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Graphene charge carriers behave as relativistic massless fermions, thereby exhibiting a variety of counterin-
tuitive behaviors. In particular, at p-n junctions, they behave as photons encountering a negative index media,
therefore experiencing a peculiar refraction known as Veselago lensing. However, the way Dirac fermions flow
through a Veselago lens remains largely unexplored experimentally. Here, an approach to create a movable and
tunable circular p-n junction in graphene is proposed, using the polarized tip of a scanning gate microscope.
Scanning the tip in the vicinity of a graphene constriction while recording the device conductance yields images
related to the electron flow through a circular Veselago lens, revealing a high current density in the lens core, as
well as two low current density zones along the transport axis. Tight-binding simulations reveal the crucial role
of the p-n junction smoothness on these phenomena. The present research adds dimensions in the control and
understanding of Dirac fermions optical elements, a prerequisite to engineer relativistic electron optics devices.
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Opticlike manipulation of electron beams could in prin-
ciple be achieved in p-n junctions, provided that the junc-
tion transmission is near perfect. However, in most cases,
in particular in semiconductors, conventional p-n junctions
are poor electron transmitters due to the inherent depletion
of carriers in the vicinity of the junction. The discovery of
graphene [1] changed this paradigm. Since charge carriers
in graphene behave as massless Dirac fermions, Klein-like
tunneling [2,3] is at play, allowing perfect transmission for
charge carriers impinging on a p-n junction perpendicularly.
In addition, a diverging flow of Dirac fermions is refocused at
a p-n interface, an effect known as Veselago lensing [4].

Using this negative refraction, invisibility cloak has been
realized for microwave photons [5], and perfect electromag-
netic lenses have been proposed [6]. The possibility of form-
ing such Veselago lenses using p-n junctions in graphene [7,8]
as well as the resulting caustics [9—15] have attracted a lot of
attention from a theoretical point of view. Recent works sug-
gested that Veselago lensing could be used to create highly fo-
cused electron beams [16], and even a two-dimensional scan-
ning Dirac fermions microscope [17]. But the experimental
challenges required to materialize these visionary ideas have
not yet been overcome. Though few experiments reported
signatures of Veselago lensing [18,19], the lack of tunability
of such devices kept these discoveries to the state of “proof of
concept.” The use of a scanning tunneling microscopy (STM)
tip to induce circular p-n junctions and probe the resulting
local density of states unveiled beautiful phenomena such as
whispering gallery modes [20,21] and quasibound states [22].
However, though these approaches reveal the rich internal
electronic structure of p-n nanoislands, they cannot probe
the current density through these p-n junctions and in their
vicinity, an essential parameter to control when designing
Veselago-lensing-based devices.
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In the present Rapid Communication, a novel way to image
current density through a tunable circular p-n junction, using
a scanning gate microscope, is proposed. Scanning gate mi-
croscopy (SGM) consists in scanning a polarized metallic tip,
acting as a local gate above a device’s surface, and mapping
out tip-induced conductance changes [23]. Initially developed
to investigate transport in III-V semiconductor heterostruc-
tures [24-26], it has been extended by several groups to
investigate transport in graphene devices [27-33]. However,
very few SGM experiments have been conducted yet on clean
encapsulated graphene devices. Hence, it has proven difficult
to observe electron-optics behavior in graphene using SGM,
despite several theoretical predictions [34-36].

Here, the polarized SGM tip is used to create a movable
and tunable circular Veselago lens. Applying a large voltage
on the conductive tip induces circular p-n junction, whose
potential can be controlled in amplitude and decay length.
The tip scans in the vicinity of a constriction etched in
a high mobility encapsulated graphene flake. Mapping the
device conductance as a function of tip position yields im-
ages related to the electron flow through this Veselago lens.
Surprisingly, transmission efficiency is drastically reduced
when placing the lens next to the constriction entrances,
and significantly enhanced when placing the lens at the con-
striction center. Tight-binding simulations indicate that SGM
images partly reflect the current density distribution around
the Veselago lens. The present work also emphasizes the
role of the p-n interfaces sharpness and opens a door toward
high precision optical elements design for Dirac fermions
optics.

The sample consists of a single layer graphene flake en-
capsulated between two 20-nm-thick h-BN flakes, deposited
on top of a doped Si substrate covered by a 300-nm-thick
Si0O; layer. A 250-nm-wide constriction is defined by etching
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FIG. 1. Graphene constriction: (a) AFM image of the studied
device. (b) Scheme of the experiment: The charged AFM tip locally
creates a n-p-n junction in the graphene flake. (c) Resistance as
a function of back-gate voltage V,, recorded in two contacts by
standard lock-in technique at 4 K, using an AC excitation of 35 uV at
77 Hz. The main Dirac cone is at a gate voltage of V;,, = —1 V,and a
smaller Dirac cone around Vj, = +2.5 V is due to one of the Ohmic
contacts. (d) Conductance as a function of V,, around the main
Dirac cone.

[37] [see Fig. 1(a)]. The mean free path is of the order of the
contacts separation (see Supplemental Material [38]).

The sample is thermally anchored to the mixing chamber of
a dilution refrigerator in front of a cryogenic scanning probe
microscope [39]. Most of the data presented here are recorded
at a temperature of 4 K, except Figs. 3(d)-3(f) recorded at a
base temperature of 28 mK. The conductance G of the device
is measured between two line contacts [as shown in Fig. 1(b)],
and contact series resistances of 2 k2 are taken into account.
One of the contacts’ resistance exhibits a strong dependence
on back-gate voltage V},,, and presents a secondary resistance
peak around Vj, = +2.5 V [Fig. 1(c)]. Note that this does not
play any role here since the absolute G value is not discussed,
only its relative variations.

We now discuss transport under the influence of the scan-
ning tip. The biased tip locally changes the carriers density
n, in an isotropic way, leading to a Lorentzian evolution of n,
centered at the tip position. When a p-n junction is induced
by the biased tip, this Lorentzian profile sharpness has a
crucial influence on Dirac fermion semiclassical trajectories
in its vicinity [40]. It is therefore important to extract this
profile from our experimental data. For this, we scan the
tip along a line perpendicular to the constriction transport
axis [red dashed line in Figs. 1(a) and 3(a)], at a distance
dip from the sample surface, and map the device resistance
R as a function of back-gate voltage [Fig. 2(a)]. The locus
of maxima in the line profile mapping as a function of Vj,
draws a Lorentzian shape centered at the constriction. This
locus corresponds to the tip-position-dependent value of Vj,
required to locally reach the Dirac point at the center of the
constriction, hence the change in n required to compensate
the tip-induced local change of density. In other words, the
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FIG. 2. Evaluation of the tip-induced potential: (a) Resistance as
a function of tip position along red dashed line Fig. 1(a) (zero being
the center of the constriction), and Vj,. dyjp, = 90 nm, Vp = —8 V.
(b) Tip lever-arm parameter evolution with djp, for Vi, = —8 V.

Lorentzian shape in Fig. 2(a) directly maps the effect of the
tip-induced potential on the local carrier density, provided that
the V), axis is properly scaled into the local carrier density
change An. The Lorentzian maximum linearly scales with tip
voltage Vp, allowing its characterization by a simple lever-
arm parameter that depends on tip-to-graphene distance dyp,
as shown Fig. 2(b). The half width at half maximum Ry,
depends also on Vy, and dy, and varies between 200 and
300 nm (see Supplemental Material).

With this fully characterized tip influence, the SGM images
(i.e., conductance as a function of tip position) can be ana-
lyzed. They are obtained by scanning the tip above the sample
at fixed Vip and Vj,. Figure 3 shows such SGM maps, in
different conditions of bulk carrier densities, tip voltages, and
temperature 7. Figures 3(a)-3(c) show the evolution of the
SGM contrast with carrier density. V}, is chosen such that bulk
transport is governed by electrons. In Fig. 3(a), the highest
tip-induced density change (Anmax ~ —2.3 x 10 m™?) is
lower than the bulk electron density (3 x 10" m~2). This
therefore corresponds to an n-n’-n configuration, inducing a
quasi-isotropic decrease of G as the negatively biased tip
moves away from the constriction center. This means that
G is governed by the constriction region, and that reducing
the carriers density in the center of the constriction reduces
the total transmission, as naturally expected. This prominent
influence of the constriction on transport justifies the validity
of the above-described method to characterize the tip-induced
potential. For lower bulk densities [Figs. 3(b) and 3(c)], the tip
bias creates a circular n-p-n junction. In this case, an important
qualitative change is observed. Contrary to Fig. 3(a), we
observe a local maximum of G when the tip is placed at
the very center of the constriction, surrounded by an elliptic
region of reduced conductance. Interestingly, G change is not
isotropic anymore, and two spots of lower G are clearly visible
on both sides of the constriction, as indicated by arrows in
Figs. 3(b) and 3(c).

A similar behavior is observed for hole-type carriers, as
shown in Figs. 3(d)-3(f). Here, the bulk hole density is fixed
(Vhg = —3 V) and V;;;, is varied. Once again, reducing the hole
density below the tip leads to a quasi-isotropic single spot of
reduced G [Fig. 3(d)]. But if V;;, is chosen such that it locally
changes the charge carriers sign (i.e., a circular p-n-p region
is created), a local maximum of G is observed when placing
the tip at the very center of the constriction, and two regions
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FIG. 3. SGM images evolution with carriers density and temper-
ature: (a)—(c) SGM images on electron side at 4 K, for Vi, = -7V
and dy, = 120 nm, inducing a density change Anp, ~ —2.3 X
10" m~2. (a) Bulk density n =3 x 10" m™2; (b) 2.2 x 10 m™2;
(c) 1,5 x 10" m~2. (d)—(f): SGM images at 28 mK on holes side
forn = —1.5 x 10" m~2 and dy, = 120 nm for different V;;, corre-
sponding to Anpe, = (d) 1.2 x 10 m~2, (e) 2.5 x 10" m~2, and ()
3.7 x 10 m.

of lower G are visible when placing the tip on both sides of
the constriction along the transport axis [Figs. 3(e) and 3(f)].
Note that data in Figs. 3(d)-3(f) are recorded at T = 28 mK,
which does not qualitatively change the main observations
compared to Figs. 3(a)-3(c), recorded at 4 K. Noteworthy, the
main features are really robust to temperature changes, and
still observable up to 100 K (see Supplemental Material).

In the following, we discuss the origin of the observed
features, and evidence a correspondence between the SGM
maps and the current density pattern inside and around a
tip-induced circular Veselago lens. It should first be stressed
that a model of the experiment assuming diffusive transport
in the constriction region cannot reproduce our observations
(see Sec. V of the Supplemental Material [38]). The measured
mobility is limited by the Ohmic contacts separation, indicat-
ing ballistic transport on a scale larger than the radius of the
circular p-n junction defined by the tip. This is corroborated
by the observation of Fabry-Pérot interference in the n-p-n and
p-n-p configurations [41].

To understand the contrast in SGM images, tight-binding
simulations of transport through model graphene devices are
performed, using a homemade recursive Green’s function
code [42]. The charge carrier flow around a tip-induced
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FIG. 4. Tight-binding simulations: Simulations of current den-
sity J in a graphene sheet around the fixed tip potential of Eq. (1)
characterized by the parameters V,,, E, and d (left image in each
couple), and simulated SGM maps obtained by displacing the same
potential around a 250-nm-wide constriction (right image in the
couple). (a),(b) n-p-n configuration with d =2 and V,, = 2E.
(c),(d) Abrupt circular p-n junction with d = oo and V,, = 2E. The
chosen energy E corresponds in all cases to n = 1.5 x 10" m~2,
and Anp, = —3 x 10" m~2. Dashed circle indicates the locus
corresponding to zero charge density. Insets: Schematics of potential
profile vs position.

potential is first investigated in an infinite graphene sheet
without the constriction, as shown in Figs. 4(a) and 4(c). The
tip-induced perturbation is included by imposing a potential

Vi

d 9
l[r—rpl
L+ ( Rip )

where 1y, is the tip position, Ry, the potential decay length,
and d the decay exponent. The current density |J| is computed
at a given energy E. Note that all distances, energies, and
potential are scaled to match the experimental parameters.
Figure 4(a) presents the current density around a Lorentzian
potential [d = 2 in Eq. (1)] fixed at ry, = (0, 0), for Ry, =
300 nm and V,, = 2FE, therefore inducing a circular p-n
junction. In this configuration, |J| is maximal at the cen-
ter of the junction. Figure 4(b) shows the computed SGM
map when the perturbation is scanned around a 250-nm-
wide constriction (represented by blue dashed lines), i.e., the
system transmission as a function of the Lorentzian potential
position.

These tight-binding simulations capture the essential fea-
tures observed in the experimental SGM images (Fig. 3), and
the comparison with current density maps shines light on the
mechanisms at play in the experiment. Indeed, scanning the
tip in the vicinity of a constriction yields SGM images that
are qualitatively similar to the current density pattern around
and through the tip-induced circular p-n junction. This result
contrasts with SGM images obtained on GaAs quantum point
contacts, which take advantage of the tip-induced backscat-
tering to image the unperturbed electron wave functions [43],
or trajectories through the bulk disordered potential [24,44].
In graphene, backscattering is prevented by pseudospin

Vi(r) = ey
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conservation [40], leading to Klein tunneling, and this re-
verses the paradigm of SGM experiment. In turn, this allows
one to study the Dirac fermion flow through the tip potential.

Klein tunneling is characterized by a perfect transmission
for trajectories impinging perpendicularly to a p-n junction.
Besides this effect, trajectories crossing the junction at finite
angles are refracted with a negative index. Given the circular
geometry in our experiment, which offers a large collection
of incidence angles, these two manifestations of the same
physical phenomenon do contribute to the high |J| spot at the
p-n junction center.

The smoothness of the p-n interface strongly impacts the
transmission probability at finite incident angle [19,40,45,46].
For equal carrier densities in the p and n regions, this probabil-
ity for an incidence angle ¢ is given by T (¢) = e mhrosin’(9),
where kr is the Fermi wave vector, and @ the junction
width. This indicates that trajectories impinging with an in-
cident angle up to ~20° are refracted with a negative index
and contribute to the total transmission in our experimental
conditions.

The SGM images reveal two main features of the charge
flow through the p-n junction: (i) The local maximum of trans-
mission, observed when the tip is placed at the center of the
constriction, reflects the high current density at the lens core in
the n-p-n or p-n-p configuration. (ii) The reduced conductance
spots observed when the tip is placed slightly away from the
constriction, indicated by arrows in Fig. 4(b) and very similar
to the experimentally observed spots in Fig. 3, are the loci
of all the tip positions for which the transmission of Dirac
fermions through the constriction is strongly reduced. This is
reminiscent of the effect visible in Fig. 4(a) where the tip also
induces low current density (dark) regions on the sides of the
tip-induced p-n junction.

Interestingly, the smoothness of the p-n junctions plays a
crucial role in the emergence of the low conductance and low
|J] points. They are due to the smooth electrostatic potential
evolution that bends electron trajectories away from the lens,
as would photons in a gradient index medium. They almost
vanish and match the loci of zero charge density in the case
of an infinitely sharp circular potential, as shown in Fig. 4(c)
for the current density, and concomitantly in Fig. 4(d) for the
calculated SGM map.

Noteworthy, the patterns observed in the SGM maps in
the case of a smooth junction are significantly distorted with
respect to the corresponding current density patterns. For
example, the distance from the reduced conductance spot
to the constriction center in Fig. 4(b) is different than the
distance from the lowest current density to the lens center
in Fig. 4(a). The spot of enhanced conductance also appears
wider than the sharp spot of high current density. The constric-
tion shape plays a central role in this distortion, as it alters
Dirac fermions trajectories. The finite opening angle of the
etched region causes a focusing of current density lines toward
the constriction, as depicted in Fig. 5(a) where we plot the
current density J through the constriction. When the tip is over
the position of minimum |J| along the transport axis [position
b in Fig. 4(b)], the total transmission is still high because of
trajectories refocused by the constriction edges, as evidenced
in Fig. 5(b). The lowest total transmission is obtained when
the tip also blocks these trajectories, as depicted in Fig. 5(c).

FIG. 5. Distortion of the flow by the constriction: (a) Current
density through the constriction without tip potential. (b)—(d) Current
density through the tip and the constriction for different tip-to-
constriction distances, indicated in Fig. 4(b). The tip potential is the
same as in Figs. 4(a) and 4(b).

Finally, when placing the tip at the center of the constriction,
current density lines are perpendicular to the p-n interface
[Fig. 5(b)] and the efficient Klein tunneling in this configura-
tion leads to a high transmission. Noticeably, in the case of an
abrupt constriction, the simulated SGM images appear more
similar to the current density patterns around the Veselago lens
than in the current geometry (with V-shaped etched regions),
which offers promising perspectives for future experiments
(see Fig. S9 [38]).

In conclusion, a SGM tip scanned above a high mobility
graphene device is used to create a smooth circular Veselago
lens. By scanning the tip in the vicinity of a constriction,
images related to the electron flow through this circular p-n
junction are obtained, as confirmed by tight-binding simu-
lations. In particular, a high current density is observed at
the lens core, as a direct consequence of Klein tunneling.
The present study also reveals the existence of low current
density points away from a smooth circular p-n junction,
highly sensitive to the junction smoothness. While many
studies investigated caustics of Veselago lenses [9-15] (i.e.,
points at which trajectories density diverges), the existence
of such low current density points may prove very useful in
the future design of Dirac fermions optical elements, adding a
new possibility to the existing toolbox.
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