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Abstract
Quantum coherent effects can be probed in multilayer graphene through electronic transport
measurements at low temperatures. In particular, bilayer graphene (BLG) is known to be suscept-
ible to quantum interference corrections of the conductivity, presenting weak localization at all
electronic densities, and dependent on different scattering mechanisms such as those related to
the trigonal warping of the electron dispersion near the K and K′ valleys. Proximity effects with a
molecular thin film influence these scattering mechanisms, which can be quantified through the
known theory of magnetoconductance for BLG. Here, we present electronic transport measure-
ments in a copper-phthalocyanine (CuPc) / BLG / hexagonal boron nitride (h-BN) heterostruc-
ture that suggest the restoration of weak localization in BLG, associated to a reduction of trigonal
warping effects, that are known to suppress weak localization in BLG. Additionally, we observe a
charge transfer of 3.6×1012cm−2 from the BLG to the molecules, as well as a very small degrada-
tion of the mobility of the BLG/h-BN heterostructure upon the deposition of CuPc. The molecular
arrangement of the CuPc thin film is characterized in a control sample through transmission elec-
tron microscopy, that we relate to the electronic transport results.

1. Introduction

In the mesoscopic regime, that is, when the dimen-
sions of a system are small enough to be sensitive
to quantum effects and large enough to take into
account the contribution of multiple electrons, the
quantum interference of electronic trajectories leads
to a correction of the conductance that is intim-
ately linked to the character of the charge carriers.
In general, such correction survives even after aver-
aging over disorder, and may appear in more mac-
roscopic samples. In graphene, carriers are chiral,
their pseudo-spin, related to the existence of two

atoms per unit cell, is either parallel or anti-parallel
to the momentum. This makes that if an electron
in graphene completes a closed trajectory, the elec-
tron wavefunction will acquire an additional phase
of π, leading to a destructive interference of the elec-
tronic wavefunctions when the electrons propagate in
opposite directions around a trajectory [1]. In con-
trast, the carriers’ wave function in bilayer graphene
(BLG) while also being chiral, have a geometric phase
of 2π leading instead to a constructive interference for
similar interfering electronic trajectories. This phe-
nomenon in a BLG sample increases the probability
of electrons returning to the origin, that in the frame
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of quantum diffusion, is related to the interference
of pair of trajectories that follow a train of identical
collisions, but in opposite directions, forming a loop.
The contribution of these trajectories to the con-
ductance decreases the probability of reaching the
drain electrode of the sample, resulting in a decrease
of electrical conductance with respect to its classical
value in the frame of the Drude model [2]. This
effect is known as weak localization and can be detec-
ted by applying a small magnetic field perpendicular
to the sample, that adds an additional phase to the
interfering electronic wavefunctions and destroys the
interference, resulting in a positive magnetoconduct-
ance. In BLG, weak localization is different from the
one present in conventional 2-dimensional systems in
that it is sensitive not only to inelastic processes that
break the phase coherence but also, to elastic scatter-
ing events such as intervalley scattering, associated to
sharp defects that are able to scatter electrons between
the two valleys of BLG. Furthermore, weak localiz-
ation in BLG is affected by the trigonal warping of
the energy spectrum of the carriers, as well as other
intravalley scattering rates [2, 3].

The presence of a molecular thin film is able
to influence these quantum interference effects.
Previous works on monolayer graphene covered
with Pt-porphyrines have found that the magnetic
moment of these molecules, tunable with the ver-
tical electric field imposed by a gate voltage, has
a profound impact on quantum coherent phenom-
ena in graphene, such as universal conductance fluc-
tuations and superconducting proximity effects [4].
Time reversal symmetry breaking brought by the
magnetic moment in these molecules creates an odd
component in the conductance fluctuations as well as
a suppression of the supercurrent in superconduct-
or/graphene/superconductor junctions. Other works
on graphene decorated with adatoms have also found
signature of modified quantum interference effects,
that points to a decrease in weak localization due
to the presence of the adatoms and an increase of
intervalley scattering, despite the expected stronger
long-range intravalley Coulomb scattering from the
adatoms. It has also been shown that the presence of
the adatoms significantly deteriorates the electronic
mobility of the original device [5, 6].

Here, we study the electronic transport of
a copper-phthalocyanine (CuPc)/BLG/hexagonal
boron nitride (h-BN) heterostructure in the meso-
scopic regime. Phthalocyanines are macrocyclic
planar aromatic molecules that admit at their center
any transition metal from the periodic table, mak-
ing them highly versatile molecules (see figure 1).
CuPc is the most studied phthalocyanine, with a cop-
per ion that has an unpaired electron spin, making
it a paramagnetic metal-organic molecule of spin
angular momentum s = 1/2 [7]. In the bulk, the

Figure 1. Top: Schematics of the CuPc/BLG/h-BN device.
Bottom: Crystal Structure of CuPc. The angle θ defines the
different existing polymorphs.

copper atoms of CuPc have tendency to form one-
dimensional chains along the b-axis, as a result of
van der Waals molecule-molecule interactions being
stronger when the molecules are face-to-face rather
than side-to-side. There are different polymorphs of
CuPc, distinguished by the angle θ between the b-axis
and the normal to the plane of the molecule. In the
form of a thin film, CuPc grows in a lying configur-
ation for most metallic substrates. When deposited
at room temperature, CuPc tends to form a meta-
stable phase known as the α phase, where θ ≈ 25◦

(see figure 1) [7].
Our measurements suggest that the presence of

CuPc has the effect of restoring weak localization
on the BLG/h-BN heterostructure. In contrast to our
work, BLG when in proximity to transition metal
dichalcogenides, completely destroys weak localiza-
tion and leads to weak antilocalization at certain elec-
tronic densities, as reported in [8, 9], as a result of
proximity-induced Spin–orbit coupling (SOC). SOC
inmaterials such asWSe2 can be as large as 0.5 eV [10]
compared to a few meV in CuPc. [11]. In our work,
the molecules do not change Berry phase from 2π to
π, as is the case when SOC is induced. Instead, they
attenuate scattering events that have a tendency to add
an additional phase difference to the interfering elec-
tronic wave functions that lead to weak localization.
The attenuation of these scattering events reinforces
the interference effects, manifested as a stronger weak
localization dip in the magnetoconductance, in the
presence of the molecules.

A fit to the theory for weak localization in BLG
allows us to identify a longer intravalley scattering
time when the CuPcmolecules are deposited. In BLG,
this characteristic time is associated mostly to tri-
gonal warping, and a negligible contribution from
intravalley Cooperon modes, as detailed in [12]. Our
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measurements show a restoration of weak localiza-
tion in BLG upon deposition of the CuPc molecules
and suggest a possible reduction of the trigonal warp-
ing in BLG. Additionally, we observe an important
charge transfer from the BLG to the CuPc molecules
and a reasonable preservation of the mobility of the
BLG/h-BN heterostructure upon the deposition of
the molecules.

2. Sample fabrication

A heterostructure of BLG/h-BN was fabricated using
the method introduced in [13], and detailed in the
supplemental material [14]. The sample was charac-
terized through Raman spectroscopy. By measuring
the intensity ratio of the 2D and G peaks, we identi-
fied our sample as BLG. (See in supplementalmaterial
[14] Raman data (figure S1), including [15–17]).

The BLG was coated with PMMA 495 and
PMMA 950 in order to define electrode patterns
through electron beam lithography. Titanium and
gold (10 nm/40 nm) were later deposited via electron
beam evaporation.

Transport measurements were conducted on the
device prior to the deposition of CuPc, as will be
detailed later. The CuPc was thermally evaporated
using a commercially available high purity powder
of CuPc (Ted Pella) using an organic materials- ded-
icated thermal evaporator. The deposition was per-
formed at 0.3 Å s−1 until reaching a thickness of
22 nm in a base pressure of 1×10−6 Torr. The sample
was kept at room temperature during the depos-
ition process. Simultaneously, CuPc was deposited on
a control sample, made of suspended graphene on
lacey carbon, compatible with transmission electron
microscopy (TEM) experiments.

3. Sample characterization through 4D
scanning TEM(STEM)

TEM is an imaging technique that utilizes high-
energy electrons to probe thin samples, generating
images based on the electron-sample interactions.
Unlike conventional TEM, which uses a broad elec-
tron beam, STEM employs a finely focused electron
probe. This reduction in spot size results in increased
electron fluence, allowing for high-resolution ima-
ging and diffraction data acquisition at specific
sample locations. 4D-STEMmeasures the 2D diffrac-
tion pattern at each position of a 2D STEM map,
creating a 4D data set. We chose this diffraction
space imaging over real-space imaging as it enables
higher resolution for a given electron dose, minimiz-
ing radiation damage to beam-sensitive samples such
as phthalocyaninemolecules. 4D-STEMallowed us to
resolve individual CuPc crystals in our control TEM-
compatible sample of CuPc/ suspended graphene.

Figure 2 illustrates the 4D-STEM measurement,
performed at the BioPACIFIC MIP user facilities at

UCLA. A small electron beam is rastered across a
CuPc-coated graphene TEM grid. Live 2D spatial
images are first captured using the high-angle annu-
lar dark field (HAADF) detector, followed by sequen-
tial collection of diffraction patterns using a cam-
era detector at the bottom. By using virtual selec-
ted and objective apertures to isolate signals across
multiple probe positions and diffraction peaks, indi-
vidual Bragg peaks in reciprocal space were identi-
fied and correlated with real-space imaging to con-
struct a composite image of the grain morphology
(see figure 2). The analysis of this image allowed us to
calculate an average grain size of the CuPc thin film in
our control sample of 42± 0.7 nm. This is compar-
able to the grain size reported for FePc deposited at
room temperature, which can be tuned by adjusting
the temperature of the substrate during deposition
[18].

The TEM control sample was fabricated simul-
taneously with the BLG/h-BN device, sharing the
same deposition conditions.We can therefore assume
a similar CuPc grain distribution in the CuPc/BLG/h-
BN transport device. Understanding the molecu-
lar arrangement of the molecules on BLG/h-BN is
important, as the size of the crystalline domains can
potentially influence the charge transfer and addi-
tion of scatterers to the original device, as will be
developed later.

4. Electronic transport measurements at
low temperatures

We characterized our BLG/h-BN transport device
through electronic transport measurements at low
temperatures before the deposition of the CuPc
molecules. Experiments were performed in a closed
cycle cryostat with a superconducting magnet, where
the differential resistance dV/dI in a two-probe setup
was measured by modulating a bias current of typ-
ical amplitude 10–100 nA and measuring the voltage
drop through standard lock-in detection. A measure-
ment of the backgate voltage dependence of the res-
istance showed that our device was initially electron
doped. Upon deposition of the CuPc molecules, we
observed an important shift of the Dirac point, of
about 48V towards the positive voltages, indicating
the hole doping of the BLG/h-BN device and a trans-
fer of electrons from the BLG/h-BN to CuPc of (3.6±
0.05)× 1012 cm−2 (see figure 3). The uncertainty on
the charge transfer was calculated from the error of
the fits presented in the supplemental material [14],
that allow to determine the gate voltage value of the
charge neutrality point VD. The uncertainty for VD,
∆VD =±0.7V affects all quantities that depend on
the gate voltage or the electronic density, presented in
this section. The value found for∆VD coincides with
the gate voltage step used for the back gate-dependent
resistance measurements.

3
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Figure 2. Left: 4D-STEM Schematic showing the electron beam being rastered across the CuPc-coated graphene TEM grid, the
high-angle annular dark field (HAADF) detector and the camera detector at the bottom, that collects the diffraction patterns.
Right: Virtual bright-field image. The color-coded grain map of the measured CuPc/graphene sample is shown. The diffraction
patterns of some of the grains are shown, framed in a color corresponding to the one used for certain grains.

Figure 3. Backgate dependence of the resistance of the
initial BLG/h-BN device (red) and after the deposition
of CuPc (blue). Upon the deposition of the molecules,
the charge neutrality point initially at−24V sifts to 24V,
indicating a charge transfer of 3.6× 1012 cm−2. The data
was taken on a square junction of length 4.5×10−6 m.

The previously mentioned electron transfer from
graphene to CuPc is equivalent to the transfer of 67±
1 electrons from BLG/h-BN to each CuPc grain. This
is translated in a Fermi energy shift of 120± 2meV
in the BLG, calculated using the relation between
the Fermi energy and the Fermi wave vector, that

for BLG is E=
h̄2k2F
2m∗ , with kF =

√
nπ . This important

charge transfer can be understood through the work
function values of the materials involved. Graphene’s
work function on SiO2 is known to be 4.6 eV, being
slightly larger for BLG (≈4.7 eV) [19]. Recent works
that use Kelvin probe force microscopy have found a
work function of 4.6 eV for quasi-free standing BLG
[20], that represents a closer situation to a BLG/h-
BN heterostructure, where the BLG is isolated from
the SiO2 charge impurities. For CuPc in the form of a
thin film, scanning electron microscopy experiments

report a work function of ≈4.9 eV [21]. These val-
ues explain CuPc acting as an electron acceptor in our
CuPc/BLG/h-BN device. Similarly to CuPc, FePc has
been reported to be an electron acceptor when in con-
tact to graphene [22], while vanadyl-Pc on graphene
acts as an electron donor [23].

Surprisingly, the deposition of the CuPc thin film
on the BLG/h-BN device creates only a small degrad-
ation of the mobility and mean free path of the
original device, demonstrating that the CuPc thin
film has a minimal effect on the landscape of long
and short range scatterers that limit the mobility in
graphene. This is in contrast to adatoms, that while
able to offer new functionalities to graphene, are
highly detrimental to its mobility [5, 6, 24–26]. We
use the Drude formula to calculate the mobility of
our device µ= σ

en and the capacitor model to estim-
ate the electronic density at different gate voltages,
n= ϵ0ϵr

ed (Vg −VD), with VD the gate voltage of the
Dirac point (see supplemental material [14]). We
deduce an electronmobility for our BLG/h-BNdevice
of 3200± 200 cm2 Vs−1 away from the Dirac point
(at −1×1012 cm−2 carrier density) before the depos-
ition of CuPc, becoming 2800± 100 cm2/Vs−1 after
the deposition of the molecules. This small degrada-
tion of themobility suggests that CuPcmight be neut-
ralizing charged impurities in the original BLG/h-
BN device. We also calculated the mean free path
at the electron density 1×1012 cm−2 from the dif-
fusion coefficient D≡ vFle/2, where vF = h̄kF/m∗ for
BLG. The diffusion coefficient is related to the con-
ductivity through Einstein’s relationD= σ

e2ρ(EF)
[27].

Using the density of states at the Fermi level for
BLG ρ(EF) =

2m∗

π h̄2 yields ltr =
hσ
2kFe2

, an expression that
is in fact independent on the dispersion relation of
the two-dimensional system [28]. We find an elec-
tron mean free path ltr for electrons away from the
Dirac point of 37± 1 nm, that becomes 32± 1 nm
after the deposition of the molecules (see figure S5

4
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in supplemental material [14]). Calculating the mean
free path allows us to estimate kFltr, which measures
the effect of disorder on electronic wave functions.
kFltr >> 1 corresponds to a weakly disordered sys-
tem and a good conductor, while kFltr << 1 is char-
acteristic of an insulator with strongly localized elec-
tronic wave functions [28]. This value changes from
6.7± 0.3 for the BLG/h-BN device to 5.7± 0.2 after
the deposition of CuPc, measured at 1×1012 cm−2

electron carrier density. The small change in the value
of kFltr shows that the addition of the molecules has
nomajor impact on the disorder of the device. As pre-
viously mentioned, the conductivity can be expressed
in terms of kFltr (σ = (2e2/h)ltrkF). The change in
kFltr can also be deduced when inspecting the con-
ductivity in units of 2e2/h (see figure S4 in supple-
mental material [14]).

By plotting the conductivity, we can also quantify
the increase of the width of the Dirac point, from
8.6±0.4 V in the BLG/h-BN device to 10±0.4 V after
the deposition of the CuPc molecules (see figure S4
from the supplemental material [14]). This corres-
ponds to a change from (0.65± 0.05)× 1012 cm−2 to
(0.76± 0.05)× 1012 cm−2. Such result can be under-
stood within the approach of Adam, Das Sarma et al
[29] as an increase of the residual electronic density.
In their approach, the main scattering mechanism at
low carrier densities comes from charged long-range
impurities that create a non-uniform electron–hole
puddle landscape [30], understood as the main cause
of a minimum conductivity plateau in graphene [31].
Within this frame, CuPc molecules add some few
charge impurities to the original BLG/h-BN device,
(0.11± 0.05)× 1012 cm−2, corresponding to 2± 1
charged impurities per CuPc grain.

We can also estimate the transport time τtr =
ltr/vF, the momentum relaxation time, given by
an individual collision that destroys the initial
momentum of the electrons [27]. We find τtr =
(6.0± 0.2)× 10−14 s, coincidentally, very close to
the value measured in the past at the same elec-
tron density (1×1012 cm−2) for a BLG through
magnetoresistance measurements [32, 33]. The
deposition of the molecules change this time to
τtr = (5.2± 0.2)× 10−14 s. (See figure S5 from the
supplementary materials).

The preserved mobility and mean free path after
the deposition of CuPc is consistent with previous
reports on other molecules in graphene, such as C60

[34] and Pt-porphyrines [4]. The latter are similar
to the phthalocyanines, with a macrocyclic struc-
ture with delocalized π electrons, similar to CuPc.
Pt-porphyrins have been reported not only to pre-
serve, but in some cases to improve the mobility of
graphene upon the deposition of the molecules [4].
Similar results have been found with other planar
molecules on graphene [35]. It is worth pointing
out that in the works with planar molecules, the
molecules are dispersed in a solution and drop casted

on the graphene device, and in some cases annealed
to remove the solvent [35], a process that can unin-
tentionally improve the mobility of the original
device. Additionally, the crystallinity of the depos-
ited molecules is unknown. This is in contrast to the
CuPc molecules in the present work, that are depos-
ited through a low temperature thermal evaporation
while the BLG/h-BN remains at room temperature,
and where a control TEM-compatible device gives
information about the arrangement of the molecules
on the device.

We now turn to the analysis of the weak localiza-
tion in the BLG/h-BN before and after the deposition
of the CuPc thin film. In BLG, the quantum correc-
tion to the Drude conductivity, as a function of mag-
netic field is given by [2]:

∆σ (B) =
e2

πh

[
F

(
B

Bϕ

)
− F

(
B

Bϕ + 2Bi

)
+2F

(
B

Bϕ +B∗

)]
,

F(z) = lnz+ψ

(
1

2
+

1

z

)
, Bϕ,i,∗ =

h̄

4De
τ−1
ϕ,i,∗,

(1)

where the characteristic fields Bϕ,i,∗ are expressed
in terms of various characteristic scattering times. Bϕ

is related to the phase coherence time τ−1
ϕ ,Bi is related

to the intervalley scattering time τ−1
i , and B∗ to a

combined scattering time τ−1
∗ , with

τ−1
∗ = τ−1

i + τ−1
w ,

where τw is the intravalley warping time com-
bined with the time of chirality breaking [2]. ψ
is the digamma function. Other theoretical works
have included the contribution of other intraval-
ley scattering rates, such as τ z, associated to certain
Cooperon modes, particle-particle correlation func-
tions that determine the interference correction to the
conductivity [3].

Magnetoconductance measurements were per-
formed in a small field range (−0.3 T to 0.3 T) before
and after CuPc deposition as shown in figure 4.
Measurements were carried out at two different tem-
peratures, 1.5 K and 5K to corroborate the decrease
of the quantum interference effects with the increas-
ing temperature. The data collected was then fitted
to equation (1) to extract the three scattering times
(τ−1

ϕ , τ−1
i , τ−1

w ) at these temperatures, represented in
figure 4. We can see that τϕ decreases with temperat-
ure as expected. It is also noticeable that the addition
of CuPc has an impact on all the characteristic times.
It decreases the phase coherence time τϕ, that quanti-
fies the typical travel time of an electronic wave packet
before loosing its phase coherence. From the beha-
vior of τϕ, we can infer the coupling of the interfering
electrons to the environment, composed in general
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Figure 4.Magnetic field dependence of the conductivity measured on the original BLG/h-BN device (red) and after the CuPc
deposition (blue) at 1.5 K (a) and 5K (b), at electronic densities of (0.7±0.05)× 1012 cm−2. The continuous lines represent the
fitting to equation (1), performed using a nonlinear least squares algorithm, scipy.optimize.curve_fit from Python. The
fit was performed over the negative fields and mirrored to the positive fields. (c) and (d) represent the obtained characteristic
times for each temperature. The error bars correspond to the standard error for each fitted parameter. The data was taken on a
rectangular junction of length 0.98µm and width 5.7mµm.

by other electrons, phonons, electromagnetic fluctu-
ations, magnetic impurities, etc. Oftentimes, τϕ is
related to inelastic collisions, however in some cases,
phase breaking processes do not involve an exchange
of energy between the interfering electron and its
environment, leading to a temperature independent
value. This is the case for example of scattering with
paramagnetic impurities that create a spin flipping
of the interfering electron [36]. In our case, both the
deposition of CuPc and the temperature of the device
have an impact on τϕ, showing that the phase break-
ing occurs in scattering events that go beyond energy-
conservation processes such as spin-flip scattering
with the paramagnetic CuPc molecules. The phase
coherent time in the original BLG/h-BN device, τϕ =
(2.3± 0.2)× 10−11 s dropped by a factor of 2 after
the deposition of the molecules, τϕ = (1.1± 0.1)×
10−11 s, remaining 3 orders of magnitude larger than
τ e. We deduce therefore that the motion of the elec-
trons over a phase relaxation time is not ballistic. In
this regime, the length of the electronic trajectories
over the time period τϕ can be understood as the
sum of short trajectories in random directions, given
by lϕ =

√
Dτϕ [27], known as the phase coherent

length, that in our sample changes from 460± 30 nm

to 290± 20 nm after the deposition of the molecules.
It is interesting to note that the electronic trajector-
ies keep their phase coherence even when scattered
across different CuPc grains, that have an average size
of 42± 0.7 nm.

Given that the size of our sample is larger than the
phase coherent length (L= 980 nm,W = 5.7µmvs lϕ
= 460±30 nm), the amplitude of the universal con-
ductance fluctuations is small and did not interfere
with the observation of weak localization.

From our fit to the theory of weak localization
for BLG, we also deduce the intervalley scattering
time τi, the time it takes for carriers to scatter from
one valley to the other. We find a value of the order
of 10−10 s, about 1 order of magnitude larger than
the values reported in the past for BLG on SiO2

[2]. The larger values reported here can be con-
sequence of the h-BN isolating the BLG from scatter-
ers from the substrate and therefore disfavoring inter-
valley scattering. We find that τi decreases after the
deposition of the molecules, from τi = (5.9± 0.78)
to (2.0± 0.33)× 10−10 s. In general, intervalley scat-
tering requires sharp defects, such at the edges of
the sample, as it takes a large momentum transfer
to change electrons from one valley to the other [1].

6
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The observed reduction of τi after the CuPc depos-
ition, indicates an increase in scattering between the
K and K′ valleys due to the presence of the molecules.
We can estimate the intervalley diffusion length, Li =√
Dτi, thatmeasures a characteristic distance between

defects that can significantly change the momentum
of the carriers [2]. This characteristic length changes
from Li = 2.3± 0.2µm to 1.3± 0.1µm after CuPc,
indicating that carriers remain in the same valley
through collisions that extend over multiple grains of
CuPc.

Finally, our fit to the magnetoresistance provides
information about a very interesting elastic pro-
cess that is strong in BLG compared to its mono-
layer counterpart, the warping on the energy spec-
trum, characterized by τw [3]. By fitting our data to
the model of Gorbachev et al [2] that considers τ∗
dependent only on τi and τw, and using a non-linear
least squares fitting algorithm, we extract all char-
acteristic times. As a first approach, we fit our data
to equation (1), extracting τϕ, τ i and τ∗, and con-
sidering no dependence of τ∗ on the other charac-
teristic times. The results are summarized in table I
in the supplemental material [14]. There is a clear
increase in the intravalley scattering time τ∗ upon
the deposition of the CuPc molecules. We performed
next a more elaborated fit to equation (1) consider-
ing that τ−1

∗ = τ−1
i + τ−1

w . The values found for τw in
the second fit are almost identical to those found in
the first fit for τ∗ (to the first 2 significant figures),
as seen in table II in the supplemental material [14].
This is expected, given that τi is larger than τ∗ by three
orders of magnitude, making that in the second fit,
the behavior of τw is be very similar, if not identical,
to the one of τ∗.

As mentioned before, τw is related to trigonal
warping, a three-fold perturbation of the circular
isoenergetic lines that are characteristic of BLG (as
well as monolayer graphene) near each K and K′ val-
ley (see figure 5). It occurs at high energies, as the
band structure mimics the symmetry of the crystal
lattice, where the consideration of nearest-neighbor
hopping leads to a complex momentum dependence
[37]. In BLG and bulk graphite, trigonal warping also
appears at low energies as a result of the skew inter-
layer hopping between carbon atoms that do not lie
directly above or below each other and are there-
fore not coupled through strong interlayer hoppping.
Such oblique coupling is quantified by the tight-
binding parameter γ3, and has an important influ-
ence on the band structure at very low energies. At
a threshold energy of ≈1meV, the isoenergetic lines
go through a Lifshitz transition, breaking into four
pockets, corresponding to four Dirac cones, one at
Γ and three others at the corners of a triangle [37].
Above this energy, the effect of the γ3 coupling can
be treated as a perturbation, and creates a trigonal
deformation of the circular single-connected Fermi
line leading to an asymmetry of the energy dispersion:

Figure 5. Band structure of bilayer graphene at high ener-
gies (a) and very low energies around one of the K, K′

points (b), where the effect of trigonal warping is is reflec-
ted in the appearance of four Dirac cones: one at Γ and the
three others at the corners of a triangle. The circular isoene-
getic lines break into four pockets. kx and ky are in units of
k0 = mv3/h̄, wherem= 0.054me (me is the bare electron
mass) and v3 = 105 ms−1. At higher energies (c), the cir-
cular isoenergetic lines instead undergo a trigonal deform-
ation that leads to an asymmetry of the energy dispersion
and creates a dephasing of the electronic trajectories (see
main text).

ϵ(K,p) ̸= ϵ(K,−p), with ϵ(K,p) = ϵ(K’,−p) and p
measured with respect to the center of the valley
[3] (see figure 5(c)). Such deformation of the Fermi
line has been experimentally observed through qua-
siparticle scattering experiments that show a triangu-
lar shape of the Fermi surface near K and K′ at ener-
gies up to 112meV [38]. The p→-p asymmetry of the
dispersion at each K and K′ valley, creates a deph-
asing of electronic trajectories as those discussed at
the introduction, and is characterized by the charac-
teristic time τw [12]. Trigonal warping can therefore
potentially destroy the manifestation of chirality in
the localization properties of BLG, leading to the sup-
pression of weak localization [3, 12]. When there is
a strong scattering due to trigonal warping (τw → 0)
and no intervalley scattering (τi →∞), the third term
in equation (1) disappears while the first two can-
cel each other, resulting in a zero magnetoconduct-
ance and a complete vanishing of weak localization. If
instead there is some intervalley scattering, the second
term in equation (1) is smaller than the first term, and
there is some weak localization. This is the case in our
experiment as well as in previous reports [2]. In our
work, we find that the intervalley scattering time τi is
10 times larger than the phase coherent time τϕ. Also,
the intervalley diffusion length Li is about 2 times lar-
ger than the length of the measured junction (1µm).
We still find, however, a weak localization correction
at zero fields (see figure 4(a)), indicating that there
are some intervalley scattering events across themeas-
ured junction.

Figure 4(a) shows that the addition of the CuPc
molecules enlarges the weak localization correction
in our graphene/h-BN sample, reflected in a τ∗ (or
a τw) that is 2.5 times larger than the one meas-
ured in the original BLG/h-BN device, (25± 2)×
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10−14 vs (9.7± 4)× 10−14 s. These values corres-
pond to energies of 26–68meV, which coincides with
the energy scale where trigonal warping effects are
important in BLG. The increase in τw suggests that
the addition of the molecules has a tendency to bring
back the manifestation of the carrier chirality in the
localization of BLG, by reducing trigonal warping-
related scattering events. Figure S7 of the supplement-
arymaterials shows a fit to themagnetoresistance data
after the deposition of CuPc using the τw found before
the deposition of the molecules, which puts in evid-
ence the validity of the fit for τw after the deposition
of the molecules.

5. Conclusion

We have characterized a heterostructure of
CuPc/BLG/h-BN, where the crystallinity of the CuPc
thin film on the BLG/h-BN was identified through
the analysis of a TEM-compatible control sample,
studied through 4D-STEM, a diffraction space ima-
ging technique that minimizes the radiation damage
of the CuPc molecules. This technique provided an
estimate of the size of the crystalline grains of CuPc on
our transport sample, of about ≈42 nm. Electronic
transport measurements at low temperatures before
and after the deposition of the molecules revealed
an important charge transfer of electrons from the
BLG/h-BN to the CuPcmolecules, of 3.6× 1012 cm−2

corresponding to ≈67 electrons transferred to each
grain of CuPc. Unexpectedly, we found a preserva-
tion of the mobility of the BLG/h-BN device upon
the deposition of the molecules, degraded only by
13%. The width of the Dirac point lightly increased,
that we interpreted as the CuPc adding some few
charged impurities to the device, about ≈2 impur-
ities per grain of CuPc. Most importantly, our weak
localization measurements disclosed that while the
deposition of the molecules creates more scattering
events that break the phase coherence of the car-
riers and that transfer electrons from one valley to
the other, surprisingly, it triggers an improvement
of trigonal warping time τw. This corresponds to a
reduction of the scattering associated to the trigonal
deformation of BLG’s Fermi surface near K and K′.
As trigonal warping is known to destroy weak local-
ization effects, our results suggest that the deposition
of the CuPc molecules has tendency to restore weak
localization in BLG and therefore the manifestation
of the chirality of the carriers in this system. The effect
of these large molecules on the electronic structure
of BLG is not completely unexpected. CuPc in its α
phase crystallizes into space group C2/c with a =
25.92 Å, b = 3.79 Å and c = 23.92 Å [39]. In a lying
down configuration, this corresponds to k = 0.24–
0.26 Å−1, similar to the momentum range in which
trigonal warping has been experimentally observed
around the K and K′ valleys in BLG [38]. Further

experiments with phthalocyanines with no magnetic
moment such as the metal-free Pc H2Pc or those cap-
able of developing long range ferromagnetism such
as MnPc and FePc, can bring light on the effect of the
magnetic moment on this phenomenon of restora-
tion of weak localization in BLG.
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