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Chirality is one of the key features governing the electronic
properties of single- and bilayer graphene: the basics of this
concept and its consequences on transport are presented in
this review. By breaking the inversion symmetry, a band gap
can be opened in the band structures of both systems at the
K-point. This leads to interesting consequences for the pseu-
dospin and, therefore, for the chirality. These consequences

1 Introduction Experimentally isolated in 2004 [1],
single-layer graphene (SLG) consists of a layer of carbon
atoms, arranged in a honeycomb pattern. Its unit cell is de-
fined by two carbon atoms, usually referred to as 4 and B,
forming the two-atom basis of a Bravais lattice.

As predicted in 1947 [2], it was experimentally demon-
strated in 2005 that charge carriers in graphene behave like
massless Dirac fermions [3, 4]. They can be described by a
two-component wavefunction i obeying

—ihv.(-V)y = Ey , (1)

where vy is the Fermi velocity and ¢ = (o, 0,) is a vector
of two Pauli matrices. Here, the analogy with quantum
electrodynamics can be made by realizing that the two
sublattices 4 and B play the role of spin-up and spin-down
and that o is not the spin but the pseudospin operator. The
direction of motion is coupled to the pseudospin orienta-
tion, as one can see from Eq. (1), a property denoted as
chirality. The chirality of charge carriers has important
consequences for transport. It is responsible for a Berry
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can be accessed by investigating the evolution of the Berry
phase in such systems. Experimental observations of Fabry—
Pérot interference in a dual-gated bilayer graphene device are
finally presented and are used to illustrate the role played by
the band gap on the evolution of the pseudospin. The pre-
sented results can be attributed to the breaking of the chirality
in the energy range close to the gap.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

phase of « [3, 4] and the suppression of backward scatter-
ing [5, 6]. These two effects are the basis of the Klein
paradox [5, 7].

Bilayer graphene (BLG) also exhibits chiral charge
carriers. However, instead of following the Klein physics,
BLG exhibits anti-Klein properties, due to a Berry phase of
2x [5, 8]. The concept of chirality in both single- and bi-
layer graphene and its presence in interference experiments
is the focus of this review.

In Section 2, we introduce the concept of chirality in
SLG and BLG, and lay an emphasis on illustrating this
concept, together with the concept of Berry’s phase. We
then focus on several interference experiments, where sig-
natures of the chirality were successfully observed. In Sec-
tion 3, we consider SLG and BLG systems in which the
inversion symmetry has been lifted and a band gap has
been opened in the band structure. We show that this lift-
ing results in strong out-of-plane perturbations of the pseu-
dospin in k-space in the energy range close to the gap, but
that the pseudospin orientation is further restored to its
original state at higher energies. Finally, we focus on dual-
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gated BLG in Section 4 and present an experiment allow-
ing for the observation of the consequences of the opening
of a band gap on the chirality, probed in a Fabry—Pérot in-
terferometer geometry.

2 Pseudospin and chirality Charge carriers in gra-
phene are chiral. This means that there is a handedness of
their states because their pseudospin is locked to the direc-
tion of motion, giving rise to interesting tunneling proper-
ties that we review in this section.

2.1 Pseudospin motion in SLG and BLG In gra-
phene, low-energy charge carriers live around two in-
equivalent points in momentum space, K and K’, called
“valleys”. In the vicinity of the K-point, single- and bilayer
graphene can be described by the Hamiltonians [9, 10]

0 = -1(0 (a')
HSLG=VF(TE 0)’ HBLG=2m*(TC2 0o ) 2)

respectively, where = p, +ip, is the momentum operator
and m* is the effective mass. The above effective Hamilto-
nians are related to the tight-binding models through
Vi =3y,a/2h with y, and a the intralayer nearest neigh-
bor hopping energy and distance, respectively, and
m* = y,/2v; with y, the interlayer nearest neighbor hopp-
ing energy.

[-) =)

c) d)

Figure 1 Lattice orientation of (a) SLG and (b) BLG in Bernal
stacking. (c) A quantum state i) and its associated polarization
vector (red needle) represented on the Bloch sphere. (d) When the
polarization vector undergoes an adiabatic evolutional constant
polar angle 6, it encloses a solid angle (2, which describes a por-
tion of the sphere here highlighted by a red shading.
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The Hamiltonians (2) act on the spinors (y,, ;)" and
(Wg1» W), respectively, where 4 and B are the two in-
equivalent carbon sites of a single-layer graphene and the
indices 1 and 2 refer to the top and bottom layers of bilayer
graphene; see Fig. la and b. This gives rise to the band
structure shown in Fig. 2, left panels. Note, however, that
the Hamiltonian (2) is a simplified two-band version, well-
suited to describe the system at low energy. The full de-
scription would give rise to 4 bands: two lower bands
touching at the K-point (seen in the figure) and two split
bands, split away from the lower ones by the energy
0.39 eV, not represented in the figure. In the following, we
consider that we are in the low energy range, where only
the lower bands are filled, as shown in Fig. 2.

The associated eigenstates are

. 1 (e . 1 (e
WSLG>=\E(61 J V/BLG>=6( el j (3)

where the + signs are related to the two eigenenergies
E =1hvek and ¢ = arg(k, +ik,) characterizes the direction
of the wave vector k = (k,, k) measured from the K-point.
To better visualize the details of the motion of the pseu-
dospin which is closely related to the Berry phase, we next
introduce the polarization vector P as a convenient quan-
tity.

In quantum mechanics, the polarization vector of a

, w0 oY .
spin-1/2 quantum state |y) = (e i cosz, sin 5) is given

Figure 2 (a) Left: Band structure of SLG at the K-point with its
pseudospin orientation at constant energy in the conduction band.
Middle: The pseudospin orientation in k-space is momentum-
dependent but energy-independent. Right: The pseudospin mo-
tion on the Bloch sphere when the momentum is rotated by 2.
The enclosed portion of sphere is highlighted with a red shading.
(b) Same content as (a) but for BLG.
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by the expectation values of the Pauli matrices

wloly)) (sindcosg
P=|{ylo|y)|=|sinfsing |, @)
wlo.ly) cos @

where 6 €[0, n] is the polar angle and ¢ €[0, 2x] is the
azimuthal angle [11]. This vector of length 1 describes the
spin orientation of |w) and can conveniently be repre-
sented on the Bloch sphere [12]. Represented on such a
Bloch sphere, the quantum state | ), which is a superposi-
tion of the two basis states |-) = (0,1)" and [+) = (1, 0), to-
gether with its polarization vector are sketched in Fig. 1(c).

In the case of SLG and BLG, the polarization vector
can be calculated by replacing |y) in Eq. (4) with the ei-
genstates from Eq. (3), leading to

cos¢ cos2¢
Py =|sing |, Py =|sin2¢ |, (%)
0 0

which describe, instead of the real spin, the pseudospin
direction of |y ) and |y ), respectively, and are par-
ticularly convenient for visualizing the motion of the pseu-
dospin when the momentum rotates. The polarization vec-
tors of Eq. (5) have no z-component, due to the absence of
diagonal terms in the Hamiltonians in Eq. (2). Thus, both
P, and P, depict a pseudospin restricted to the equatorial
plane of the Bloch sphere (8 = n/2), as sketched in Fig. 2.

As indicated in Eq. (5), the pseudospin for the case of
SLG rotates as fast as its wave vector [see Fig. 2(a)], while
for BLG it winds twice as fast [see Fig.2(b)]. In both
cases, the process is only momentum-dependent but ener-
gyindependent. This is highlighted by the different con-
stant energy cuts in each dispersion [middle panels of
Fig. 2(a) and (b)], for the case of the conduction band. For
the valence band, on the other hand, the pseudospin is in-
verted with respect to the K-point. This is referred to as a
chirality ‘+1” for electrons (the pseudospin is always paral-
lel to the wave vector) and ‘—1” for holes (the pseudospin is
always anti-parallel to the wave vector) [13]. Since the two
valleys exhibit opposite handedness, the reverse situation
happens around the K'-point, with chirality —1 for the elec-
trons and +1 for the holes.

An important quantity closely related to the pseudospin
motion is the Berry phase [14]. The Berry phase, also
known as a “geometrical phase” or “Pancharatnam phase”,
is a phase acquired by a system during an adiabatic cyclic
evolution. Upon adiabatic evolution along a closed
path, the polarization vector defines a portion of the
Bloch sphere and subtends a solid angle 2. An exemplary
motion is shown in Fig. 1(d), where the polarization
vector evolves along a circle of constant latitude at polar

angle 6. In this case, the solid angle is given by
0 2n

Q= '[ I sin@dl d¢ = 2n(1 — cos @). The Berry phase @,
00

erry 2

i.e., the loop integral of the Berry connection, was found to

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

be related to this quantity by [14-16]
o = Q0

Berry 7 . (6)
The Berry phase is half the solid angle subtended by the
pseudospin during its motion. In case of an evolution in the
equatorial plane (6 =n/2), as in the SLG case, the Berry
phase (6) is equal to . In BLG, however, since the pseu-
dospin rotates twice as fast as the momentum, the Berry
phase is equal to 27 [see right panels of Fig. 2(a)—(b)].

Hence, the Berry phase (in units of ©t) is equal to the
number of rotations of the pseudospin when the wave vec-
tor completes one rotation around the k =0 point. This is
why the Berry phase is often called the pseudospin winding
number [17]. This integer number represents the degree of
chirality [18]. Interestingly, this description is valid as well
for multi-layer graphene. A J-layer graphene system can be
described by the Dirac-like Hamiltonian:

81 = Vr
0 (n' g =vily
HJ:gJ( J j: ’ o (7)
T 0

&3 =Vg/7/12 .

The corresponding Berry phase is accordingly Jr [18].

2.2 Transmission through a potential barrier
The pseudospin, as described above, leads to interesting
properties when considering a charge carrier incident on a
potential barrier. Consider the situation depicted in
Fig. 3(a): a particle, moving from left (L region) to right
(R region) in SLG, is incident at energy £, >0 on a poten-
tial barrier (C region) of width d. The barrier of height
V, > E; is further assumed to result in a np’n junction (the
prime referring to the C region), shifting the charge neu-
trality point as schematically displayed in Fig. 3(a). If the
electron propagates ballistically in the regions away from
the edges of the barrier potential, such a geometry resem-
bles a Fabry—Pérot interferometer.

Focusing on the left interface of the barrier, we can see
that a right moving electron (belonging to the right branch
of the conduction band in the region L) will find a perfect
match on the other side of the interface (C region), since a
right moving hole exhibits the same pseudospin orientation,
as highlighted in Fig. 3(a) with the encircled pseudospins.
Such a situation implies a high transmission probability
through the barrier. The exact solution to this problem has
been investigated by Katsnelson et al. [5] in 2006 and
described in detail in Ref. [19]. For an electron wave of
energy E incident on a barrier of height V, > 0, with trans-
lational invariance along the transverse direction y, and
holes populating the C region (V, > E +hv; |k |), the result-
ing reflection coefficient was found to be

r=2¢"sin (q.d)
sing—ss’sin 9
cos (p+9)+e'

—ig.d iq.d

cos (p—9)]—2ising.d ’
)

X )
ss’[e
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Figure 3 Schematic of a potential barrier engineered in (a) SLG
and (b) BLG. The charge neutrality points are effectively shifted
such that the Fermi level lies at the conduction band in the outer
regions (L and R) and the valence band in the central one (C).
The orientations of the pseudospins are indicated with arrows
(red for electrons and blue for holes).

where s =sgn (E) and s’ =sgn (E —V,) are the sign func-
tions, ¢ and 4 are the incident and refractive angles, and ¢
is the transmitted wave vector [5, 19]. This enables the cal-
culation of the transmission probability, given by
T =1-|rf*. From this expression, one finds that normal in-
cidence always leads to full transparency of the barrier
(7],=9-0 = 0), known as the Klein tunneling in SLG.

Experimentally, such a graphene np 'n junction can be
realized by electrically controlling the carrier density in-
side and outside the barrier region. Considering densities
n,, =5x10" cm™ outside the barrier region and
n, =-3x10" cm™ within, we show two examples of
T(¢) with barrier thicknesses of d =100 nm, 400 nm in
Fig. 4 (red curves), based on Eq. (8). These density values
correspond to an incident energy of £, =80 meV and a
barrier height of V; = 280 meV. In these plots, we can see
that the transmission probability at normal incidence is
one, remains very high for small incident angles, and then
exhibits additional full-transmission resonances at finite
angles (sometimes) called ‘magic angles’.

The same problem in the case of BLG was also treated
in [5, 19] in the absence of the gap. The angle dependence
of T can be similarly obtained by solving the transmission
problem. For a direct comparison to SLG, we consider the
same n, and 7, that lead to E; =16 meV,V, =100 meV
and show again two examples with barrier thicknesses
d =100 nm, 400 nm in Fig. 4 (blue curves). Unlike for
SLG, where massless Dirac fermions are always perfectly

www.pss-rapid.com

a) b)

Figure 4 Calculated transmission probability 7 as a function
of the incident angle ¢ across a mp'n junction with fixed
carrier density n,, =5x10" ¢m™ outside the barrier and
n, =-3x10" ¢m™ inside the barrier for SLG (red lines) and
gapless BLG (blue lines) with barrier thicknesses of (a)
d =100 nm and (b) d =400 nm. The given densities n_, and n,

out in

correspond to the incident energy E, =80 meV and barrier height
V, =280 meV for SLG, and £, =16 meV, V;, =100 meV for gap-
less BLG.

transmitted at normal incidence, a perfect reflection' at
normal incidence is observed. This phenomenon is known
as anti-Klein tunneling, and can be understood in terms of
lack of pseudospin matching as sketched in Fig. 3(b).

For non-zero incidence angles, some ‘magic angles’
appear, where the transmission increases sharply to one.
The resulting conductance, which is proportional to the
transmission integrated over all the incident angles, is
therefore much smaller than in the SLG case. This is a
property of practical interest in the sense that electrostatic
barriers in BLG are then highly efficient to confine carriers.
For wider barriers, the number of resonances increases
quickly, as seen already by comparing the two cases shown
in Fig. 4.

One should mention at this stage that these results of
T(p), based on the Dirac equation, can be reproduced by
the tight-binding-model-based Green’s function approach,
which can easily handle arbitrarily shaped barriers and also
allows for more general band structures [20]. This will be
used in later sections to implement the band gap in BLG.

2.3 Signatures of chirality in interference ex-
periments As explained above, the transmission across a
barrier in graphene exhibits a unique behavior due to the

' This is true, however, only when d > A, where A, is the Fermi
wavelength. In the case of d < A, evanescent modes can lead to finite
transmission even at normal incidence.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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linear dispersion and the chirality as above-defined, in con-
trast to non-chiral particles [5]. However, a direct meas-
urement of the angle-dependent transmission 7'(p) was so
far not accessible [21, 22], since transport experiments
usually measure the total conductance G involving all con-
tributing angles. This is why a true hallmark of Klein scat-
tering has been sought. In 2008, Shytov et al. [23] realized
that a signature of Klein tunneling in ballistic pn’p Fabry—
Pérot SLG cavities should appear in the magnetic field de-
pendence of the interference pattern.

In the absence of magnetic field, the directly transmit-
ted and twice reflected waves” [such as the case sketched
in Fig. 5(a)] interfere with each other with a kinetic phase
difference @, (WKB standing for Wentzel-Kramers—
Brillouin), which is proportional to the cavity size d and
the longitudinal component of the wave vector & . Under
the influence of an external magnetic field B, the resulting
Lorentz force bends the semiclassical electron trajectories,
some of which form closed loops [such as the case
sketched in Fig. 6(a)], wrapping finite areas and therefore
an Aharanov—Bohm phase @,;, which can be shown
(when B is weak) to be o< B*/k,, where k; is the Fermi
wave vector. At the same time, B also reduces k_as a con-
sequence of the bending and the conservation of
ke = (k! +k;)"?, where k, is proportional to B because of
the mechanical momentum p — p+ed with the chosen
gauge’ A= (0, xB,0) for B=VxA4=(0,0,B). Thus, the
increase of B leads to an increase of @, but decrease of
Dy, While the increase of & leads to a decrease of @,
and increase of @, ;. When measuring the conductance as
a function of magnetic field and density (e k7 ), the two
competing phase terms result in the Fabry—Pérot interfer-
ence fringes (each stripe corresponding to a constant
Dy +P,p) dispersing with increasing B towards higher
density in a parabolic pattern [6, 23, 25-32].

The cyclotron bending contributes to the phase in a dif-
ferent way. At B =0, the trajectory propagating at normal
incidence will be fully transmitted. Thus, there exists no
such trajectory as the one depicted in Fig. 5(a) which, in
momentum space, would directly enclose the origin [see
Fig. 5(b)]. In the presence of a finite (and typically weak) B,
however, closed loops such as that shown in Fig. 6(a) can
form because of finite backscattering at oblique incidence,
and the corresponding momentum-space trajectories will
enclose the origin as sketched in Fig. 6(b). Due to the exist-
ence of a singularity at the K-point (vertex [15, 33]), the n-
Berry phase is picked up. In the measurements, this will
therefore lead to a shift of the oscillation pattern by half a
period. Hence this n-shift constitutes a direct evidence for
Klein tunneling, through the analysis of backscattering.

Waves of multiple reflections also contribute to the Fabry—Pérot
interference but are only of minor importance, even in ideally ballistic
transport; see, for example [24].

Note that when applying the periodic boundary condition along the
transverse dimension (y), this gauge is practically the only choice in
order to keep the system y-independent [25].

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a) b)

Figure 5 (a) Trajectory of a wave in real space at zero magnetic
field incident from region L toward region R across a central cav-
ity C, assuming an imperfect transmission. In C, the reflected
(dashed arrow) and transmitted (solid arrow) waves are slightly
offset for clarity. (b) The corresponding trajectory in momentum
space with k, =0 (slightly offset for clarity) encloses the origin
and is equivalent to a rotation of the momentum by 27, resulting
in the contribution of the Berry phase.

The observation of the phase jump has been made for
SLG cavities of various qualities and widths [6, 27-31]. In
2009, Young and Kim presented their pioneering experi-
ment and reported on the observation of conductance oscil-
lations in a graphene bipolar heterojunction [6]. The cavity
was electrostatically induced by the use of a narrow top
gate (~20 nm), allowing for the observation of ballistic in-
terference, as the mean free path was estimated to be larger
than 100 nm. The signature of Klein tunneling and of its
perfect transmission was further demonstrated by investi-
gating the magnetic field dependence of the conductance
oscillations, where the n-shift of the oscillations was seen.
The specificity of the measured shift of the oscillations
agreed with the theoretical prediction [23] and was later
reproduced qualitatively [26] and quantitatively [25] by
transport calculations.

In 2013, a big step was made in the quality of the pro-
duced devices. Rickhaus et al. [28] and Grushina et al. [29]
reported on the use of local bottom gates in suspended de-
vices to engineer smooth, electrostatically defined pn junc-
tions with stunning qualities, enabling for the observation

ST ﬁ Kx
\\ ------- _J

a) b)

Figure 6 For SLG, the situation depicted in Fig. 5 does not exist
due to the perfect transmission of Klein tunneling. Instead, a fi-
nite magnetic field is needed to obtain enough backscattering in
the region C. An example of the resulting trajectory is sketched in
(a). (b) The corresponding trajectory in momentum space forms a
closed loop that encloses the origin. At this magnetic field value,
the Berry phase of = is picked up, leading to a phase shift in the
interference pattern.

www.pss-rapid.com
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of Fabry—Pérot interference on length scales larger than
1 pm [34]. Once again, the characteristic Berry phase shift
was present in the magnetic field data. In Ref. [28], the fi-
nesse of the cavity and the resulting visibility of the oscil-
lation pattern were studied in great detail and analyzed in
view of the smoothness of the electrostatic landscape.

In the case of BLG, however, the Berry phase of 27
could not be identified in a similar way in an interferome-
ter geometry, since a phase of 2w is equivalent to a phase
of 0. Until today, the only measurable contribution of this
phase was observed in quantum Hall measurements, as ex-
perimentally demonstrated for the first time in Ref. [8].
Moreover, an electrostatically controlled BLG pr'p junc-
tion normally requires a dual gated cavity where the inver-
sion symmetry is broken such that the BLG is no longer
gapless. The consequence of the band gap on transport and
its relation to the pseudospin are to be discussed in the fol-
lowing section.

3 Band gap and peudospin The pseudospin in
SLG and BLG is restricted to the x—y plane as a conse-
quence of the lattice inversion symmetry. If this symmetry
is broken, the situation is different.

3.1 Inversion symmetry breaking By applying a
different potential to the two sublattices, the inversion
symmetry can be lifted. In SLG, this can be done by align-
ing the flake on a hexagonal boron nitride substrate [35—
38]. The closely similar lattice structure of graphene and
hexagonal boron nitride (h-BN) results in locally aligning
the atomic site A of graphene with a boron atom and its B
site with a nitrogen atom (or vice-versa). The two carbon
sites therefore experience different potentials, leading to
the broken inversion symmetry. In BLG, setting the two
layers to different potentials, using for example external
gates [39—42], also breaks the inversion symmetry. The ex-
perimental realization of the BLG symmetry breaking will
be treated in more detail in Section 4.

With the inversion asymmetry, the resulting Hamilto-
nians are generalized from Eq. (2) to the form

u f
E VFTC
Hgg = >
VETO
u 3 (r")?
2 2m*
Hyg = 2 > )
_T _u
2m* 2

where u is the asymmetry parameter [39].

One observes in Eq. (9) that adding an asymmetry adds
diagonal terms to the Hamiltonians, i.e. a o,-component,
which gives rise to a z-component of the polarization vec-
tor itself. In this situation, the pseudospin is not bound to
the equatorial plane any more. This is shown schematically
in Fig. 7(a) for the case of the conduction band of SLG at

www.pss-rapid.com
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Figure 7 (a) Pseudospin orientation along constant energy con-
tours of the conduction band of gapped SLG (dashed circles),
around the K-point. The process is now energy-dependent. The
pseudospin motion on the Bloch sphere is shown for four cases.
(b) The black needle corresponds to the black pseudospin polari-
zation vectors close to the band gap in (a): no area is enclosed
and the Berry phase is therefore 0. (c)—(e) When going away from
the gap, the z-component is decreased and the enclosed area
grows [colored needles correspond to the pseudospin vectors
sketched in (a)], until chirality is restored at higher energies and
the pseudospin returns to the equatorial plane [red arrows in (a)
and red needles in (e)], recovering to the Berry phase of m.

the valley K. We see that for small momenta (i.e. small en-
ergies, close to the band gap), the pseudospin points com-
pletely out of plane (black arrows). On the Bloch sphere,
this means that the pseudospin stays aligned with the z-axis
and therefore encloses no area, giving rise to a zero Berry
phase. This is shown in Fig. 7(b) with the black needle.
The chirality is broken. Moving towards higher energies,
the pseudospin tends to asymptotically recover its in-plane
motion [red arrows in Fig. 7(a) and red needles in Fig. 7(e)]
and therefore a m-Berry phase. The chirality is slowly re-
stored [38]. In-between the two extreme cases, the
pseudospin is partially z-polarized, leading to a Berry
phase varying between 0 and m, as shown with the blue
and green arrows in Fig. 7(a) and the blue and green nee-
dles in Fig. 7(c)—(d).

Exactly the same happens with BLG when a band
gap is opened. Close to the edges of the valence or conduc-
tion band, the pseudospin is fully z-polarized, leading to a
Berry phase of 0 [43]. When the energy increases, the
chirality is slowly restored, until the pseudospin returns to
the x—y-plane and the Berry phase is set back to 2x. This is
illustrated in Fig. 8, where the Berry phase is calculated as a
function of momentum (which can be translated into an en-
ergy), and will be further explained and investigated in Sec-
tion 4.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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between top and bottom layer of BLG. As shown here, close to
the gap (k =0), the Berry phase is zero. Going towards higher
momenta, and therefore towards higher energies, the Berry phase
recovers its pristine value of 2.

3.2 Gapped BLG pn junction We next focus on the
effect of the broken chirality induced by opening the band
gap on the transmission probability of an electron wave in-
cident on a BLG pn junction. As illustrated earlier, the per-
fect reflection across a bipolar potential step in BLG is ex-
pected [5] for pristine BLG in the absence of the band gap.
However, only limited literature exists addressing the
question of the effect of a gap on the tunneling properties
(see, for example, Refs. [17, 44]). Using the same method
as Ref. [20], we apply the Green’s function method based
on a tight-binding model associated with the periodic
Bloch phase to illustrate the influence of the asymmetry u
on the angle-resolved transmission 7'(¢). This asymmetry
results in opening a band gap in the band structure of BLG
[39-42].

We consider transport through an ideally sharp np
junction® with a step height of 100 meV at fixed Fermi en-
ergy E. =50 meV as shown in the top panel of Fig. 9(a),
where the asymmetry parameter u is varied from 0 (black
curves) to 100 meV (red curves). The resulting 7(¢)
curves for various values of # in this range are shown in
the bottom panel of Fig. 9(a), where one observes that the
transmission function changes drastically. Starting from
u =0 [black curve with T'(¢ = 0) = 0], we observe that in-
creasing u breaks the anti-Klein tunneling, and 7'(¢ = 0)
increases slowly, until reaching perfect transmission at
normal incidence (curve marked by %). The T(¢ = 0) val-
ues and the corresponding Berry phase as a function of u are
respectively shown in the top and bottom panel of Fig. 9(b),
where T(¢ =0) =1 and @, == matching each other at
u =70meV can be seen. This implies that, under certain

Note that an atomically sharp np junction is expected to induce inter-
valley scattering, which is not our main focus here. Numerically, such
scattering leads to imperfection of 7" at ¢ = 0 for the case of SLG, and
for the case of BLG with Dpry — T, AS CaN be noted in Fig. 9(a); see
the curve marked by *.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 9 (a) Top: An ideal BLG np junction with step height
Ve =V, =100 meV and E, -V, =50meV with the asymmetry
varying from u =0 (black curves) to u =100 meV (red curves).
Bottom: Angle-resolved transmission 7'(¢) with the colors corre-
sponding to those of the band structures shown in the top panel.
(b) Top: Transmission at normal incidence 7(¢ =0) from (a)
as a function of u. Bottom: The corresponding Berry phase. The
data points at u =70 meV represented by * correspond to
T(p=0)—1 (top) and @, — m (bottom), i.e., a revival of the
Klein tunneling in BLG.

erry

circumstances, a revival of the Klein tunneling in BLG is
possible, by manipulating the gap-controlled Berry phase.

By further increasing u, the Berry phase @y, contin-
ues to increase toward 27 while the normal incident trans-
mission 7(¢ = 0) decreases rapidly toward zero, until the
anti-Klein tunneling behavior is recovered. In view of the
transition shown and discussed above, the strength of BLG
lies in the following fact: the tunability of bilayer graphene
allows not only to conveniently open (and control) a band
gap in its dispersion, but also to tune its chirality, enabling
a possible switching between BLG-like and SLG-like
transport characteristics. In the following, we present an
experiment illustrating how the chirality in a gapped BLG
system can be broken.

4 Interference experiment with gapped BLG
As mentioned earlier in Section 2.3, there is no report in the
literature showing explicit signatures of the 2r-Berry phase
in BLG interferometers, as there is in SLG. However, as
described in the previous section, once a band gap is
opened, the chirality of BLG is changed and a finite trans-
mission at normal incidence, associated to a finite Berry
phase, occurs. In the following, we investigate the chiral
properties of BLG via measurements performed on a dual-
gated BLG Fabry—Pérot (FP) interferometer. Parts of the
data presented below were published in Ref. [24].

4.1 Gate-tunable BLG interferometer The device

under investigation is sketched in Fig. 10(a) and (b) (right
device). It consists of a h-BN/BLG/h-BN stack which is

www.pss-rapid.com



Phys. Status Solidi RRL 10, No. 1 (2016)

53

Figure 10 (a) Schematic of the device: a BLG flake is sand-
wiched between two h-BN layers. The whole flake can be tuned
by the silicon backgate and the central area can additionally be
independently tuned using the central top gate. Source (S) and
drain (D) are Ohmic contacts enabling the measurement of the
conductance G. The black plane at the top is a schematic of the
three regions defined by the gates: L and R are the two leads and
C is the dual-gated region. (b) Optical microscope image of two
devices fabricated out of the same BLG flake. The dark yellow
areas are Ohmic contacts (buried under BN, ) and the bright yel-
low ones are the top gates. The measurements were carried out on
the right device, using the inner Ohmic contacts. Adapted from
[24].

deposited on a Si/SiO,-substrate, prepared as described in
Ref. [45]. The stack was realized using the dry transfer
technique pioneered in Ref. [46].

For such a geometry, the silicon backgate allows us to
tune the whole BLG stripe, whereas the local top gate acts
only on the central region underneath. The device therefore
consists of three areas in series, as shown in Fig. 10(a): the
two outer regions (labeled L and R) are simultaneously
tuned by the backgate voltage V5, and the central area
(labeled C) is under the influence of both V5, and the top-
gate voltage V. The geometry is the following: the width
of the whole flake is W =1.3 um, and the lengths of the
three regions are /; =/, =0.95pm and /. =1.1 um.

In the following, the sample is placed in a variable
temperature inset at temperature 7 =1.6 K. We apply a
constant symmetric bias voltage between the Ohmic con-
tacts [labeled S and D in Fig. 10(a)] and record the current,
allowing to measure the conductance G. Additionally, the
top gate voltage is modulated with a small AC voltage,
which enables the measurement of the normalized trans-
conductance dG/dV;.

www.pss-rapid.com

4.2 Basic transport characterization The meas-
urement of such a dual-gated device is shown in Fig. 11(a),
where the conductance is displayed as a function of both
Vi and V. Depending on the applied voltages, the polar-
ity of the outer regions and of the central one can be
changed, from hole-like to electron-like transport. This
gives rise to four different polarity combinations: two of
them exhibit the same polarity in the three regions (pp'p
and nn'n — the prime referring to the central region C) and
the other two exhibit opposite polarity (np'n and pn'p). The
charge neutrality of the two outer regions is apparent from
the two horizontal blue lines in the middle of Fig. 11(a)
and the charge neutrality in the dual-gated region occurs
along the diagonal blue line. The latter spans along the so-
called displacement field D-axis, as indicated in the figure.
While increasing |D|, towards one corner of the map or the
other, the conductance at the charge neutrality point de-
creases towards zero. This insulating state is due to the
band gap being opened while the asymmetry between the
top- and bottom layer of the BLG flake is made larger.
Along the D-axis, the Fermi energy within the dual-gated
region lies in the middle of the gap and the density is equal
to zero. As reported in various experiments [47-52], hop-
ping processes resulting from residual disorder were found
to be the dominant transport mechanism in this regime and
at such low temperatures.

In order to capture the electrostatic picture of the de-
vice and to reproduce our observations, we implemented
the following model. First, the density n in each of the
three areas — L, C and R — was related to the applied gate
voltages V., and V, via the use of a parallel plate capaci-
tor model. Each area density is separated into three terms:
the bottom graphene sheet density, the top graphene sheet
density and the intrinsic doping of the area, which is di-
rectly estimated from the measured data. Following
McCann [18], the asymmetry parameter u is calculated in
each region. With the knowledge of u and », the band off-
set is finally calculated and inserted in the nearest-neighbor

0 G [e*/h] 30 0
—_— |
— Experiment

g [e*/h] 2
]

0 0
Vig [V Vi [V]

a) b)

Figure 11 (a) Conductance versus top and backgate voltages
measured at 1.6 K. The purple box in the lower right corner indi-
cates the range of the measurement shown in Fig. 12. (b) Calcu-

lated normalized conductance versus top and backgate voltages.
Adapted from [24].
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tight-binding Hamiltonian of BLG [9, 53]. The details of
the calculations are explained in Ref. [24]. As a last step,
the resulting energy profile is used to calculate the conduc-
tance through the device as a function of the applied gate
voltages. This uses a Green’s function formalism similar to
Refs. [25, 28]. Here, only the C region is considered as the
scattering region, L and R being treated as semi-infinite
leads. As shown in Fig. 11(b), which displays the normal-
ized conductance g (no mode counting implemented so
that its maximum is 2¢”/A due to the valley degeneracy of
the spin-independent calculation), the overall electrostatic
picture is very well captured by the model.

4.3 Interference pattern As shown in Fig. 12(a), an
oscillating conductance is observed in the pn'p bipolar re-
gime. To increase the visibility of the oscillations, one
looks at the corresponding transconductance map, recorded
simultaneously and shown in Fig. 12(b). Cuts within these
two maps are shown in Fig. 12(c)—(d). They allow to better
see the strength of the oscillating pattern. In the following,
we focus on the transconductance signal to analyze the os-
cillatory pattern in more detail. However, the same study
could be carried out utilizing the conductance.

88 Gle*/h] 19
. ]

15 dG/dVig [€¥/(hV)] 15
— ]

."t

\\\\\"l,‘\\ ‘,\m\‘ ; \
IR R \ i\

\ lDH'

a)

Vie = -26

oG le?/h]

5.5
Vi [V]

5.5
Vig [V]
c) d)

Figure 12 (a) Conductance measured as a function of top- and
backgate voltages in the pn'p regime [this region is highlighted
with a purple rectangle in Fig. 11(a)]. Conductance oscillations
are clearly visible. (b) Normalized transconductance map, meas-
ured in the same range as in (a): the oscillations appear more
clearly. (c)/(d) Cuts along the top gate voltage axis taken from
(a)/(b) (black lines) at V,; = —26 V. Adapted from [24].
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As highlighted in Fig. 12(b), the oscillations evolve
parallel to the D-axis (the slope of the D-axis is displayed
as a black line labeled D||). This indicates that they arise
from a mechanism taking place in the dual-gated part of
the device. To confirm the ballistic origin of the observed
signal, the frequency of the oscillations was analyzed. To
do so, each top gate voltage point was converted into a
density and then into a wavevector. Performing a discrete
Fourier transform, we found that the oscillation frequency
was A = 2.2 um. This confirmed that the main contribution
to the phase arises from interference between a directly
transmitted wave and a wave which is transmitted through
the cavity after bouncing once back and forth in the cavity.
This corresponds to a phase difference A@ =k -2/, with
a frequency 4 =2/, = 2.2 pm. With this frequency analy-
sis, we convince ourselves that the observation is related to
ballistic transport in the dual-gated region, leading to a
clear FP interference pattern.

4.4 Broken or not broken? From the previous
analysis, a question remains to be explored: does the band
gap play a role in our experimental observation? To eluci-
date this question, we first compare the measured oscilla-
tions shown in Fig. 12(b) with the theoretical predictions
for two different systems: on one hand, a BLG system
where the asymmetry between the layer is ignored is con-
sidered (i.e. the process of band gap opening is ignored and
the gates are only responsible for tuning the overall sheet
density) and, on the other hand, the same calculation
method as already implemented in Fig. 11(b) is used, which
follows McCann’s model [18] and takes into account the
asymmetry. The results of both calculations are shown in
Fig. 13(a)—(b). Qualitatively, we observe that the shape of
the oscillations is very different: in Fig. 13(a) (left panel),
the oscillations appear very sharp and asymmetric, which is
not the case in right panel, where the oscillations appear
more symmetric, almost like a sine function [also visible in
Fig. 13(b)]. Similar observations were made in Ref. [44].
Comparing these maps with the measurement data shown in
Fig. 12(b), we conclude that our observation is qualitatively
closer to the case where the band gap is implemented.

Another confirmation lies in the visibility of the inter-
ference pattern. The visibility of the measured conductance
oscillations is found to be v = AG/G,,,, =1.5%. In a fully
ballistic situation as those shown in Fig. 13(a)—(b), the
visibility of the calculated conductance yields v =38% for
the case where u is implemented and v =1.5% when u is
set to zero. However, the assumption of a fully ballistic
device has to be weakened. Indeed, by comparing the
maps shown in Figs. 12 and 13, one can see that the meas-
urement signal exhibits imperfections. We would therefore
expect the theoretical visibility values to be upper bounds
compared to the experimental signal. We therefore con-
clude that the value v =1.5% provided by the non-gapped
case is inappropriate to describe our observation, pointing
towards a role played by the band gap on our ballistic in-
terference signatures.
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Figure 13 (a) Calculated normalized conductance as a function of
top- and backgate voltages in the case for gapless BLG (left) and
gapped BLG (right) (partly adapted from [24]). The latter considers
the gate-tunable asymmetry u following Ref. [18]. (b) A line trace
cut from the maps of () indicated by the dashed lines therein.

4.5 Gate-tunable Berry phase As explained in
Section 3, signatures of the broken chirality due to band
gap opening should appear in the Berry phase, which var-
ies as a function of the induced asymmetry and might be
accessible in experiments. To find this out, the oscillations
have to be investigated at varying magnetic field.

Based on the phase difference between a transmitted
and a twice reflected electron wave, the FP resonance con-
dition is

Dyyp + Dy + Dy, =21,

jeZ. (10)

As explained earlier in Section 2.3, @y, and @, are
magnetic-field-dependent and are the origin of the para-
bolic trend of the oscillations evolving as a function of B.
What strongly differs from the previously mentioned case
of SLG is the Berry phase. In SLG, due to perfect trans-
mission at normal incidence, the system requires finite
magnetic field to build up trajectories which, in momentum
space, enclose the origin and therefore pick up the Berry
phase. In the case of gapped BLG, since even at B =0 the
normal incident transmission is finite (in the studied en-
ergy range with finite u), there already exist trajectories
which go through & =0, implying that the Berry phase is
already involved.” The Berry phase therefore does not

erry

Recall the trajectories sketched in Fig. 5, which do not exist in the case
of SLG due to the Klein tunneling. Here for gapped BLG, due to finite
transmission and reflection at normal incidence, such trajectories do
exist, so that the £ = 0 origin is always enclosed, independent of B.

www.pss-rapid.com
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Figure 14 (a) Calculated Berry phase as a function of top- and
back-gate voltages within the dual-gated area C of the device. (b)

Zoom-in of the bipolar block indicated by the white box in (a).
Adapted from [24].

depend on the magnetic field [24], but only on the asym-
metry u.

Figure 14(a) shows the predicted Berry phase of the
dual-gated region of the device in the range of voltages
available. We see that the Berry phase varies from 0 to 27
in this map, and especially involves the value m (white
area), which is characteristic of SLG. However, since the
interference is only visible in a limited range of gate volt-
age (white square marked in the map), we cannot probe the
dramatic change of the Berry phase value. The values
taken by the Berry phase in the region of interest are
shown in Fig. 14(b). We see that the Berry phase evolves,
from 1.227 to 1.467 and is not constant. The limited evolu-
tion leads to only very small offsets of the oscillations as a
function of top gate voltage, such that it is not visible in
the experimental data. Further investigations would be re-
quired to probe the effect of the Berry phase, ideally with
oscillations visible in a broader range of gate voltages.

Moreover, turning a BLG pn'p into a SLG-like pn'p by
manipulating the gap and hence the Berry phase is theo-
retically possible, as shown in Section 3. This would how-
ever require a system with three cavities, each being dual-
gated. Additionally, the probing regime would have to
cover the Berry phase of © (which is supposed to be close
to the gap). This would constitute one big step beyond the
above-presented experiment where only one dual-gated re-
gion was designed.

5 Conclusion and outlook: experiments based
on the broken chirality We have explored theoretically
the chirality of charge carriers both in SLG and BLG. We
pointed out experimental realizations of FP interferometers
which allow, in the SLG case, to directly probe the key pa-
rameter which is the Berry phase. We next focused on sin-
gle- and bilayer graphene systems in which the inversion
symmetry is lifted. Such systems exhibit band gaps in their
band structure. Close to the edge of the gap, the pseu-
dospin is found to be fully z-polarized, indicating a broken
chirality, which is then restored going away from the gap.
This is associated with a Berry phase varying from zero to
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its pristine value (n for SLG or 2n for BLG). Finally, we
focused on the breaking of the chirality in BLG. Beyond
the tunability of the anti-Klein tunneling, one of the key re-
sults is that the physics of BLG can mimic the behavior of
SLG as the tunability of the transmission function allows
to recover a perfect transmission at normal incidence for a
certain energy range, together with a Berry phase of m,
characteristic of the Klein tunneling in single-layer gra-
phene. We presented an experiment on a dual-gated BLG
graphene device where Fabry—Pérot interference were
probed, indicating ballistic transport. This allowed to illus-
trate the chirality breaking in more detail.

Very recently, experimentalists have been able to use

the pseudospin degree of freedom both in SLG and in BLG.

In 2014, Gorbachev et al. [37] demonstrated the generation
of topological currents in a SLG system with broken inver-
sion symmetry. To do so, they aligned the graphene flake
on a hexagonal boron nitride substrate, inducing an imbal-
ance between the 4 and B atomic sites. Because graphene
has two valleys, a broken inversion symmetry results in the
creation of topological currents with different signs in each
valley. This was confirmed by the observation of a non-
local signal, as strong as the applied current and at micron
distances from its path. The same was observed in a similar
geometry in dual-gated BLG [51, 52]. This time, dual-
gating was responsible for breaking the inversion symme-
try. A non-local resistance was measured, surviving up to
high temperatures. Such advances in the control of the
pseudospin degree of freedom are very appealing for pos-
sible applications in quantum computation, which require
non-dissipative currents.
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