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Quantum transport signature of strain-induced scalar and pseudovector
potentials in a crenelated #-BN/graphene heterostructure
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The sharp Dirac cone of electronic dispersion confers to graphene a remarkable sensitivity to strain. It is
usually encoded in scalar and pseudovector potentials, induced by the modification of hopping parameters,
which have given rise to new phenomena at the nanoscale, such as giant pseudomagnetic fields and valley
polarization. Here, we unveil the effect of these potentials on the quantum transport across a succession
of strain-induced barriers. We use high-mobility 2-BN—encapsulated graphene, transferred over a large
(10 x 10 wm?) crenelated 4-BN substrate. We show the emergence of a broad resistance ancillary peak at
positive energy that arises from Klein-tunneling barriers induced by the tensile strain at the trench edges.
Our theoretical study, in agreement with experiment, quantitatively highlights the balanced contributions
of strain-induced scalar and pseudovector potentials on ballistic transport. Our results establish crenelated
van der Waals heterostructures as a promising platform for strain engineering in view of applications and

basic physics.
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I. INTRODUCTION

Graphene exhibits high mechanical flexibility and
remarkable electronic properties, making it an ideal plat-
form for strain engineering to explore novel fundamental
phenomena and to realize straintronic devices [1,2]. Elas-
tic strain gives rise to two primary effects in the low-energy
band structure of graphene: shifts in the energy of the Dirac
point, which is typically incorporated as a scalar potential,
and shifts in the momenta of the Dirac cones in opposite
directions for the two valleys, often described by a pseu-
dovector potential [3—11]. Strained graphene has been the
subject of a large number of studies, revealing fascinat-
ing physical phenomena that depend mainly on whether
the strain is nonuniform or not. Nonuniform strains over
typically a few nanometers create in graphene giant pseu-
domagnetic fields that can reach several hundreds of
tesla [12], giving rise to the pseudomagnetic quantum Hall
effect [13] and the proposals of valley-splitting topological
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channels for chiral fermions [14] or the appearance of
a superconductive state [15,16]. Such nonuniform strain
has been obtained on localized curved structures such
as wrinkles or bubbles [13,17—19] and, recently, on a
large scale using twisted multilayers [13] and substrate
nanopatterning [14,20-22], making it possible to study
the pseudomagnetic field using magnetotransport mea-
surements [13,23]. Uniform strain, on the other hand,
creates large scalar potentials that modify the graphene
work function [24]. By achieving uniform strain in meso-
scopic graphene devices, strain-induced scalar potentials
have been probed using transport experiments [25,26]. In
spite of intensive work, the investigation of the quantum
transport of Dirac fermions through a network of uniform
strained barriers remains elusive in graphene.

Probing the quantum transport of relativistic electrons
in graphene through a strained barrier is of considerable
interest, as it differs remarkably from transport across an
electrostatic barrier, such as a p-n-p junction [27]. For
instance, Dirac fermions undergo Klein tunneling across
an electrostatic barrier and those at normal incidence,

© 2024 American Physical Society
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constrained to retain their transverse momentum, k; = 0,
and forbidden to scatter directly backward, penetrate the
barrier with unit probability. In contrast, the pseudovector
potential in strained graphene, which is absent in elec-
trostatically defined n-p-n junctions, shifts the transverse
momentum, k;, — k; — A, of electrons inside the bar-
riers, affecting the quantum transport of electrons, which
is sensitive to both energy and momentum conservation.
For instance, partial reflections for carriers normally inci-
dent on the strained junction are predicted. This effect,
which is specific to ballistic graphene, is irrelevant in dif-
fusive graphene, where momentum recoil is supplied by
impurities.

Furthermore, it is worth pointing out that quantum trans-
port of electrons in graphene through a network of uniform
strained barriers is a somewhat unusual situation in which
the pseudovector potential has a physical significance.
This would not be the case in systems with a homoge-
neous strain, in which the global shift k; — k; — 4, of
the positions of the Dirac points inside the first Brillouin
zone has no physical consequence and could be compen-
sated by a global gauge choice of the vector potential.
Such a global gauge choice is prohibited for a succes-
sion of strained- and unstrained-graphene regions. On the
other hand, pseudomagnetic fields associated with the curl
of the vector potential are expected to play no essential
role in the quantum transport of electrons through a net-
work of uniform uniaxial strained barriers. Indeed, such
pseudomagnetic fields and the associated Landau quanti-
zation require a broken inversion symmetry between the
two graphene sublattices, as is the case in the particular
strain patterns with a 277 /3-rotation symmetry observed in
scanning-tunneling-spectroscopic experiments [12]. Apart,
perhaps, from few localized impurities, the pseudomag-
netic field therefore has a negligible contribution to quan-
tum transport across a uniaxial strained-graphene barrier,
while the pseudovector-potential contribution, which van-
ishes in diffusive graphene, is expected to dominate the
ballistic transport. Quantum transport across a uniform
strained barrier can thus serve as a highly sensitive probe of
strain-induced pseudovector potentials, which have been
little studied compared to pseudomagnetic fields.

Here, we report on a mechanically robust strained-
graphene mesoscopic device made of a crenelated van der
Waals #-BN/graphene heterostructure. Our approach relies
on transferring a high-quality graphene layer, protected by
a thin 4-BN layer, on a crenelated 4-BN substrate to cre-
ate a periodic network of strained and unstrained regions.
The strained regions act as barriers for ballistic electrons
and thus, in the device, electrons propagate through a suc-
cession of strain barriers. We probe the Klein-tunneling
properties of ballistic electrons across the strain-induced
barriers using low-temperature transport measurements
and model them by combining elasticity and tight-binding
theories with Dirac fermion optics and Landauer-Buttiker

scattering approaches. We unveil a signature of tensile
strain in the form of a large and broad ancillary resistance
peak at a positive energy. We show that the peak ampli-
tude and shape result from balanced contributions of scalar
and pseudovector potentials in the Klein-tunneling strained
barriers.

II. MESOSCOPIC TRANSPORT ACROSS A
CRENELATED /-BN/GRAPHENE
HETEROSTRUCTURE

The device [Fig. 1(a)] is made of a (L x W =12 x
8 wm) exfoliated monolayer graphene protected by a thin
h-BN layer and transferred onto a 62-nm-thick 4-BN layer
nanopatterned in periodic trenches of depth 35 nm, resting
on a silicon substrate with 500 nm of oxide (SiO;) used
as a back-gate dielectric [see Fig. 1(b) and Appendix A
for the fabrication process]. Due to strong van der Waals
interactions, the A-BN/graphene heterostructure adheres
to the crenelated #-BN substrate at the top and bottom
of the slot, as shown in the atomic force microscopy
(AFM) image [Fig. 1(c)]. This anchors minimally strained
regions concentrating the tensile strain in the suspended
graphene region connecting the two anchored regions;
its length is determined by the balance between the
out-of-plane component of the tension and the A-BN
adhesion force. Thus, our approach yields 300-nm-long
regions of unstrained graphene on top and 400-nm-long
regions in the bottom, and typically 150-nm-long regions
of tensile-strained graphene along the trenches. If we
assume uniform uniaxial strain in the tilted regions that
are uniformly strained with a uniaxial stress, we can esti-
mate the strain value in these tilted regions by &giopal =
V(I + (dH /Lieq)?) — 1 = 2.7%, with dH = 35 nm and
Liiited = 150 nm, extracted from the AFM measurements
[see Fig. 1(c)]. Thus, AFM measurements combined with
basic geometrical considerations indicate the strain in our
device to be a few percent. We infer high electronic mobil-
ity in the graphene on the top of the crenelation, as the
h-BN/graphene heterostructure is anchored to pristine /-
BN [28], and in the tensile-strained region because the
graphene is suspended [29]. In contrast, in the bottom of
the crenelation, the quality of the graphene is degraded by
the etched /#-BN substrate, which suppresses high carrier
mobility. Quantum transport across an N -crenelated device
can thus be regarded as the sum of the N diffusive sec-
tions and 2N strained junctions in series. Note that due
to cleaning by sonication, the softness of the etched #-BN
remains sufficient to ensure strong van der Waals adhesion
of the A-BN/graphene heterostructure. The Raman spec-
troscopy in Fig. 1(d) confirms the relatively high quality
of the graphene, as the average intensity of the 2D peak,
Lp, is 2.5 times higher than that of the G peak, /s, and
the average intensity of the D peak, /p, remains 3 times
lower than that of the G peak [30]. Note that the lp/lg
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FIG. 1.

The crenelated /#-BN/graphene heterostructure: an optical image (a) and schematic drawing (b) of the crenelated

h-BN/encapsulated graphene transistor. (c) Upper: an atomic force microscopy (AFM) image showing that the #-BN/graphene het-
erostructure sticks to the crenelated ~A-BN substrate at the top and bottom of the slot. Lower: a line-cut profile showing that the
amplitude of the trench depths is typically 35 nm. (d) In green, the positions of the 2D peaks as a function of the positions of the G
peaks over all the corrugated area, demonstrating clear correlation. The linear regression, in black, indicates a slope of 2.46, which is
typical of the presence of strain in graphene. The inset shows a typical Raman spectrum of our device: blue line, experimental data;
dashed red line, fit with five Lorentzians that are characteristic of graphene—peaks D, G, D + D', and 2D—and of 2~-BN—ypeak 4-BN.
(e) A schematic drawing of one crenelation that includes a two 150-nm-long regions of high-quality unstrained graphene on top and
one 400-nm-long region in the bottom, and two approximately 150-nm-long regions of tensile-strained graphene along the trenches.

ratio, which can be considered as a measure of graphene
quality, follows the same periodicity as the crenelation,
with high-ratio bands at the top regions and low-ratio
bands at the bottom regions. This behavior supports our
assumption of a high-quality graphene on the top of the
crenelation, where the #-BN has only been exfoliated, and
a low-quality graphene on the bottom of the crenelation,
where the 4-BN has been etched prior to graphene trans-
fer. In addition, the positions of the 2D and G peaks over
the crenelated device are clearly linearly correlated [see
Fig. 1(d)] and the slope of the linear regression is 2.46,
which is typical of the presence of strain in graphene
[31,32], confirming the presence of strained regions in
crenelated #-BN—encapsulated graphene. The existence of
strained regions is further validated by deconvolving the
Gaussian beam from the Raman spectra, which reveals a
splitting of the 2D Raman peak, a signature of uniaxial
strain in graphene, as detailed in the Supplemental Material
[33]. The whole device includes N = 10 periodic crenela-
tions [period / = 1 wm length; see Fig. 1(e)] contributing
additively to the total resistance. They are separated from
the source and drain “edge contacts” by two unstrained-
graphene regions of 1 wm length, which add a diffusive

contribution to the total resistance [34]. The large thickness
of the SiO, with regard to the 4-BN trench depth results
in a modest modulation of the gate capacitance within
the whole structure, between Chotom = 6.3 X 1072 Fem™2
and Cyp = 5.9 x 107 Fem™2, i.e., <7% (here, we use
€n.sN = 4.2 [35]). Therefore, the modulation of the carrier
density by the global back gate is relatively uniform over
the entire device.

The signature of strain on transport is displayed in
Fig. 2(a), which reports the low-bias differential resistance
Ry, of the device as a function of the gate voltage V,
for different temperatures ranging from 4.2 K to 100 K.
The Ry — V, transport characteristics reveal a broad and
large ancillary resistance peak at positive energy (chemical
potential fipeak = +163 meV for Vy = 62 V) in addition
to the usual sharp charge-neutrality peak (at V, =2 V).
The Dirac peak [illustrated by the dashed blue curve in
Fig. 2(a)] corresponds to the charge-neutrality point of
the unstrained-graphene region and its position close to
0 V confirms the high quality of the graphene layer. The
broad ancillary peak [illustrated by the dashed red curve
in Fig. 2(a)], which does not exist in flat graphene, has an
amplitude larger than that of the Dirac peak and a high
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FIG. 2. The low-bias transport measurements. (a) The low-bias resistance Ry measured at V; = 10 mV for different temperatures
(T =44, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 K). We observe the emergence of a broad ancillary resistance peak at high V,
(illustrated by the dashed green curve) in addition to the usual Dirac peak (illustrated by the dashed blue curve). (b) The evolution
of the Ry-V, characteristics at T'= 4.4 K for different bias (V4 = 0, 10, 20, 40, 60, 80, 100, and 120 mV). (c) Ry as a function of
the bias drop per micrometer (black symbols) and of the thermal energy (red symbols) close to the Dirac point (V, = 2 V) and at the
ancillary peak (V, = 62 V). (d) A map of the differential resistance R as a function of the gate voltage V, and of the bias voltage V,

atT=44K.

energy position, suggesting the presence of large poten-
tial barriers (upeax) induced by the tensile strains in the
device. We note that the ancillary peak shape is in itself
a signature of strain, as it differs significantly from stan-
dard Dirac peaks [36] or Dirac fermion reflector plateaus
[37,38]. Moreover, we observe modulations, more visible
in the gate-voltage range around the ancillary peak, that are
unexpected in flat-graphene transistors. These modulations
can be considered as hints of ballistic transport, as they
are reminiscent of the electronic Fabry-Perot oscillations
observed in electrostatic barriers [39]. Their characteris-
tic energy separation is AE ~ 10 meV, corresponding to
an effective cavity length Leayity = 2mhvp/AE = 360 nm
[40]. This length is consistent with the geometric length
of the unstrained high-quality graphene at the top of
the crenelation (approximately 300 nm). We therefore
attribute the observed oscillations to Fabry-Perot interfer-
ence between two strain-induced barriers (the regions of
tilted graphene), with the top flat-graphene regions being
considered as cavities for high-mobility carriers and strain
junctions as efficient barriers. We can exclude Fabry-Perot
oscillations within the barrier due to the length mismatch
and the robustness of the oscillations at the ancillary peak.

The quantum nature of the resistance oscillations is cor-
roborated by the temperature effect, which shows strong
oscillation damping as the temperature increases. The blur-
ring of interference resulting from quantum transport by
the thermal broadening of the electrons impinging on the
barriers is expected to follow an exponential suppres-
sion given by exp(—4m2kgT/AE), where kp the Boltz-
mann constant and 7 is the temperature [41]. Consid-
ering our characteristic energy separation, a 95% drop
in interference visibility corresponds to a thermal energy
of kg7 =3 meV, i.e., T=35 K, which is in excellent
agreement with our data. This observation confirms that
the observed conductance oscillations arise from quantum
interference of electrons propagating ballistically between
strain barriers.

To gain deeper insight into the transport of ballistic elec-
trons through strained-graphene barriers, we measure the
evolution of the Ry-V, characteristics for different bias
voltages Vj—from 0 mV to 120 mV—at low tempera-
ture (4.4 K). With increasing bias, we observe in Fig. 2(b)
that R4 decreases and the Fabry-Perot oscillations vanish
and cancel above 30 mV. Comparatively, the behavior of
R,s with temperature and bias is thus very similar. More

024076-4



SCALAR AND PSEUDOVECTOR POTENTIALS...

PHYS. REV. APPLIED 22, 024076 (2024)

quantitatively, in Fig. 2(c) we report Ry as a function of the
bias drop per micrometer (black symbols) and of the ther-
mal energy (red symbols) close to the Dirac point (V, =
2 V) and at the ancillary peak (V; = 62 V). The very good
overlap between the two trends indicates that the device
can be considered as 1-pwm-long elements associated in
series and thus supports our interpretation of the voltage
drop in terms of N crenelations that contribute additively
to the mesoscopic transport in our device. The differential
resistance map as a function of V, and Vg is presented in
Fig. 2(d). This two-dimensional (2D) plot highlights the
strength and robustness of the ancillary peak, attributed to
the propagation of ballistic electrons through the multiple
strained-graphene barriers.

ITII. THEORETICAL DESCRIPTION OF
ELECTRONIC TRANSPORT ACROSS A
STRAINED-GRAPHENE BARRIER

In the following, we develop a theoretical description of
quantum transport in this crenelated geometry combining
elasticity and tight-binding theories, with Dirac fermion
optics and Landauer-Buttiker scattering approaches. More
specifically, we calculate the transmission and conductance
through a single strained-graphene barrier surrounded by
unstrained-graphene regions (see the Supplemental Mate-
rial [33]). Let us start by calculating the electronic prop-
erties of strained graphene. We assume that the stress
is uniaxial and collinear with the direction of electronic
transport. We introduce the uniaxial strain tensor in the
graphene lattice coordinates, £ (¢,0), where ¢ is the lon-
gitudinal deformation and 6 is the angle between the
strain direction and the zigzag crystallographic direction
of the graphene sheet. A first effect of uniaxial strain on
the graphene band structure is a shift in energy, inde-
pendent of the valley, which arises from changes in the
next-nearest-neighbor hopping parameter [42—44]. This
effect can be described by an effective scalar poten-
tial, AVrain = Zstrain€(1 — 0), Where grain ~ 3 €V [45—
47] and o = 0.165 is the Poisson ratio [8,48]). In addi-
tion, the uniaxial strain modifies the interatom distances
between nearest neighbors, §;, and, as a consequence, the
hopping amplitudes among neighboring sites change as

—_

t =toexp(—pB(|8:(e,0)|/a — 1), where B = 3.37 [9], tp =
2.7 eV, and a = 0.24 nm the lattice constant. In Fig. 3(a),
we show the calculated low-energy dispersion and Fermi
circle around the Dirac point for valleys K and K’ in
strained graphene with ¢ = 2% and a typical & = 0°. Each
Dirac cone of strained graphene, K;, shifts away from
its unstrained high-symmetry position by a wave vec-
tor Aqg;(e,6). Note that the three couples of cones go
through a different displacement but only one of them
belongs to the first Brillouin zone and then takes part in
the electronic transport to be considered here. Formally,
the strain-induced momentum displacements of the Dirac

cones have the same effect as the application of a pseu-
dovector potential, Ag/k,, which shifts the Dirac cones
away from the K and K’ points in opposite directions in
the reciprocal space (n = + for the K valley and n = — for
the K’ valley). The low-energy Hamiltonian at each Dirac
cone can thus be written as

H = VFO (p + eA[(/K/) + AVstrain, with

—nhAqg x(e,0)
e 2

AK/K’ =

(M

in which vg is the Fermi velocity in graphene, o is the
pseudospin operator, and p = fk is the momentum opera-
tor. Note that we disregard changes in the magnitude and
isotropy of the Fermi velocity, which is a fair approxima-
tion at moderate strain [8]. We conclude that the effect of
strain on graphene leads to both a scalar potential A Vyain
and a vector potential A /kx, which turn out to be equally
important in the analysis of our transport measurements.
We now compute the transmission probability of an
electron through a strained-graphene barrier, as illustrated
in Fig. 3(b), by continuity of the electronic wave functions
at the strained-unstrained interfaces [9,49]. In Fig. 3(c),
we show the calculated transmission probability T(E, ¢)
through a 150-nm-long strained barrier for ¢ = 2% and
6 = 0° as function of the electron energy £ and its inci-
dence angle ¢ upon the barrier. Note that the momen-
tum displacement parallel to the direction of transport
in strained graphene, Ag!, generates only an unimpor-
tant global phase on the wave functions. By contrast, the
transverse component Ag*, encoding the vector potential
A+ and involved in the momentum conservation at the
strained-unstrained interfaces, directly affects the Fresnel
coefficients of the electronic transport. To cross the barrier,
the incident angle of the electron has to obey the modified
Snell-Descartes law (see the Supplemental Material [33]):

evFA%/K/ i |E'— AVstrain > sin¢ ZeUFA[%/](,
|E] |E| |E]
_ |E - AVstrain|
|E|

@

Equation (2) highlights the respective roles of A Vi and
A,ﬁ K in the angular limits of the total internal reflec-
tion. In particular, the angular transmission window is
pinched for E = Vy,in at a finite angle entirely pre-
scribed by evFAI% K / AVgrain. This strain-induced lifting
of the valley degeneracy exists in principle but gives
rise to nonlocal effects that are lost in our two-terminal
experiment. In general, one can distinguish from Eq. (2)
two limiting cases: (i) the vector-potential-dominated case
(levpAz sk AVsuain] 3> 1), in which tunneling across the

barrier is cancelled and graphene becomes insulating in a
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Transport across a barrier of strain graphene. (a) The low-energy electronic dispersions for valleys K and K’ for a uniaxial

strain & = 2% applied in direction 6 = 0° (the angle between the strain direction and the zigzag crystallographic direction of the
graphene sheet). When compared to unstrained graphene, the Dirac cones are shifted by Agk x’ in opposite directions for valleys K
and K’. (b) A schematic of a barrier of strained graphene—the presence of an effective scalar potential AV, and of an effective
vectorial pseudopotential Ak k' of opposite direction according to the electron valley. (¢) The transmission probability (7 = [¢]?)
through a 150-nm-long strain barrier with uniaxial strain ¢ = 2% in the direction 6 = 0° as a function of £, the electron energy, and ¢,
its incidence angle on the barrier. The effective pseudopotential induces changes in momentum conservation. The red lines correspond
to the limits of the authorized incident angles for valley K and the orange ones for valley K’. (d) The ballistic conductance G for
the same barrier with 8-pum width as a function of the electron energy. There are two minima: the first, at £ = 0, is due to the zero
electronic density of undoped graphene and the second, at £ = A Vyain, is due to the decrease of the authorized angles at this energy.

broad range of energy, making it an effective on-off tran-
sistor [50]; and (ii) the scalar-potential-dominated case
(|evFA1§ K / AVstain| < 1), which is reminiscent of a con-
ventional p-n junction [1,51]. An asset of our device is
that it lies in the intermediate regime where both effects
contribute constructively. It is important to point out that,
in this intermediate regime, the quantum transport across
strained barriers differs significantly from that through an
electrostatic barrier, with notably a nonzero reflection for
carriers normally incident (¢ = 0) on strained barriers due
to the pseudovector potential in the strained region [see
Fig. 3(c)]. Also, the resonance condition in the barrier
depends not only on the barrier length and the scalar poten-
tial Vgyain, similarly to the case of an electrostatic barrier,
but also on the vector potential Ax/x’, which is given by €
and 6, and on the valley, making it very different from that
of an electrostatic barrier.

Finally, we calculate the conductance G of elec-
trons in graphene propagating across a strained-graphene
barrier at zero bias and low temperature from the

electron-transmission probability, using the Landauer-
Buttiker formalism (see the Supplemental Material [33]).
In Fig. 3(d), we report the conductance of a single strained-
graphene barrier of width 8 ywm and length 150 nm with
& =2% and a 6§ = 0°. The conductance G presents the
expected minimum at the charge-neutrality point (£ = 0)
as well as a second minimum at £ = A Vain due to few
incident angles being allowed to cross the strain barrier at
around this energy.

IV. ORIGIN OF THE ANCILLARY RESISTANCE
PEAK

Finally, for direct comparison with the experimental
data, we compute the resistance of the whole strained-
graphene device by calculating the resistance of a single
crenelation, which consists of two strained barriers, and
multiplying this resistance by a factor N = 10 for additive
contribution of the N crenelations in series. Note that we
incorporate the inhomogeneous doping of the corrugation
induced by its topography. Also, we add the diffusive
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FIG. 4. A comparison between experiment and theory. (a) A comparison between the measured R, (blue symbols) at 7 = 4.4 K and
Vis = 1 mV and the calculated Ry, (black line) at = 0 K at zero bias, as a function of V,. Quantitative agreement is found for & =
6.5%, Lgain = 62 nm, the length of the barrier, and & = 9.4°, the angle between the transport direction and the zigzag crystallographic
direction of the graphene. (b) The measured R, (blue symbols) at 7= 4.4 K and V; = 1 mV and the calculated Ry (solid lines) at
T = 0 K at zero bias, as a function of V, for ¢ ranging from 6 to 8% and Lg,in ranging from 50 to 67 nm.

contribution in unstrained-graphene regions, calculated
from fits of the charge-neutrality point peak according
to R=R.+ L/(W|n|ew), where R, is the contact resis-
tance, n is the charge density of the graphene, and u
is the electron mobility over the entire structure, which
includes the high-mobility regions on top of the crenela-
tions and on suspended tensile graphene, as evidenced by
the observation of Fabry-Perot oscillations in the Ry-V,
characteristic and the low-mobility regions on the bottom
of the crenelations (see Appendix C) [52].

In Fig. 4(a), we compare the measured resistance with
the calculated resistance, taking &, 6, and Lpyygier (the
length of the strain barriers) as adjustable parameters.
From the position of the ancillary resistance peak, we
deduce AVgin = 163 meV, corresponding to a longitudi-
nal deformation ¢ = 6%, consistent with geometrical con-
siderations. From the magnitude of the ancillary peak, we
extract 0 = 9.4° and Lyaier = 62 nm and |4 |= 126 T.nm,
which is on the order of that produced by an external mag-
netic field B ~ 2T. The quantitative agreement between
theory and experiment demonstrates a near-equal contri-
bution of both the scalar and the pseudovector potentials,
with evpd | = —126 meV. We deduce at £ = AV yain
authorized transmission angles of 57° for valley K and
—57° for valley K’, which highlights a strong valley sep-
aration. It must be stressed that the experiments were
performed at a temperature of 4.4 K and eV, = 1 meV,
leading to k3T ~ 0.4 meV < eV, < AVgpain ~ 163 meV
and |evpAd, |~ 126 meV (estimated from our analysis).
Based on these energy scales, we assume eV, and low
temperature to have a minor impact on the calculated R ;.
However, we observe that the calculated ancillary resis-
tance peak is narrower than that in the experimental data.
We attribute this broadening to the strain heterogeneity

along a single barrier and the dispersion among the N
crenelations in series, which are both incipient to our
fabrication method. Nevertheless, the dispersion of strain
remains modest, as a strain heterogeneity ¢ = 6-9% is suf-
ficient to account for the broadening of the ancillary peak
for 6 = 9.4°, as observed in Fig. 4(b). The main objec-
tive of our analysis is to provide quantitative evidence
for the balanced contribution of strain-induced scalar and
pseudovector potentials on ballistic transport. On the other
hand, considering that our theoretical description neglects
some effects, such as the randomness of impurities, and
that there are uncertainties on several factors, such as vg,
Zstrain, and B, our estimates of 6 and e are approximate.
This theoretical analysis provides a description of strain-
barrier effects in the transmission of ballistic electrons and
fully elucidates the origin of the ancillary resistance peak
reported here.

We now discuss additional contributions to the observed
phenomena. As we have already mentioned in Sec. I, strain
in the present geometry can be described within a pseu-
dovector potential. However, because of the uniaxial char-
acter of the strain field, which preserves the equivalence
between the two triangular sublattices of graphene, there
is no curl expected to arise that could give rise to Landau-
level quantization. The latter has indeed been shown to be
relevant in the case of a triangular strain field that breaks
the sublattice symmetry [12]. In the present device, sim-
ilar localized strain fields could be present in the case
of some localized disorder. However, unless this disorder
breaks time-reversal symmetry, it is not expected to yield
significant deviations of the electrons from their trajecto-
ries. Indeed, a possible deviation of the trajectory of an
electron in a particular valley should be compensated by
that of an electron in the other valley, as a consequence of
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time-reversal symmetry. Heavy processing of the bottom
h-BN could induce a spatial variation in doping but a sec-
ond auxiliary peak located at 163 meV would correspond
to an extremely high doping value of 1.9 x 10'? cm™2,
which seems unrealistic for charged impurities in 4-BN
[53]. A similar approach has been used by Sheng-Chin Ho
et al. [23] to artificially create corrugated bilayer graphene
and their work shows the existence of structured defor-
mation in bilayer graphene. Finally, strain effects in the
low-energy band structure of graphene also change the
magnitude and isotropy of the Fermi velocity and thus
in the density of states. However, the anisotropic renor-
malization of the Fermi velocity due to strain remains a
second-order effect, neglected in this work [44]. Lastly,
the electrostatic barrier effect due to distinct capacitances
between the graphene regions on the top and bottom of the
crenelation, which is otherwise included in our model, is
too weak (< 7%) to be responsible on its own for a A Vyrain
of 163 meV [54,55].

V. CONCLUSIONS

In conclusion, using transport measurements at low
temperature and microscopic modeling, we have investi-
gated the Klein-tunneling transport of ballistic electrons
across a series of strain-induced barriers. We have shown
the existence of a large and broad ancillary resistance
peak at a positive energy that originates from nearly
equivalent contributions of strain-induced scalar and pseu-
dovector potentials in strained barriers. Our study also
reveals the quantum interference of ballistic electrons
between strained-graphene barriers. Our platform based
on crenelated 4-BN/graphene heterostructures hopefully
paves the way toward the realization of graphene quantum
strain devices. It comprises the realization of high on-off
transistors driven by a simple gate voltage resulting from
the quantum nature of the transport without the need of
a band gap and the implementation of valleytronics (fil-
ters and polarizers) as electrons belonging to each valley
in our strained device are collimated by strained barriers in
different directions [56]. Moreover, in our ~-BN/graphene
crenelated heterostructure, the charge carriers undergo a
submicron periodic angular motion, which should lead
to the emission of electromagnetic radiation in the ter-
ahertz spectral range, hopefully paving the way toward
the development of integrated synchrotron-like terahertz
emitters based on 2D materials. For basic science, this
platform gives opportunities to develop strain engineer-
ing in a wide variety of 2D materials and van der Waals
heterostructures, such as in twisted-bilayer graphene or
in transition-metal dichalcogenides [57], with the aim of
manipulating their electronic and optical properties and
exploring new physical phenomena.

Note added. We recently became aware of a work
addressing similar strained-junction physics [58].
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APPENDIX A: DEVICE FABRICATION

To fabricate the crenelated #-BN/graphene heterostruc-
ture, we transferred a 62-nm-thick exfoliated 4-BN flake
on a silicon substrate with 500 nm of oxide by using
the polymer-based dry pick-up and transfer technique. We
etched trenches in the 4-BN flake of depth 35 nm by using
electron-beam lithography and reactive ion etching. To
remove residues of the PMMA resin on the crenelated /-
BN, it was submitted to an O, plasma cleaner. We also
used the polymer-based dry pick-up and transfer tech-
nique to assemble a thin #-BN flake (8 nm) and exfoliated
graphene and to transfer them onto the patterned /#-BN.
Afterward, we contacted the crenelated graphene with one-
dimensional “edge contacts” to design source and drain
electrodes by using electron-beam lithography, reactive ion
etching, and the deposition of Cr(5 nm)/Au(50 nm). To
access the silicon that is used as a back gate, we pat-
terned an electrical access through SiO, by using laser
lithography, reactive ion etching, and the deposition of
Cr(5 nm)/Au(180 nm). At the end, the crenelated graphene
transistor was L = 12 um long and W = 8 pm wide and
consisted of ten crenelations of length /=1 pum (i.e.,
with a 1 wm periodicity) and of two unstrained-graphene
regions of length 1 wm at the ends.

APPENDIX B: MEASUREMENTS

The AFM measurements were performed in air, using
silicon cantilevers operated in tapping mode. The Raman-
spectroscopy measurements were performed with a Ren-
ishaw inVia Raman microscope with a 100 x objective lens
and at an excitation wavelength of 532 nm. For transport
measurements, the sample was cooled down in a variable-
temperature (4-300 K) liquid “He cryostat. An ac voltage
of 1 mV amplitude at a frequency f = 77 Hz and a dc
voltage V;; were applied between the source and drain
electrodes, whereas a dc voltage V; was applied to the gate.
The ac signal was measured with a lock-in amplifier.

APPENDIX C: DIFFUSIVE CONTRIBUTION
MODELING

To model the diffusive contribution to the resistance
of our device, we used a capacitance calculated with the
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average distance to the gate, C,, = 6.1 x 107° Fem™2.
The charge-carrier density »n is then given by |n| =

\/(C(Vg — Vo)/e)2 + né, where Vj is a shift of the charge-
neutrality point due to intrinsic doping of the sample, ny is
a residual charge-carrier density, and C is the gate capac-
itance. The diffusive contribution in unstrained-graphene
regions was calculated from fits of the charge-neutrality
point peak according to R = R, + L/(W|n|ew), where R,
is the contact resistance, w is the electron mobility over
the entire structure, including unstrained areas—in which
the mobility is assumed to be high, as evidenced by the
observation of Fabry-Perot oscillations in the Ry-V, char-
acteristics—and strained barriers, and # is the charge den-
sity of the graphene. We found Ropact = 4288 Q2 and ng =
4.5 x 10" cm~2, which is the order of magnitude expected
for such graphene flakes. The overall electronic mobility is
3604 cm~2 V~!'s~! if we consider the total length of the
device (i.e., 12 pm). It should be pointed out that in addi-
tion to the presumed high-mobility unconstrained regions,
the electron-mobility value includes ten strained barriers
of similar length that strongly disrupt carrier transport.
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