. He, Angle-dependent van
Hove singularities in a slightly twisted graphene bilayer, Phys.
Rev. Lett. 109, 126801 (2012).

[55] D. Wong, Y. Wang, J. Jung, S. Pezzini, A. M. DaSilva, H. Z.
Tsai, H. S. Jung, R. Khajeh, Y. Kim, J. Lee, et al., Local spec-
troscopy of moiré-induced electronic structure in gate-tunable
twisted bilayer graphene, Phys. Rev. B 92, 155409 (2015).

[56] Y. Kim, P. Herlinger, P. Moon, M. Koshino, T. Taniguchi, K.
Watanabe, and J. H. Smet, Charge inversion and topological
phase transition at a twist angle induced van Hove singularity
of bilayer graphene, Nano Lett. 16, 5053 (2016).

[57] H. Ribeiro, K. Sato, G. Eliel, E. De Souza, C. C. Lu, P. W.
Chiu, R. Saito, and M. Pimenta, Origin of van Hove singulari-
ties in twisted bilayer graphene, Carbon 90, 138 (2015).

[58] L. Van Hove, The occurrence of singularities in the elas-
tic frequency distribution of a crystal, Phys. Rev. 89, 1189
(1953).

[59] R. Markiewicz, Van Hove singularities and high-Tc supercon-
ductivity: A review, Intl. J. Mod. Phys. B 05, 2037 (1991).

[60] N. F. Yuan, H. Isobe, and L. Fu, Magic of high-order van Hove
singularity, Nat. Commun. 10, 5769 (2019).

[61] L. Classen and J. J. Betouras, High-order van Hove singular-
ities and their connection to flat bands, Annu. Rev. Condens.
Matter Phys. 16, 229 (2024).

[62] A. K. Geim and K. S. Novoselov, The rise of graphene, Nat.
Mater. 6, 183 (2007).

[63] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov,
and A. K. Geim, The electronic properties of graphene, Rev.
Mod. Phys. 81, 109 (2009).

[64] J. L. McChesney, A. Bostwick, T. Ohta, T. Seyller, K. Horn,
J. González, and E. Rotenberg, Extended van Hove singularity
and superconducting instability in doped graphene, Phys. Rev.
Lett. 104, 136803 (2010).

[65] P. Rosenzweig, H. Karakachian, D. Marchenko, K. Küster,
and U. Starke, Overdoping graphene beyond the van Hove
singularity, Phys. Rev. Lett. 125, 176403 (2020).

[66] B. Kramer and A. MacKinnon, Localization: Theory and ex-
periment, Rep. Prog. Phys. 56, 1469 (1993).

[67] J. Rammer, Quantum Transport Theory (CRC Press, Boca
Raton, FL, 2004).

[68] K. S. Novoselov, D. Jiang, F. Schedin, T. Booth, V.
Khotkevich, S. Morozov, and A. K. Geim, Two-dimensional
atomic crystals, Proc. Natl. Acad. Sci. USA 102, 10451
(2005).

[69] X. Wu, X. Li, Z. Song, C. Berger, and W. A. de Heer, Weak
antilocalization in epitaxial graphene: Evidence for chiral elec-
trons, Phys. Rev. Lett. 98, 136801 (2007).

[70] F. V. Tikhonenko, D. W. Horsell, R. V. Gorbachev, and A. K.
Savchenko, Weak localization in graphene flakes, Phys. Rev.
Lett. 100, 056802 (2008).

[71] D. K. Ki, D. Jeong, J. H. Choi, H. J. Lee, and K. S. Park,
Inelastic scattering in a monolayer graphene sheet: A weak-
localization study, Phys. Rev. B 78, 125409 (2008).

[72] F. V. Tikhonenko, A. A. Kozikov, A. K. Savchenko, and
R. V. Gorbachev, Transition between electron localization and
antilocalization in graphene, Phys. Rev. Lett. 103, 226801
(2009).

[73] D. Horsell, A. Savchenko, F. Tikhonenko, K. Kechedzhi,
I. Lerner, and V. Fal’ko, Mesoscopic conductance fluc-
tuations in graphene, Solid State Commun. 149, 1041
(2009).

[74] Y. F. Chen, M. H. Bae, C. Chialvo, T. Dirks, A. Bezryadin, and
N. Mason, Magnetoresistance in single-layer graphene: Weak
localization and universal conductance fluctuation studies,
J. Phys.: Condens. Matter 22, 205301 (2010).

[75] J. Berezovsky, M. Borunda, E. J. Heller, and R. M. Westervelt,
Imaging coherent transport in graphene (Part I): Mapping

165430-8

https://doi.org/10.1103/PhysRevLett.101.056803
https://doi.org/10.1103/PhysRevB.81.161405
https://doi.org/10.1088/0022-3727/45/15/154004
https://doi.org/10.1103/PhysRevB.74.161403
https://doi.org/10.1103/PhysRevLett.99.216802
https://doi.org/10.1103/PhysRevLett.102.256405
https://doi.org/10.1103/PhysRevB.107.L041408
https://doi.org/10.1103/PhysRevB.108.085421
https://doi.org/10.1038/s41535-024-00709-4
https://doi.org/10.1103/5s4k-5jtj
https://doi.org/10.1103/PhysRevResearch.6.033125
https://doi.org/10.1103/PhysRevLett.134.126301
https://arxiv.org/abs/2503.22920
https://doi.org/10.1103/PhysRevLett.99.256802
https://doi.org/10.1103/PhysRevB.87.245403
https://doi.org/10.1038/nphys1463
https://doi.org/10.1103/PhysRevLett.109.126801
https://doi.org/10.1103/PhysRevB.92.155409
https://doi.org/10.1021/acs.nanolett.6b01906
https://doi.org/10.1016/j.carbon.2015.04.005
https://doi.org/10.1103/PhysRev.89.1189
https://doi.org/10.1142/S0217979291000791
https://doi.org/10.1038/s41467-019-13670-9
https://doi.org/10.1146/annurev-conmatphys-042924-015000
https://doi.org/10.1038/nmat1849
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/PhysRevLett.104.136803
https://doi.org/10.1103/PhysRevLett.125.176403
https://doi.org/10.1088/0034-4885/56/12/001
https://doi.org/10.1073/pnas.0502848102
https://doi.org/10.1103/PhysRevLett.98.136801
https://doi.org/10.1103/PhysRevLett.100.056802
https://doi.org/10.1103/PhysRevB.78.125409
https://doi.org/10.1103/PhysRevLett.103.226801
https://doi.org/10.1016/j.ssc.2009.02.058
https://doi.org/10.1088/0953-8984/22/20/205301


WEAK LOCALIZATION AND UNIVERSAL CONDUCTANCE … PHYSICAL REVIEW B 113, 165430 (2026)

universal conductance fluctuations, Nanotechnology 21,
274013 (2010).

[76] J. Moser, H. Tao, S. Roche, F. Alsina, C. M. S. Torres, and A.
Bachtold, Magnetotransport in disordered graphene exposed
to ozone: From weak to strong localization, Phys. Rev. B 81,
205445 (2010).

[77] S. Lara-Avila, A. Tzalenchuk, S. Kubatkin, R. Yakimova,
T. J. B. M. Janssen, K. Cedergren, T. Bergsten, and V. Fal’ko,
Disordered Fermi liquid in epitaxial graphene from quan-
tum transport measurements, Phys. Rev. Lett. 107, 166602
(2011).

[78] L. A. Jauregui, H. Cao, W. Wu, Q. Yu, and Y. P. Chen, Elec-
tronic properties of grains and grain boundaries in graphene
grown by chemical vapor deposition, Solid State Commun.
151, 1100 (2011).

[79] A. M. R. Baker, J. A. Alexander-Webber, T. Altebaeumer,
T. J. B. M. Janssen, A. Tzalenchuk, S. Lara-Avila, S. Kubatkin,
R. Yakimova, C. T. Lin, L. J. Li, and R. J. Nicholas, Weak
localization scattering lengths in epitaxial, and CVD graphene,
Phys. Rev. B 86, 235441 (2012).

[80] M. Hilke, M. Massicotte, E. Whiteway, and V. Yu, Weak lo-
calization in graphene: Theory, simulations, and experiments,
Sci. World J. 2014, 737296 (2014).

[81] D. Terasawa, A. Fukuda, A. Fujimoto, Y. Ohno, Y. Kanai, and
K. Matsumoto, Relationship between conductance fluctuation
and weak localization in graphene, Phys. Rev. B 95, 125427
(2017).

[82] D. Terasawa, A. Fukuda, A. Fujimoto, Y. Ohno, and K.
Matsumoto, Temperature dependence of universal conduc-
tance fluctuation due to development of weak localization in
graphene, Solid State Commun. 267, 14 (2017).

[83] D. Terasawa, A. Fukuda, A. Fujimoto, Y. Ohno, Y. Kanai, and
K. Matsumoto, Universal conductance fluctuation due to de-
velopment of weak localization in monolayer graphene, Phys.
Stat. Sol. B 256, 1800515 (2019).

[84] E. McCann, K. Kechedzhi, V. I. Fal’ko, H. Suzuura, T. Ando,
and B. L. Altshuler, Weak-localization magnetoresistance and
valley symmetry in graphene, Phys. Rev. Lett. 97, 146805
(2006).

[85] A. F. Morpurgo and F. Guinea, Intervalley scattering, long-
range disorder, and effective time-reversal symmetry breaking
in graphene, Phys. Rev. Lett. 97, 196804 (2006).

[86] I. L. Aleiner and K. B. Efetov, Effect of disorder on transport
in graphene, Phys. Rev. Lett. 97, 236801 (2006).

[87] A. Altland, Low-energy theory of disordered graphene, Phys.
Rev. Lett. 97, 236802 (2006).

[88] V. I. Fal’ko, K. Kechedzhi, E. McCann, B. L. Altshuler, H.
Suzuura, and T. Ando, Weak localization in graphene, Solid
State Commun. 143, 33 (2007).

[89] X. Z. Yan and C. S. Ting, Weak localization of Dirac fermions
in graphene, Phys. Rev. Lett. 101, 126801 (2008).

[90] S. Adam, E. Hwang, V. Galitski, and S. Das Sarma, A self-
consistent theory for graphene transport, Proc. Natl. Acad. Sci.
USA 104, 18392 (2007).

[91] S. Adam, P. W. Brouwer, and S. Das Sarma, Crossover from
quantum to Boltzmann transport in graphene, Phys. Rev. B 79,
201404(R) (2009).

[92] E. R. Mucciolo and C. H. Lewenkopf, Disorder and electronic
transport in graphene, J. Phys.: Condens. Matter 22, 273201
(2010).

[93] S. Adam, Graphene carrier transport theory, in Graphene Na-
noelectronics (Springer, New York, 2012), pp. 357–394.

[94] J. Ping, I. Yudhistira, N. Ramakrishnan, S. Cho, S. Adam, and
M. S. Fuhrer, Disorder-induced magnetoresistance in a two-
dimensional electron system, Phys. Rev. Lett. 113, 047206
(2014).

[95] K. Kechedzhi, E. McCann, V. I. Fal’ko, H. Suzuura, T. Ando,
and B. Altshuler, Weak localization in monolayer and bilayer
graphene, Eur. Phys. J. 148, 39 (2007).

[96] K. Kechedzhi, V. I. Fal’ko, E. McCann, and B. L. Altshuler,
Influence of trigonal warping on interference effects in bilayer
graphene, Phys. Rev. Lett. 98, 176806 (2007).

[97] E. McCann and V. I. Fal’ko, Weak localization and spin-orbit
coupling in monolayer and bilayer graphene, in Physics of
Graphene, edited by H. Aoki and M. S. Dresselhaus (Springer,
New York, 2013), pp. 327–345.

[98] S. Adam and M. D. Stiles, Temperature dependence of the
diffusive conductivity of bilayer graphene, Phys. Rev. B 82,
075423 (2010).

[99] 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).

[100] R. V. Gorbachev, F. V. Tikhonenko, A. S. Mayorov, D. W.
Horsell, and A. K. Savchenko, Weak localisation in bilayer
graphene, Physica E 40, 1360 (2008).

[101] Z. M. Liao, B. H. Han, H. C. Wu, and D. P. Yu, Gate voltage
dependence of weak localization in bilayer graphene, Appl.
Phys. Lett. 97, 163110 (2010).

[102] Y.-F. Chen, M. H. Bae, C. Chialvo, T. Dirks, A. Bezryadin,
N. Mason, et al., Negative and positive magnetoresistance
in bilayer graphene: Effects of weak localization and charge
inhomogeneity, Physica B 406, 785 (2011).

[103] Z. M. Liao, Y. B. Zhou, H. C. Wu, B. H. Han, and D. P. Yu,
Observation of both classical and quantum magnetoresistance
in bilayer graphene, Europhys. Lett. 94, 57004 (2011).

[104] Y. Liu, W. S. Lew, and L. Sun, Enhanced weak localization
effect in few-layer graphene, Phys. Chem. Chem. Phys. 13,
20208 (2011).

[105] C. Chuang, T. P. Woo, A. M. Mahjoub, T. Ouchi, C. S.
Hsu, C. P. Chin, N. Aoki, L. H. Lin, Y. Ochiai, and C. T.
Liang, Weak localization and universal conductance fluctu-
ations in multilayer graphene, Curr. Appl. Phys. 14, 108
(2014).

[106] E. Icking, F. Wörtche, A. Cummings, A. Wörtche, K.
Watanabe, T. Taniguchi, C. Volk, B. Beschoten, and C.
Stampfer, Weak localization as a probe of spin-orbit-induced
spin-split bands in bilayer graphene proximity coupled to
WSe2, Phys. Rev. Appl. 25, 044028 (2026).

[107] H. Polshyn, M. Yankowitz, S. Chen, Y. Zhang, K. Watanabe,
T. Taniguchi, C. R. Dean, and A. F. Young, Large linear-in-
temperature resistivity in twisted bilayer graphene, Nat. Phys.
15, 1011 (2019).

[108] S. Hikami, A. I. Larkin, and Y. Nagaoka, Spin-orbit interaction
and magnetoresistance in the two-dimensional random system,
Prog. Theor. Phys. 63, 707 (1980).

[109] P. A. Lee and T. V. Ramakrishnan, Disordered electronic sys-
tems, Rev. Mod. Phys. 57, 287 (1985).

[110] S. Chakravarty and A. Schmid, Weak localization: The quasi-
classical theory of electrons in a random potential, Phys. Rep.
140, 193 (1986).

165430-9

https://doi.org/10.1088/0957-4484/21/27/274013
https://doi.org/10.1103/PhysRevB.81.205445
https://doi.org/10.1103/PhysRevLett.107.166602
https://doi.org/10.1016/j.ssc.2011.05.023
https://doi.org/10.1103/PhysRevB.86.235441
https://doi.org/10.1155/2014/737296
https://doi.org/10.1103/PhysRevB.95.125427
https://doi.org/10.1016/j.ssc.2017.09.002
https://doi.org/10.1002/pssb.201800515
https://doi.org/10.1103/PhysRevLett.97.146805
https://doi.org/10.1103/PhysRevLett.97.196804
https://doi.org/10.1103/PhysRevLett.97.236801
https://doi.org/10.1103/PhysRevLett.97.236802
https://doi.org/10.1016/j.ssc.2007.03.049
https://doi.org/10.1103/PhysRevLett.101.126801
https://doi.org/10.1073/pnas.0704772104
https://doi.org/10.1103/PhysRevB.79.201404
https://doi.org/10.1088/0953-8984/22/27/273201
https://doi.org/10.1103/PhysRevLett.113.047206
https://doi.org/10.1140/epjst/e2007-00224-6
https://doi.org/10.1103/PhysRevLett.98.176806
https://doi.org/10.1103/PhysRevB.82.075423
https://doi.org/10.1103/PhysRevLett.98.176805
https://doi.org/10.1016/j.physe.2007.09.009
https://doi.org/10.1063/1.3505310
https://doi.org/10.1016/j.physb.2010.11.093
https://doi.org/10.1209/0295-5075/94/57004
https://doi.org/10.1039/c1cp22250c
https://doi.org/10.1016/j.cap.2013.10.004
https://doi.org/10.1103/783y-y4bs
https://doi.org/10.1038/s41567-019-0596-3
https://doi.org/10.1143/PTP.63.707
https://doi.org/10.1103/RevModPhys.57.287
https://doi.org/10.1016/0370-1573(86)90027-X


SPENSER TALKINGTON et al. PHYSICAL REVIEW B 113, 165430 (2026)

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

[112] B. L. Altshuler, A. Aronov, and D. Khmelnitsky, Effects of
electron-electron collisions with small energy transfers on
quantum localisation, J. Phys. C 15, 7367 (1982).

[113] Y. Cao, D. Chowdhury, D. Rodan-Legrain, O. Rubies-Bigorda,
K. Watanabe, T. Taniguchi, T. Senthil, and P. Jarillo-Herrero,
Strange metal in magic-angle graphene with near Planckian
dissipation, Phys. Rev. Lett. 124, 076801 (2020).

[114] P. A. Lee and A. D. Stone, Universal conductance fluctuations
in metals, Phys. Rev. Lett. 55, 1622 (1985).

[115] P. A. Lee, A. D. Stone, and H. Fukuyama, Universal con-
ductance fluctuations in metals: Effects of finite temperature,
interactions, and magnetic field, Phys. Rev. B 35, 1039
(1987).

[116] A. Rycerz, J. Tworzydło, and C. W. J. Beenakker, Anoma-
lously large conductance fluctuations in weakly disordered
graphene, Europhys. Lett. 79, 57003 (2007).

[117] K. Kechedzhi, O. Kashuba, and V. I. Fal’ko, Quantum kinetic
equation and universal conductance fluctuations in graphene,
Phys. Rev. B 77, 193403 (2008).

[118] M. Y. Kharitonov and K. B. Efetov, Universal conductance
fluctuations in graphene, Phys. Rev. B 78, 033404 (2008).

[119] M. F. Borunda, J. Berezovsky, R. M. Westervelt, and
E. J. Heller, Imaging universal conductance fluctuations in
graphene, ACS Nano 5, 3622 (2011).

[120] E. Rossi, J. H. Bardarson, M. S. Fuhrer, and S. Das Sarma,
Universal conductance fluctuations in Dirac materials in the
presence of long-range disorder, Phys. Rev. Lett. 109, 096801
(2012).

[121] N. E. Staley, C. P. Puls, and Y. Liu, Suppression of conduc-
tance fluctuation in weakly disordered mesoscopic graphene
samples near the charge neutral point, Phys. Rev. B 77, 155429
(2008).

[122] 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).

[123] K. Gopinadhan, Y. Jun Shin, and H. Yang, Universal scaling of
resistivity in bilayer graphene, Appl. Phys. Lett. 101, 223111
(2012).

[124] V. Kochat, A. N. Pal, and A. Ghosh, Universal conductance
fluctuations as a direct probe to valley coherence and univer-
sality class of disordered graphene, AIP Conf. Proc. 1566, 161
(2013).

[125] K. R. Amin, S. S. Ray, N. Pal, R. Pandit, and A. Bid, Exotic
multifractal conductance fluctuations in graphene, Commun.
Phys. 1, 1 (2018).

[126] K. Hsieh, V. Kochat, T. Biswas, C. S. Tiwary, A. Mishra, G.
Ramalingam, A. Jayaraman, K. Chattopadhyay, S. Raghavan,
M. Jain, et al., Spontaneous time-reversal symmetry breaking
at individual grain boundaries in graphene, Phys. Rev. Lett.
126, 206803 (2021).

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

[128] D. Mallick, S. Mandal, R. Ganesan, and P. A. Kumar,
Existence of electron-hole charge puddles and the obser-
vation of strong universal conductance fluctuations in a
3D topological insulator, Appl. Phys. Lett. 119, 013105
(2021).

[129] F. P. Milliken and Z. Ovadyahu, Observation of conductance
fluctuations in large In2O3 films, Phys. Rev. Lett. 65, 911
(1990).

[130] D. Khudaiberdiev, Z. D. Kvon, M. V. Entin, D. A. Kozlov,
N. N. Mikhailov, and M. Ryzhkov, Mesoscopic conductance
fluctuations in 2D HgTe semimetal, Nanomaterials 13, 2882
(2023).

[131] J. Delahaye, T. Grenet, and F. Gay, Coexistence of anomalous
field effect and mesoscopic conductance fluctuations in gran-
ular aluminium, Eur. Phys. J. B 65, 5 (2008).

[132] J. Delahaye and T. Grenet, Electrical glassy behavior
in granular aluminium thin films, Physica B 404, 470
(2009).

[133] T. Havdala, A. Eisenbach, and A. Frydman, Ultraslow relax-
ation in discontinuous-film–based electron glasses, Europhys.
Lett. 98, 67006 (2012).

[134] B. I. Belevtsev, E. Y. Beliayev, and E. Y. Kopeichenko,
Mesoscopic conductance fluctuations in two-dimensional per-
colation gold films near the percolation threshold, Czech. J.
Phys. 46, 2363 (1996).

[135] C. M. Varma, h/e flux quantization in metals due to Berry
phase coherence, arXiv:2601.12223v1.

[136] C. Guo, K. Wang, L. Zhang, C. Putzke, D. Chen, M. R. van
Delft, S. Wiedmann, F. F. Balakirev, R. D. McDonald, M.
Gutierrez-Amigo, et al., Many-body interference in kagome
crystals, Nature (London) 647, 68 (2025).

[137] P. Moon and M. Koshino, Optical absorption in twisted bilayer
graphene, Phys. Rev. B 87, 205404 (2013).

165430-10

https://doi.org/10.1016/S0081-1947(08)60091-0
https://doi.org/10.1088/0022-3719/15/36/018
https://doi.org/10.1103/PhysRevLett.124.076801
https://doi.org/10.1103/PhysRevLett.55.1622
https://doi.org/10.1103/PhysRevB.35.1039
https://doi.org/10.1209/0295-5075/79/57003
https://doi.org/10.1103/PhysRevB.77.193403
https://doi.org/10.1103/PhysRevB.78.033404
https://doi.org/10.1021/nn103450d
https://doi.org/10.1103/PhysRevLett.109.096801
https://doi.org/10.1103/PhysRevB.77.155429
https://doi.org/10.1103/PhysRevLett.109.196601
https://doi.org/10.1063/1.4769042
https://doi.org/10.1063/1.4848335
https://doi.org/10.1038/s42005-017-0001-4
https://doi.org/10.1103/PhysRevLett.126.206803
https://doi.org/10.1088/1367-2630/12/8/083016
https://doi.org/10.1063/5.0050923
https://doi.org/10.1103/PhysRevLett.65.911
https://doi.org/10.3390/nano13212882
https://doi.org/10.1140/epjb/e2008-00317-4
https://doi.org/10.1016/j.physb.2008.11.040
https://doi.org/10.1209/0295-5075/98/67006
https://doi.org/10.1007/BF02571173
https://arxiv.org/abs/2601.12223v1
https://doi.org/10.1038/s41586-025-09659-8
https://doi.org/10.1103/PhysRevB.87.205404

