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Tuning Anti-Klein to Klein Tunneling in Bilayer Graphene

Renjun Du (ﬁ}\ﬁ )"
Ralph Krupke

" Ming-Hao Liu (%JHE%) >3 Jens Mohrmann Fan Wu (& M),
Hilbert von Lohneysen

Klaus Rlchter and Romain Danneau'*

nstitute of Nanotechnology, Karlsruhe Institute of Technology (KIT), D-76021 Karlsruhe, Germany
2Department of Physics, National Cheng Kung University, Tainan 70101, Taiwan
3Institut fiir Theoretische Physik, Universitiit Regensburg, D-93040 Regensburg, Germany
4College of Optoelectronic Science and Engineering, National University of Defense Technology, Changsha 410073, China
SInstitute of Material Science, Technische Universitit Darmstadt, D-64287 Darmstadt, Germany
®Institute for Solid State Physics and Physics Institute, Karlsruhe Institute of Technology (KIT), D-76021 Karlsruhe, Germany

M (Received 22 March 2017; revised manuscript received 15 July 2018; published 21 September 2018)

We show that in gapped bilayer graphene, quasiparticle tunneling and the corresponding Berry phase can
be controlled such that they exhibit features of single-layer graphene such as Klein tunneling. The Berry
phase is detected by a high-quality Fabry-Pérot interferometer based on bilayer graphene. By raising the
Fermi energy of the charge carriers, we find that the Berry phase can be continuously tuned from 2z down
to 0.687 in gapped bilayer graphene, in contrast to the constant Berry phase of 2z in pristine bilayer
graphene. Particularly, we observe a Berry phase of 7, the standard value for single-layer graphene. As the
Berry phase decreases, the corresponding transmission probability of charge carriers at normal incidence
clearly demonstrates a transition from anti-Klein tunneling to nearly perfect Klein tunneling.
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Introduction.—Bilayer graphene (BLG), like its single-
layer counterpart [1-4], exhibits outstanding physical
properties [5-8] and is often regarded as a promising
material for potential electronic applications. One striking
feature of BLG is the possibility to induce and tune an
electronic band gap by breaking the lattice inversion
symmetry using, for example, an electric field [7-11].
However, our fundamental knowledge of the gapped states
in BLG remains limited in many respects despite the
existing studies of the Berry phase [6,12—15] and quasi-
particle tunneling [14,16-18].

The emergence of a band gap has a strong impact on the
Berry phase by modulating the pseudospin ¢ [19,20],
which expresses an extra quantum mechanical degree of
freedom in graphene [1,16]. In Figs. 1(a) and 1(b), the
pseudospin vectors at different Fermi levels are depicted as
small cones and projected in a plane between the con-
duction (yellow) and valence (blue) bands in the momen-
tum space. After a pseudospin vector adiabatically travels
a closed path around the valley, e.g., the red circle in
Figs. 1(a) and 1(b), a Berry phase is acquired [15,21-23].
This process is better visualized on a Bloch sphere, as
shown in Figs. 1(c) and 1(d), where the pseudospin
(denoted by arrows) traces out a solid angle which is
equivalent to the Berry phase of BLG [15,21]. In the
absence of a band gap, e.g., in pristine BLG, the pseudospin
vector always lies in the plane [20] [see Figs. 1(a) and 1(c)],
so the corresponding Berry phase remains 2z [6,8], as
shown by the half-spherical surface in Fig. 1(c). On the
other hand, the pseudospin may be polarized out of plane
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[15,19,20,22,24] in gapped BLG [see Figs. 1(b) and 1(d)],
leading to a Berry phase in the range of 0 — 2z as shown in
Fig. 1(d). The understanding of the tunable Berry phase in
gapped BLG may shed light on the physical phenomena,
such as the valley Hall effect [25-28], the anomalous
Hall effect [29,30], and quasiparticle tunneling [14,15].

(e)

reflection

pristine

FIG. 1. Sketches of band structure and pseudospin orientation
for (a) pristine and (b) gapped BLG. Pseudospin vectors at
different Fermi levels (contours) are projected as small cones on a
plane between the conduction (yellow) and valence (blue) bands.
(c) and (d) show the corresponding Berry phase as the solid angle
traced out by the pseudospin (arrows) on the Bloch sphere for (a)
and (b), respectively. The red (green) color in (a)—(d) refers to
high (low) Fermi energy (Er). (e) Anti-Klein tunneling for
pristine BLG. k or ¢ is the wave vector for electrons or holes,
and ¢ denotes the pseudospin. (f) Klein tunneling is possible in
gapped BLG.
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A comprehensive exploration of the Berry phase in gapped
BLG is, therefore, of fundamental interest.

The band gap also significantly affects quasiparticle
tunneling, which is associated with the pseudospin [16]
and the Berry phase [14,15]. The quasiparticle tunneling
in pristine BLG exhibits perfect reflection when the
charge carriers encounter a sharp potential barrier at normal
incidence, an effect known as anti-Klein tunneling [16,18],
as illustrated in Fig. 1(e). However, when the band gap
opens, anti-Klein tunneling can be reduced while the Berry
phase slightly changes [14]. Indeed, perfect Klein tunnel-
ing, i.e., full transmission through a potential barrier
[16,17,31-33], may be possible in gapped BLG due to
the out-of-plane polarization of the pseudospin [15] [see
Fig. 1(f)]. However, the observation of Klein tunneling in
gapped BLG requires low-disorder devices and ballistic
transport. To the best of our knowledge, such an anti-Klein
to Klein tunneling transition has not been observed in BLG.

In this Letter, we employ an edge-connected hBN-BLG-
hBN heterostructure (where hBN is hexagonal boron
nitride) to investigate quasiparticle tunneling in a lateral
pnp junction. We benefit from an advanced sample
fabrication method [34], yielding ultraclean devices, which
enable ballistic Fabry-Pérot (FP) interferences [35]. The
phase-sensitive FP interference is used to detect the
variation of the Berry phase. In contrast to previous work
examining the Berry phase merely at high Fermi energies
[14], the robust FP interference allows us to probe it close
to the band edge. The role of the Berry phase and of the
corresponding pseudospin on the quasiparticle tunneling
will be discussed in detail and compared to numerical
simulations based on a tight-binding model [36].

Sample description.—The investigated devices, sketched
in Fig. 2(a), consist of a hBN-BLG-hBN heterostructure.
The encapsulation of BLG results in low-disorder devices,
allowing ballistic transport over a distance of 9 ym. The
potential profile across the device is controlled by a local
top gate about 150 nm wide, as well as a global back gate
(Si substrate). The fabrication follows Ref. [34]. Details of
the devices are shown in the Supplemental Material [37].
Each device is divided into four regions, labeled as T (top-
and back-gated region), B (only back-gated regions), and C
(contact-overlapping region) in Fig. 2(b). The overlapping
contact results in additional n-doping in region C when
both gates are set to zero, as displayed in Fig. 2(e), where
the carrier density profile is obtained from finite-element-
based electrostatic simulation using FEniCS [47] combined
with the mesh generator Gmsh [48].

Fabry-Pérot interferences.—The conductance (G) as a
function of the top-gate (V,) and back-gate (V\,,) voltages
has been probed experimentally and modeled for device
PNIJ-A, as shown in Figs. 2(c) and 2(d), respectively. The
conductance minima appear as three lines in these plots.
The two horizontal lines at Vi, & —1.3V and V},, & —26.9V
are independent of V, and indicate the charge neutrality
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FIG. 2. (a) Sketch and (b) AFM image of the devices. Scale bar

in (b) is 1 um. (c) Experimental and (d) simulation results of
conductance G varying with V,, and Vy, at 4.2 K and zero
magnetic field for device PNJ-A. (e) The initial charge-carrier
density n(x) across device PNJ-A when V,, and V,, are both
zero. (f) Transconductance dG/dV, in the pppn and pppp
regions of (c).

point (CNP) in regions B and C, respectively. The position
of the CNP is determined by the initial doping of each
region [see Fig. 2(e)]. The diagonal line shows the CNP of
the dual-gated region 7" and defines the displacement field
axis, along which the interlayer asymmetry develops. The
three lines partition the map into six sections, each of which
has a unique combination of charge carrier polarities, as
labeled in Figs. 2(c) and 2(d).

FP interferences arise in an electrostatic potential barrier
with two semitransmitting interfaces if the phase difference
A® between two neighboring transmitted waves fits
the resonance condition A® = 2z (where j is integer).
In the bipolar regime (npnn, pipn, and piipp), where the
charge-carrier type in region 7' (denoted by the overlined
symbol) is different from the adjacent region B, we observe
clear conductance oscillations as a consequence of FP
interferences. The FP fringes extend along the diagonal
line, illustrating that the FP interference occurs in a cavity
tuned by both V, and Vy,,. The cavity length is determined
by the resonance condition of FP interferences as in
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Ref. [14], and is found to be around 150 nm, which
corresponds to the top-gate width. On the other hand, due to
the long spacing between the contacts, FP interferences in
unipolar regimes such as pppn and pppp are hardly
visible. However, the weak oscillations become discernible
in the transconductance dG/dV, gate map; see Fig. 2(f).
More details about FP interferences are shown in the
Supplemental Material [37].

To gain further insight into the implications and rami-
fications of our experimental results, quantum transport
simulations based on the real-space Green’s function
method using the tight-binding model for Bernal-stacked
BLG have been performed. Details of the simulation
method are similar to those in Ref. [14], including how
the gate-tunable interlayer asymmetry parameter U can be
implemented [8], with the following two alterations: First,
the scalable tight-binding model [49] with a scaling factor
of s, = 4 has been adopted. Second, carrier density profiles
obtained from electrostatic simulations [an example is
shown in Fig. 2(e)] have been implemented in order to
extract realistic on-site energy profiles for the tight-binding
model Hamiltonian. More details about the gate-modulated
carrier density profiles can be found in the Supplemental
Material [37]. Comparing Figs. 2(c) and 2(d), our experi-
ment captures all the interference patterns that are theo-
retically predicted. This agreement demonstrates the high
quality of both our FP interferometer design and the
quantum transport simulations, even comparable to the
suspended graphene interferometer with smooth junction
profiles that led to high FP finesse [35].

Berry phase and quasiparticle tunneling.—At low mag-
netic fields, the phase difference A® comprises not only the
conventional kinetic part, the Wentzel-Kramers-Brillouin
phase ®ywkp, but also the Aharonov-Bohm phase ®,5 and
the Berry phase ®g,y, which may arise under magnetic
fields. The effect of the Berry phase on FP interferences
may manifest itself as phase shifts of the FP fringes at
certain magnetic fields [14,31,32], unlike ®wgg and Dp
yielding a continuous parabolic dispersion of the fringes
with respect to the magnetic field [15]. Thus, the phase-
sensitive FP interference is a convenient tool to probe the
Berry phase generated in the cavity.

We observe the FP interference under low magnetic
fields (|B| < 0.9 T) by tuning V, at fixed V,,, = 20 V; see
Fig. 3(a). Here, the oscillatory part of the conductance G
is presented instead of the total conductance G in order
to circumvent the nonuniform conductance profile induced
by the increasing magnetic field. We subtract a smoothed
background G(V) at each B value and obtain the
oscillatory part via Goe (Vi) = G(Vig) — Go(Vy,). The
low-field dispersion of the FP fringes shows two distinct
features. For V, close to the CNP (Vi, > —1.9 V), the FP
fringes shift suddenly from their initial positions (e.g.,
yellow lines) to positions at slightly lower V, (e.g., green
lines) at |B*| ~ 0.15-0.25 T, indicating that the Berry phase
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FIG. 3. (a) Fabry-Pérot interference measurements and (b) sim-
ulations at Vi, =20 V under low magnetic fields for device
PNJ-B (conductance measurements at zero magnetic field are
shown in the Supplemental Material [37]). The regions labeled by
c to h in (a) and (b) are highlighted in the corresponding panels
(c)—(h). (i) Berry phases for regions B and T are shown as blue
and red curves, respectively. The corresponding transmission
probability at normal incidence is calculated with phase-coherent
(grey curve) and phase-incoherent (black curve) methods.

has been abruptly added to A® [31,32,50,51]. The
amount of phase shift for each fringe increases with
decreasing Vi, and reaches = at Vi; & —1.8 V [see the
black star in Fig. 3(a)], suggesting that the Berry phase is
continuously tuned across z by modulating V. Here, the
emergence of the Berry phase at B* instead of B =10
resembles the behavior of single-layer graphene (SLG),
where the required geometric paths to acquire the Berry
phase are formed with the assistance of low magnetic
fields [31,32,50,51]. For V,, far away from the CNP
(Vig < —2.23V), the FP fringes exhibit parabolic dispersion
(marked by magenta lines) with respect to B, as expected
for BLG [14]. This BLG-like dispersion without phase shift
at B* illustrates that the Berry phase has already been
included in A® at B = 0, highlighted by a transition region
[labeled by “Trans.” in Fig. 3(a)] between the BLG-like and
SLG-like dispersions. The reason is that the trajectory of
the wave vector (k) forms a closed loop encircling the
origin of momentum space, thus resulting in the nonzero
Berry phase [15].

We have successfully reproduced the two types of
dispersion, i.e., the SLG-like and the BLG-like, using
quantum transport simulations based on a realistic electro-
static model, which is constructed from our experimental
parameters but with a scattering region (the length
L = 300 nm) around the top gate; see Fig. 3(b). Note that
Josc 18 the oscillatory part of the calculated single-mode
conductance ¢ [35-37], and it is obtained using the same
procedure as G,.. For better comparison, the fringes in the
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regions labeled by ¢ to h are highlighted in Figs. 3(c)-3(h).
We found that the simulation result shows remarkable
agreement with the experiment on the SLG-like [Figs. 3(e)
and 3(f)] and BLG-like [Figs. 3(g) and 3(h)] dispersions
under low magnetic fields, although the simulated patterns
in Figs. 3(d), 3(f), and 3(h) occupy smaller regions in
Fig. 3(b). In addition, the Berry phase of z appears at V, =
—1.45 V (black star) in Fig. 3(b) instead of near —1.8 V
due to the reasonable differences between the realistic
electrostatic model and the intricate experiments.

We calculate the Berry phase by a circular integral
[14,15,21] for the gate range in Fig. 3(a) [see Fig. 3(1)].
The Berry phase in region T (q)ggry) is modulated from 2z
to 0.687 while lowering V,, which well accounts for the
phase shifts in Fig. 3(a). Particularly, the Berry phase in
region T crosses « at Vi = —1.86 V, which is consistent
with the z-shift position in Fig. 3(a). Besides, the Berry
phase in region B (@gihy) is only affected by V,,, and takes
a constant value of 0.28x for Vy, =20 V.

The quasiparticle tunneling in gapped BLG is simulta-
neously tuned as the Berry phase changes in region 7. Given

the variation of <I>]<3?Hy, we expect a transition from anti-Klein

tunneling, corresponding to the Berry phase of 2z, to Klein
tunneling at the Berry phase 7z, to reentrant anti-Klein
tunneling upon further decreasing the Berry phase [15].
To demonstrate the anticipated transitions, the transmission
probability at normal incidence T'(¢p = 0) [see Fig. 3(i)] is
investigated by quantum transport simulations for two
cases: phase-coherent (grey curve) and phase-incoherent
(black curve). The phase-coherent transmission probability
oscillates due to the resonance condition. Instead, the
phase-incoherent transmission probability suppresses the
resonance and is calculated by the relation 7(¢ =0) =
1/(1/T, +1/Tg — 1) [52], where T; and Ty represent the
transmission probability through the left and right pn
interfaces of the potential barrier, respectively. The resulting
phase-incoherent 7'(¢p = 0) agrees with our expectation aside
from two differences: (i) The Berry phase for anti-Klein

tunneling, <I>](32Ty = 2m, appears at the CNP, where zero

charge-carrier density in region 7" also gives rise to the
inhibition of transmission as anti-Klein tunneling. (ii) The
maximum 7'(¢) = 0) reaches 0.87 at V,, = —1.24 V, which
is close to the unity transmission probability for perfect Klein
tunneling [16,17,31,32]. The factor that impedes the maxi-
mum 7'(¢p = 0) from reaching 1 is the Berry phase in region
B, which is far from z. But perfect Klein tunneling requires
the Berry phase to be 7z in both the 7 and B regions. In
addition, the reduction of 7'(¢ =0) for V,, <—1.24 V sug-
gests that anti-Klein tunneling is partially restored. Therefore,
the quasiparticle tunneling undergoes two processes: reaching
Klein tunneling and recovering anti-Klein tunneling.

The transition from anti-Klein to Klein tunneling
actually relies on the modulation of pseudospin orientation

in gapped BLG. When the Fermi level is tuned close to
the band edge, the pseudospin is rotated out of plane [see
Fig. 1(b)], leading to broken chirality [15,19,20,22]. The
momentum of charge carriers is, therefore, unlocked to the
pseudospin, allowing Klein tunneling in gapped BLG [see
Fig. 1(f)]. Even though the chirality sustains Klein tunnel-
ing in SLG [16,17], the contrary happens in gapped BLG;
i.e., Klein tunneling favors the impaired chirality. On the
other hand, the chirality can be restored in gapped BLG
[15], as long as the pseudospin recovers its in-plane
orientation at sufficiently high Fermi energies; at the same
time, the Berry phase of 2z (or equivalently 0), as well as
anti-Klein tunneling, is regained. The recovery of anti-
Klein tunneling is affected by two parameters—namely, the
interlayer asymmetry and the Fermi energy. The chirality is
broken because of the increasing interlayer asymmetry but
recovered due to the rising Fermi energy.

SLG-like and BLG-like Berry phase.—Figures 4(a)
and 4(b) show the FP interference patterns magnified from
the white rectangles in Figs. 2(c) and 2(d), respectively.
Both experiments and simulation in the npnn regime show
nearly half-period shifts of the FP fringes, for example,
highlighted by the green dashed lines in Figs. 4(a) and 4(b).
The nearly half-period shifts indicate that a phase change of
about 7 is suddenly incorporated in the phase difference
A®. This phase shifts arise from two different ways, i.e.,
the SLG-like and the BLG-like, to acquire the Berry phase
in gapped BLG. For better interpretation, we calculate the
Berry phase in region T as a function of V, and V,, [14]
[see Fig. 4(c)]. The phase-shift positions in Fig. 4(a) are
labeled as three green dots near the z line on Fig. 4(c),

which arrange along the dotted line. The BLG-like o)

Berry
can be acquired at zero magnetic field; hence, it appears as

o 0 1

ey /27

Vig (V)

3 32 - 0

- 1
Vig (V)

2 3

FIG. 4. Fabry-Pérot interferences at zero magnetic field are
shown both (a) experimentally and (b) theoretically, zoomed in on
the white rectangle of Figs. 2(c) and 2(d), respectively. (c) Calcu-
lation of the Berry phase in region T as a function of Vi, and V.

The dash-dotted line shows the position of CIDI(QIy

dots mark the phase-shift positions that appear in (a) and define the
dotted line. The displacement field axis (D) and the charge-carrier
density axis in region T (ny) are shown in yellow.

= n. The green
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the predicted values in the stripe-shaded region of Fig. 4(c).

However, the SLG-like @) needs low magnetic fields to

Berry
develop and is unavailable at B = 0. Actually, q)l(gTeZTy
dot-shaded region remains zero instead of the calculated
value. Accordingly, the phase shifts of about z show up
around the intersection between the SLG-like and BLG-
like regions, i.e., the dotted line, and directly prove the
existence of two mechanisms, SLG-like and BLG-like, to
obtain the Berry phase in gapped BLG. Additionally,

although ng;)rry

axes in Fig. 4(c) varies similarly as in the n pnn regime, the
nearly half-period phase shifts do not appear due to the
absence of FP interferences in the niinn regime.

Conclusion.—We have examined the quasiparticle tun-
neling as well as the related Berry phase in BLG using a
Fabry-Pérot interferometer based on a dual-gated geometry.
As the crystal inversion symmetry is broken by applying a
displacement field, full control of the Berry phase within
the range 0.687—2x is achieved by manipulating the Fermi
energy of charge carriers. Two distinct ways to acquire the
Berry phase, SLG-like and BLG-like, coexist and can be
switched for each other. Consequently, the corresponding
quasiparticle tunneling undergoes a transition from anti-
Klein to almost complete Klein tunneling with a maximum
transmission probability of 0.87 at normal incidence.
Therefore, in gapped BLG, tuning from BLG-like anti-
Klein tunneling to SLG-like Klein tunneling is reachable
by appropriate electrical gating.
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