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The achievement of valley-polarized electron currents is a cornerstone for the realization of valleytronic
devices. Here, we report on ballistic coherent transport experiments where two opposite quantum point
contacts (QPCs) are defined by electrostatic gating in a bilayer graphene (BLG) channel. By steering the
ballistic currents with an out-of-plane magnetic field we observe two current jets, a consequence of valley-
dependent trigonal warping. Tuning the BLG carrier density and number of QPC modes (m) with a gate
voltage we find that the two jets are present for m ¼ 1 and up to m ¼ 6, indicating the robustness of the
effect. Semiclassical simulations confirm the origin of the signals by quantitatively reproducing the jet
separations without fitting parameters. In addition, our model shows that the ballistic current jets have
opposite valley polarization. As a consequence, by steering each jet toward the detector using a magnetic
field, we achieve full control over the valley polarization of the collected currents, envisioning such devices
as ballistic current sources with tunable valley polarization. We also show that collimation experiments are
a sensitive probe to the trigonal warping of the Fermi surface.

DOI: 10.1103/PhysRevLett.133.156301

A functional valleytronic device requires controllable
injection of valley-polarized currents [1–6]. Thus, ballistic
valley splitters, which enable current sources with mag-
netic-field tunable valley polarization, are crucial compo-
nents of valleytronic devices. Bernal stacked bilayer
graphene (BLG) is a unique material platform for a valley
splitter [7–11]. Its gate-tunable band gap allows the
fabrication of nanodevices free of intervalley scattering
[12–15]. Furthermore, trigonal warping, i.e., triangular
distortion of its Fermi surface, is valley dependent [16]
[see Fig. 1(a)]. Such a band structure makes quantum point
contacts (QPCs) emit valley-polarized ballistic electron jets
[16–22]. Despite early theoretical proposals, it is only
recently that the current jets have been mapped by scanning
gate measurements [23] in an electrostatically defined QPC
in BLG [24–32]. This is due to the stringent requirements
of coherent injection by a QPC with significant trigonal
warping [21,23,33].
Recent transverse electron focusing experiments [34]

between gate-defined QPCs in BLG showed signatures of
valley-resolved ballistic transport. However, as they require
a significant electron deflection by themagnetic field, a large
fraction of the Fermi surface is probed, and most of the
trigonal warping effects are averaged out. In this context, a
ballistic measurement setup where electrons are deflected

only by small angles [35–38] would unambiguously probe
the ballistic valley-polarized electron jets [see Fig. 1(b)],
opening the way for new valley-polarized electron sources
with magnetic-field-controlled polarization.
Here, we perform ballistic collimation experiments

where two electrostatically defined QPCs are placed
opposing each other [see Fig. 1(c)], and the electrons are
steered toward the detector using an out-of-plane magnetic
field (B). The measurements show the formation of two
ballistic current jets independently of the number of QPC
modes (m). Using semiclassical simulations that predict the
formation of valley-polarized current jets, we reproduce the
jet separation without the need for any fitting parameter and
show a high sensitivity to the degree of trigonal warping of
the Fermi surface. These observations confirm that, when
current-biased, the measured devices operate like magnetic-
field controlled valley-polarized ballistic current sources, as
illustrated in Figs. 1(d) and 1(e).
Our valley-polarized electron sources are in a Van der

Waals heterostructure consisting of a BLG flake encapsu-
lated between an upper and a lower hBN flake with
thicknesses 28 and 23 nm, respectively. The stack is placed
on a multilayer graphene back gate [24]. The device, which
is shown in Fig. 1(c), contains multiple contacts to the
BLG flake (red) and 50-nm-separated split gates on the top
hBN (yellow); see Ref. [34] for fabrication details.
We first investigate the QPC formation. By applying a

bias current (I1 ¼ 100 nA) to QPC1 and monitoring the*Contact author: jingla@mit.edu
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two-terminal voltage [V1, right inset of Fig. 2(b)] as a
function of the back gate voltage (Vbg) and the voltage
applied to the split gates (V tg), we obtain the resistance map
in Fig. 2(a), where R1 ¼ V1=I1. The vertical line at Vbg ≈ 0

corresponds to the charge neutrality point of the non-
top-gated BLG regions and shows that the residual doping
is very small. The diagonal line corresponds to the

charge neutrality point of the double-gated region and
gives rise to a maximal R1 at each Vbg [RmaxðVbgÞ]. For
Vbg > 0, RmaxðVbgÞ increases with increasing Vbg until
Vbg ≈ 0.8 V, after which it starts decreasing. This is due to
the formation of a QPC between the split gates with
increasing carrier density (n).

(a) (c) (d)

(e)(b)

FIG. 2. Steering of current jets emitted by a QPC using an out-of-plane magnetic field at 1.8 K. (a) Two-terminal resistance measured
across QPC1 [right inset in panel (b)] as a function of the back-gate (Vbg) and split-gate (V tg) voltages. (b) Conductance of QPC1 (red
line, right axis and right inset circuit) and QPC2 (black line, left axis and left inset circuit). (c) Collimation experiments at different Vbg.
The positive Vbg values correspond to quantized G and are labeled accordingly. The gray areas mark the B range where the average
diameter of the cyclotron orbit is smaller than the QPC separation and no signal is expected. The curves are offset 50 Ω, as shown by the
dashed lines. An offset in Bwas added to correct for the magnet remanence. (d) Measurement geometry corresponding to the collimation
experiments in panel (c). (e) Peak separation ΔBmax vs Vbg. The black circles are extracted from panel (c); the red squares are obtained
from measurements on a second pair of QPCs (C2). The black solid line is obtained from the model described in the main text and in
Fig. 3 for α ¼ 1 (the gray area corresponds to 0.8 < α < 1.2). The error bars are estimated from the peak widths.
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FIG. 1. Trigonal warping, valley splitter, and magnetically controlled valley-polarized current source in bilayer graphene. (a) Fermi
surface of BLG in valley K (red) and K0 (blue). A circular Fermi surface (black dashed line) is shown for comparison. (b) Angular
distribution (dI=dθ) of the valley-polarized current jets emitted by a quantum point contact in BLG, showing that QPC1 is a valley
splitter. The dashed black line corresponds to the circular Fermi surface case where the distribution is cosðθÞ. (c) Device sketch where the
contacts to BLG (C) are light red, the split gates (SG) are yellow, the multilayer graphene back gate (BG) and the BLG are black and the
boron nitride (hBN) is green. Additional contacts to BLG were placed far from the SG structure for the collimation experiments.
(d) False color atomic force microscopy image of the measured device where the split gates, that define the QPCs by preventing electron
transport in the covered areas, are yellow and the contacts to BLG are light red. The scale bar is 2 μm. The red and blue lines represent
valley-polarized electron trajectories calculated under a small negative magnetic field (B). Note that θ ¼ 0 in panel b corresponds to −x
here and in the subsequent device sketches. Reversing B results in the trajectories shown in (e). In panel (d), only electrons in valley K
reach the detector island. In contrast, in panel (e), only K0 electrons are collected, illustrating the B-controlled valley filter operation.
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To find if the QPC conductance (G) is quantized, we
determine it using GðVbgÞ ¼ ½RmaxðVbgÞ − RminðVbgÞ�−1,
where RminðVbgÞ is the minimal resistance at each Vbg

which is dominated by the contact resistances. The result is
shown in Fig. 2(b) by the red line and shows plateaus at
G ¼ m × 4e2=h, where m ¼ 1;…; 6 for Vbg > 0, indicat-
ing the formation of a spin- and valley-degenerate QPC
with m modes [26,27]. As shown in Ref. [39], for Vbg < 0

G ≈ 8 × 4e2=h and is not quantized. To characterize QPC2,
we use the black circuit in the left inset of Fig. 2(b) and,
applying a current I2, we obtain R2 ¼ V2=I2 and subtract
the contact resistances as above to obtain G2, that is
plotted as the drawn black line in Fig. 2(b). It does not
show size quantization steps, neither for electron nor
hole transport [39]. Henceforth, to ensure that charge
transport occurs only through the gate-defined QPCs
between the split gates, V tg has been adjusted to the
diagonal line in Fig. 2(a) (charge neutrality of the split-
gated regions).
To determine the angular distribution of the charge

current emitted by the QPCs, we have measured V1 while
applying a current I2 ¼ 100 nA across QPC2 [black circuit
in Fig. 2(d)]. As shown below, this configuration is
equivalent to Fig. 1(d). The nonlocal resistance Rnl ¼
V1=I2 is plotted vs B at different Vbg in Fig. 2(c) and,
for positive Vbg (quantized G), shows two clear peaks for
all the measured Vbg. In contrast, at Vbg ¼ −3 V and for all
the measured Vbg < 0 values, even though a structure
consistent with two broadened current jets can be distin-
guished, only a single peak is observed [39].

To further understand the measured signals, we quantify
the B separation between Rnl peaks (ΔBmax), which is
shown in Fig. 2(e) vs Vbg for Vbg > 0. In this figure, ΔBmax

increases with n. Note that, in addition to the data obtained
from the QPCs in Fig. 2(d) that we call C1, we have also
measured collimation between a second pair of QPCs
aligned along the same crystallographic direction, which
we call C2 [39]. ΔBmax obtained from C2 is shown as the
red dots in Fig. 2(e) and shows good agreement with C1. It
is worth noting that, even though the emission of current
jets has shown stability against small variations in the
electric field [23], how it will evolve when m > 1 QPC
modes contribute to the angular distribution of emitted
currents remains a question. In the absence of trigonal
warping, the higher modes give rise to extra lobes in the
collimation [37,40], but their effect in the presence of
trigonal warping remains unknown to this point. The results
in Fig. 2 show that the peak spacing widens as the number
of modes of the detector QPC increases from 1 to 6. The
absence of other clear changes indicates that the presence of
high-order QPC modes does not prevent current jetting.
We study the origin of the double-peak feature in Rnl

with semiclassical simulations. Under an applied magnetic
field, the electron trajectories are cyclotronic orbits written
as l2BkFðϕþ π=2Þ, where l2B ¼ ℏ=qB, ℏ is the reduced
Planck’s constant, kFðϕÞ the Fermi surface, obtained from
[16,41], ϕ ¼ arctan ðky=kxÞ the polar angle [see Fig. 3(b)],
and q the effective carrier charge. Accordingly, quasipar-
ticles rotate clockwise or counterclockwise depending on
the sign of B and q (q ¼ e for electrons and q ¼ −e for
holes) [42]. The contribution of each orbit to the collected
current is determined by two factors. First, the injection
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probability dI=dθ, which depends on the injection angle θ
and accounts for trigonal warping and size quantization.
Second, the collection probability, that accounts for the
absence of size quantization in QPC2, the detection point,
angle, and trigonal warping. Given the high carrier density
in the single-gated region, Berry curvature effects are
disregarded. We vary the trigonal warping strength with
the parameter α: α ¼ 0 amounts to a circular Fermi surface
[Fig. 3(a)], whereas α ¼ 1 results in the fully warped Fermi
surface [Fig. 3(b)] calculated using the parameters obtained
in Ref. [41]. The model is described in Ref. [39] and the
code used for the simulations is available in Ref. [47].
Because in the absence of trigonal warping the Fermi

surface is isotropic, dI=dθ is equal for both valleys
[Fig. 3(c), inset]. As illustrated in Fig. 3(c), for α ¼ 0
andm > 1, size quantization results in multiple collimation
lobes [37,40]. In contrast, for a fully warped Fermi surface
[Fig. 3(d)] dI=dθ becomes valley dependent and the double
jetting persists regardless of the number of modes, in
agreement with Ref. [21]. Note that the exact separation
between the dI=dθ peaks (Δθ) is sensitive to Vbg. This
result implies that the current jet formation is sensitive to
the electric field and/or carrier density at the QPC. We
explain it considering that the Fermi surfaces are not perfect
triangles and changing the k-dependent occupation of the
electron states can influence the current jet orientation. This
result is consistent with our observation that, at fixed Vbg,
variations in V tg [that influence the electric field at the QPC
but not the ballistic transport in the black areas of Fig. 2(d)]
change the peak positions up to 10 mTat Vbg ¼ 1.3 V [39].
Such an influence of size quantization on dI=dθ
agrees with our simulations [39] and indicates that, for
wide and high-m QPCs, as expected for Vbg < 0, where
G ≈ 8 × 4e2=h, the peaks broaden. This explains the
collimation spectra measured in this range where the
negative-B peak is broader than the peak separation [39].
Finally, we compute the current absorbed in the collector.

Comparing Figs. 3(e) and 3(f), we find that the double-peak
feature occurs for the whole Vbg range only with a warped
Fermi surface. Furthermore, as in the experiment, the peak
spacing obtained with a fully warped surface increases with
Vbg. This change in the peak spacing occurs due to the
increase of the Fermi surface as the electron density
increases [Fig. 3(b)]. We extracted the peak separation
from Fig. 3(f) and plotted it vs Vbg in Fig. 2(e) as a black
solid line. The agreement between the model with α ¼ 1
and the experimental results presents compelling evidence
that the measured signals are caused by valley-polarized
current jets. We stress the absence of fitting parameters in
this comparison and that all the relevant parameters in the
model originate from independent measurements on the
same sample and tight-binding parameters obtained by
infrared spectroscopy [41]. The gray area in Fig. 2(e) shows
ΔBmax for 0.8 < α < 1.2 and demonstrates the sensitivity
of the peak separation to the degree of trigonal warping.

The experimental data [see Fig. 2(c)] also shows an
asymmetry of the Rnl peak widths. While the spectra
calculated in Fig. 3 assume a perfect alignment of the
QPCs with the BLG crystal planes (δ ¼ 0) and perfectly
opposing QPCs (Δy ¼ 0), see the left insets of Fig. 4 for
the definitions of Δy and δ, these assumptions are unlikely
to be fulfilled in practice. We have extended the model in
Ref. [39] to account for δ ≠ 0 and Δy ≠ 0 and realized that
both can lead to asymmetry in the peaks, in width and
height. This result shows that small misalignments can be
the reason for the observed peak asymmetry.
We have also investigated the temperature (T) depend-

ence of the double-peak structure. Such an experiment
has been performed at Vbg ¼ 1.3 V corresponding to G ¼
8e2=h and the results are shown in Fig. 4. Note that, by
swapping the I-source and V-measurement units with
respect to Fig. 3 (Fig. 4, inset), the B asymmetry of Rnl
changes sign, confirming that the I source does not affect the
current jet formation and ourmeasurements obey reciprocity
[48,49]. Besides a very clear peakwidth asymmetry,Rnl also
shows a slow decay as T increases, leading to the observa-
tion of the two peaks up to 40K.Above this temperature,Rnl
becomes negative at jBj ≈ 0.1 T. The negative signal mea-
sured for T ≥ 50 K can be due to a significant portion of the
current propagating across the double-gated regions,
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FIG. 4. Temperature dependence of ballistic electron jetting at
Vbg ¼ 1.3 V. The line colors indicate the measurement temper-
ature as illustrated by the color bar. The curves are offset in B to
correct for the magnet remanence. The right inset shows the
measurement geometry, which is the reciprocal of Fig. 2. As a
consequence, the B asymmetry shows opposite behavior. The left
insets illustrate the misalignment between QPCs (Δy) and the
rotation between the BLG armchair axis and the split gates (δ)
used to explain the peak asymmetry.
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diffusive charge transport between the injector and collector,
and viscous flow of electrons [50,51]. Furthermore, the
observed T dependence of the double peak near B ¼ 0
confirms that it is not caused by quantum interference
between ballistic trajectories, as the phase coherence length
in BLG is expected to decrease quickly with increasing T,
suppressing interference effects [43] above 10 K (see
Ref. [39] for a more detailed analysis).
To conclude, we have performed collimation experi-

ments between electrostatically defined QPCs and detected
ballistic electron jets. Using semiclassical simulations, we
show that the origin of the measured spectra lies in the
trigonal warping of the Fermi surface, implying the valley
polarization of the current jets. In addition, the demon-
strated sensitivity of the collimation spectra to the trigonal
warping of the Fermi surface makes such experiments a
unique probe to the Fermi surface shape. The realization of
a valley-polarized current source with controllable polari-
zation is promising for the future of valleytronic devices
operating in the classical [52] and quantum [53] regimes.
This approach might also be used to generate spin-valley
polarized currents in transition metal dichalcogenides [21],
where QPCs have already been realized [54,55].
Note added—We recently became aware of two related

experimental works on valley transport in BLG [56,57].
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