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ABSTRACT: Coherent charge transport along ballistic paths can be introduced into graphene by
Andreev reﬂection, for which an electron reﬂects from a superconducting contact as a hole, while a
Cooper pair is transmitted. We use liquid-helium cooled scanning gate microscopy (SGM) to image
Andreev reﬂection in graphene in the magnetic focusing regime, where carriers move along cyclotron
orbits between contacts. Images of ﬂow are obtained by deﬂecting carrier paths and displaying the
resulting change in conductance. When electrons enter the superconductor, Andreev-reﬂected holes
leave for the collecting contact. To test the results, we destroy Andreev reﬂection with a large current
and by heating above the critical temperature. In both cases, the reﬂected carriers change from holes to electrons.
KEYWORDS: graphene, Andreev reﬂection, ballistic transport, scanning gate microscope
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correlation. This process is essential for superconducting
hybrid systems, including superconducting quantum circuits,
Josephson junctions, and topological superconductivity. Spatial
imaging of Andreev reﬂection in a ballistic conductor shows
how the superconducting proximity eﬀect can be used to create
coherent ballistic paths for charge carriers in a hybrid system.
Here, we use magnetic focusing to track the motion of
electrons and Andreev-reﬂected holes through a graphene
device with transparent niobium (Nb) superconducting
contacts, as illustrated in Figure 1(b) and (c). A perpendicular
magnetic ﬁeld B bends carrier motion into circular cyclotron
orbits with diameter dc = (n/π)1/2h/eB, where n is the carrier
density and e is the elementary charge. A magnetic focusing
peak occurs when carriers leaving the ﬁrst contact are rejoined
at a second contact spaced a distance dc away. Figure 1(b)
illustrates the reﬂection of electrons that occurs from a normal
center contact in the magnetic focusing regime, i.e. an electron
impinging on the contact is reﬂected as an electron and travels
along a cyclotron orbit to the right contact. Like the incoming
carrier, the reﬂected electron has a negative charge −e, and a
positive cyclotron mass me*. Figure 1(c) shows how Andreev
reﬂection occurs for a superconducting center contact when
the electron and hole are both in the conduction band. In this
case, an electron entering the superconducting center contact
is reﬂected as a hole which has a positive charge +e, and a
negative cyclotron mass −me*. The hole rotates in a clockwise
direction along a cyclotron orbit, in the same direction as an
electron, because the charge and cyclotron mass of the hole

raphene is a remarkable material that allows electrons to
travel across a sample without collisions.1,2 Coherent
charge transport over ballistic trajectories can be introduced
into graphene from superconductors by using Andreev
scattering3−6 or Josephson coupling.7−14 For Andreev
reﬂection, an electron reﬂects from a superconducting contact
as a hole, while a Cooper pair is transmitted. Graphene/
superconductor hybrid devices show coherent phenomena
including crossed Andreev conversion7 and edge states in
graphene Josephson junctions.8 Here, we employ liquid-helium
cooled scanning gate microscopy (SGM)15−26 to image
Andreev reﬂection in graphene from a superconducting contact
in the magnetic focusing regime. The SGM images the ballistic
paths of electrons or holes by deﬂecting their trajectories and
displaying the resulting change in conductance.19,21 The
images show cyclotron orbits of electrons entering the
superconductor and Andreev-reﬂected holes leaving for the
collecting contact. To conﬁrm the results, we destroy Andreev
reﬂection by applying a large current and by heating the
sample above the critical temperature. For both cases, the
collected carriers change from holes to electrons.
Andreev reﬂection3−5 is the process that links carriers in
graphene with a superconducting contact; Figure 1(a) shows
how this occurs. An electron enters the superconducting
contact at an energy EF + eVbs, where eVbs is less than the
superconducting energy gap Δ. A hole is reﬂected back into
the graphene with energy EF − eVbs, as well as a Cooper pair
that passes into the superconductor. Energy, momentum, and
charge are conserved. These processes are indicated on the
graphene band structure E vs k shown on the rightnote that
the electron and Andreev-reﬂected hole are both near EF in the
conduction band.
Andreev reﬂection provides a microscopic description of the
superconducting proximity eﬀect and explains how nonsuperconducting charge carriers gain the superconducting
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Figure 2. Magnetic focusing of Andreev reﬂection in graphene. (a)
Scanning electron micrograph of the hBN-encapsulated graphene
device on an Si/SiO2 substrate with superconducting contacts S1, S2,
S3, S4, and S5. The red and blue semicircles illustrate the cyclotron
orbits of an electron and an Andreev-reﬂected hole in a perpendicular
magnetic ﬁeld B. The current I enters the device from S2 while S1 and
S3 are grounded, and the voltage Vm between S4 and S5 is measured.
(b) Measured transresistance Rm = Vm /I is displayed vs B and
electron density n at 4.2 K. The ﬁrst magnetic focusing peak (red)
between the outer contacts S2 and S4 occurs when the electron
cyclotron diameter matches their separation. A second magnetic
focusing peak (blue) of opposite sign occurs when electrons from S2
travel along a cyclotron orbit to S3 and are Andreev-reﬂected as holes
that follow an orbit to S4.

Figure 1. Andreev-reﬂection in a graphene device with superconducting contacts. In the following, EF is the Fermi energy, Δ is the
superconducting energy gap, and e is the electronic charge. (a) For
Andreev reﬂection, an electron with energy EF + eVbs entering a
superconducting contact with eVbs < Δ generates a hole with energy
EF − eVbs that is reﬂected back into the graphene and a Cooper pair
that passes into the superconductor. The dispersion relation of E vs k
of graphene is shown on the right. (b) Illustration of magnetic
focusing of electron orbits for a graphene sample with normal contacts
in a perpendicular magnetic ﬁeld B when the cyclotron diameter
matches the contact spacing. (c) For a superconducting center
contact, Andreev reﬂection converts an incoming electron into an
outgoing hole with positive charge that ﬂows to the right contact and
a Cooper pair that passes into the superconductor.

potential and creates a signal Vm ∼ −Δμ that is negative. The
change of sign in the detected signal allows us to determine
whether the carriers collected by contact S4 are electrons or
Andreev-reﬂected holes, as demonstrated below.
To determine the magnetic ﬁeld B and electron density n at
which magnetic focusing occurs, the measured transresistance
Rm is displayed versus B and n at 4.2 K in Figure 2(b). The ﬁrst
“peak”, shown in red (Rm > 0), corresponds to magnetic
focusing of electrons between the two outer contacts S2 and
S4, as illustrated in the inset to Figure 2(b). At larger B, a
second “peak”, shown in the color blue (Rm < 0), corresponds
to magnetic focusing of Andreev-reﬂected holes between the
center and right contacts, S3 and S4, also illustrated in Figure
2(b). The sign of the signal Rm is reversed, indicating that the
carriers collected by S4 are now holes instead of electrons.
Images of the ﬂow of electrons and Andreev-reﬂected holes
through the graphene device recorded by our cooled scanning
probe microscope in the magnetic focusing regime are shown
in Figures 3 and 4 below. The imaging technique is described
in detail for our previous imaging experiments on graphene.25,26 A charged tip is scanned at a constant height
above the graphene device. The tip creates an image charge in
the two-dimensional electron gas (2DEG) by pushing
electrons away. An image of ballistic ﬂow between two
contacts is obtained by displaying the measured change ΔRm as
the tip is raster scanned across the sample, deﬂecting ballistic
electrons away from their original trajectories and changing the
transmission by ΔTm.25,26
In our earlier imaging work on graphene,25,26 we described
how to simulate SGM images of carrier ﬂow by ray-tracing
carrier trajectories. The negatively charged SGM tip pushes
electrons away, creating a local dip in electron density and
Fermi energy EF with a width ∼70 nm that is comparable to
the height of the tip above the graphene layer. In equilibrium,
the total chemical potential E F + U must be constant, where
U is the potential energy created by the tip. The force
F ⃗ = −∇⃗U from the tip creates an outward current that is
balanced by an inward diﬀusive ﬂow of electrons to ﬁll the dip.

both have a reversed sign compared with an electron, and the
two factors cancel. An immediate indicator for Andreev
reﬂection is that the voltage signal on the right contact
changes sign, because holes are arriving instead of electrons, as
shown below.
Figure 2 shows a scanning electron micrograph of the
graphene device, which was fabricated from a hexagonal boron
nitride (hBN) encapsulated monolayer graphene sheet with a
35 nm thick hBN layer on top and a 45 nm hBN layer on
bottom, which was placed on an Si substrate with a 300 nm
thick SiO2 layer that acts as a back gate. The encapsulated
sheet was shaped into a Hall bar with ﬁve Nb superconducting
contacts S1, S2, S3, S4, and S5, with critical temperature Tc =
8.0 K. The sample was mounted inside the cooled scanning
gate microscope in an inner chamber ﬁlled with He-4 gas at 3
Torr surrounded by liquid He at 4.2 K. A perpendicular
magnetic ﬁeld B was applied using a superconducting solenoid.
The semicircles in Figure 2(a) illustrate the expected cyclotron
orbits of electrons, shown in red, and Andreev-reﬂected holes,
shown in blue. To record the ballistic ﬂow of carriers, a current
I is passed from S2 to contacts S1 and S3, which are grounded.
Ballistic carriers ﬂow to the opposite side of the sample, where
they are collected by contacts S4 and S5, which are ﬂoating.
The voltage diﬀerence Vm = IRm between contacts S4 and S5 is
proportional to the transmission Tm from S2 to S4. The ﬂow of
electrons into contact S4 increases its electron density and
chemical potential, creating a equal and opposite ﬂow that
zeroes the total current. The voltage Vm ∼ Δμ is positive, given
the sign of I. On the other hand, a ﬂow of Andreev-reﬂected
holes into S4 decreases the electron density and chemical
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Figure 3. Images of Andreev reﬂection in graphene from a superconducting contact. (a) SGM image at the ﬁrst magnetic focusing peak showing
cyclotron orbits of electrons in red (ΔRm < 0) from contact S2 to S4, taken at B = 0.13 T, n = 1.8 × 1012 cm−2, and 4.2 K. The image displays the
change ΔRm in the ﬂow vs tip position, as the tip deﬂects electrons away from their original orbits. (b) Corresponding simulated image of the
transmission change ΔT due to deﬂected orbits. (c) Electron orbit (red) from contact S2 to S4. (d) SGM image of Andreev reﬂection taken on the
second magnetic focusing peak at B = 0.26 T. The image shows two cyclotron orbits, one for electrons traveling from contact S2 to S3 and one for
Andreev-reﬂected holes traveling from contact S3 to S4. Both orbits are shown in blue (ΔRm > 0), because holes arrive at contact S4 in both cases,
instead of electrons. Blocking an electron ﬂowing from contact S2 to S3 also blocks the Andreev-reﬂected hole that would have traveled to contact
S4. (e) Corresponding simulated image of ΔT vs tip position. (f) Electron orbit from contact S2 to S3, and the Andreev-reﬂected hole orbit from
S3 to S4.

Figure 4. Destruction of Andreev reﬂection by a current IDC and by heating above the critical temperature Tc = 8.0 K of the superconducting
contact. (a) Plots of electron ﬂow Rm vs B for n = 1.8 × 1012 cm−2 show the ﬁrst magnetic focusing peak at B = 0.13 T and a feature in Rm at the
second magnetic focusing ﬁeld B = 0.26 T. For IDC = 0, a dip (blue) occurs at B = 0.26 T when Andreev-reﬂected holes arrive at S4. For IDC = 8 μA,
the electron energy is too high to undergo Andreev reﬂection, and the dip at B = 0.26 T changes into a peak (red) from normally reﬂected
electrons. (b) The corresponding SGM image is red (ΔRm < 0) for IDC = 8 μA, because normally reﬂected electrons ﬂow into S4 instead of
Andreev-reﬂected holes. (c) Plots of Rm vs B for 4.2 to 16 K showing that heating changes the dip in Rm at B = 0.26 T into a peak due to normally
reﬂected electrons. (d) SGM image at 16 K showing electron orbits in red (ΔRm < 0) from S2 to S4 for B = 0.13 T. (e) The SGM image at 16 K on
the second magnetic focusing peak at B = 0.26 T has normally reﬂected electron orbits in red (ΔRm < 0) when contact S3 is normal.
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drops to a minimum at B = 0.19 T when the diameter of the
cyclotron orbit drops below the spacing between S2 and S4, an
eﬀect shown by the simulated orbits in Figure 3(b). For IDC =
0, the second magnetic focusing feature at B = 0.26 T occurs as
a dip in Rm, as shown in Figure 4(a), because Andreevreﬂected holes enter the collecting contact S4, after traveling
from the superconducting center contact S3. When a large
current IDC = 8 μA is added, Andreev reﬂection is destroyed,
and the dip in Rm for the second magnetic focusing feature at B
= 0.26 T changes to a local maximum, as shown in Figure 4(a),
because normally reﬂected electrons from contact S3 now
enter the collecting contact S4 instead of holes. Please note
that the baseline and magnetic focusing peak shapes in Figure
4(a) diﬀer slightly from those in Figure 2(b), due to a drift in
the electrical properties over the duration of the measurements.
The destruction of Andreev reﬂection by a large current IDC
= 8 μA is visualized by the SGM image of normally reﬂected
electrons shown in red (ΔRm < 0) in Figure 4(b), taken on the
second magnetic focusing peak for B = 0.26 T and n = 1.8 ×
1012 cm−2. When the current is oﬀ (IDC = 0), the SGM image
in Figure 3(d) shows Andreev reﬂection of holes from the
superconducting center contact S3 under the same conditions.
The transformation of Andreev-reﬂected holes to normally
reﬂected electrons when a large current IDC = 8 μA is applied
conﬁrms that Andreev reﬂection has been destroyed.
We conducted an additional veriﬁcation that Andreev
reﬂection was observed by heating the device above the
critical temperature Tc = 8.0 K of the superconducting contact
S3. Figure 4(c) plots the magnetic focusing signal Rm vs B at
temperatures ranging from 4.2 K (red) to 16 K (blue). As
noted above, the dip in Rm at B = 0.26 T is a caused by
Andreev reﬂection. As the sample is warmed above 8 K, the dip
for Andreev-reﬂected holes changes sign to become the second
magnetic focusing peak for normally reﬂected electrons.
Corresponding SGM images at 16 K in Figure 4(d) and (e)
support these identiﬁcations. Figure 4(d) shows the ﬂow of
electrons in red (ΔRm < 0) between contacts S2 and S4 on the
ﬁrst magnetic focusing peak at B = 0.13 T, which is similar to
Figure 3(a) as expected. The eﬀect of raising the temperature
above Tc is seen in the SGM image in Figure 4(e), which
shows normally reﬂected electrons in red (ΔRm < 0) on the
second magnetic focusing peak. Below Tc, the SGM image at B
= 0.26 T in Figure 3(d) shows Andreev reﬂected holes in blue
(ΔRm > 0) instead. These SGM images conﬁrm that heating
above the superconducting critical temperature Tc destroyed
Andreev reﬂection, as expected, and that normally reﬂected
electrons enter the collecting contact S4 instead of Andreev
reﬂected holes.

The outward force F ⃗ = −∇⃗U = ∇⃗E F also acts on nonequilibrium electrons passing nearby. The transmission T
between contacts S2 and S4 was found by ray-tracing
simulations; the trajectories of a large number of carriers that
enter at random angles from S2 were calculated using the
classical equation of motion, and the transmission T was found
by counting the fraction that reach the collecting contact
S4.25,26
The SGM images in Figure 3 clearly demonstrate how the
transition from normal to Andreev reﬂection occurs for n = 1.8
× 1012 cm−2 at 4.2 K. The top three panels of Figure 3, (a),
(b), and (c), show the ﬂow of electrons along cyclotron orbits
between the two outer contacts, S2 and S4, on the ﬁrst
magnetic focusing peak at B = 0.13 T in Figure 2(b). Figure
3(a) presents an SGM image of electron ﬂow from S2 to S4;
Figure 3(b) shows the corresponding simulations, which are in
good agreement, and Figure 3(c) shows the path of electron
orbits on a scanning electron micrograph of the device. We
chose the color red to represent electrons for the SGM images
in Figure 3, where the change ΔRm < 0, because electrons are
deﬂected by the tip. We also chose the color red to represent
electron ﬂow for magnetic focusing measurements in Figure
2(b), where Rm > 0. On the other hand, we chose the color
blue to represent Andreev-reﬂected holes for the SGM images
in Figure 3 where the change ΔRm > 0 when holes are
deﬂected by the tip and the color blue to represent magnetic
focusing measurements in Figure 2(b), where Rm < 0 when
holes are collected by contact S4.
The lower three panels of Figure 3, (a), (b), and (c), show
Andreev reﬂection of holes from the superconducting center
contact, taken on the second magnetic peak at B = 0.26 T and
n = 1.8 × 1012 cm−2 in Figure 2(b). Figure 3(d) is an SGM
image of electron ﬂow along cyclotron orbits from contact S2
to the superconducting center contact S3, as well as the ﬂow of
Andreev-reﬂected holes along cyclotron orbits from S3 to the
collecting contact S4. In Figure 3(d), the electron and hole
orbits are both shown in the color blue (ΔRm > 0), because
Andreev-reﬂected holes enter S4 in both cases; if the tip
deﬂects an electron orbit traveling from S2 to S3, the Andreevreﬂected hole traveling from S3 to S4 is also lost. Charge is
conserved during Andreev reﬂection, because an electron
entering the superconducting contact S3 leaves as a Cooper
pair that ﬂows to ground and as an Andreev-reﬂected hole that
travels to S4. Figure 3(f) shows ray-tracing simulations of
Andreev reﬂection, which are in good agreement, and Figure
3(g) shows the paths of the electron orbits traveling from S2 to
S3 and the Andreev-reﬂected hole orbits traveling from S3 to
S4. The use of magnetic focusing to conﬁne carrier paths
allows us to clearly distinguish Andreev-reﬂected holes from
normally reﬂected electrons. Our SGM imaging technique can
also be used to characterize Andreev reﬂection in other
circumstances when a magnetic ﬁeld is not present.
To verify that Andreev reﬂection causes the patterns of
carrier ﬂow observed in Figure 3, we destroyed the eﬀect by
adding an emitter current IDC = 8 μA for which the emitted
electron energy eVbs > Δ is too large to undergo Andreev
reﬂection. Figure 4 (a) plots the magnetic-focusing signal Rm vs
B for n = 1.8 × 1012 cm−2 at 4.2 K, similar to the data shown in
Figure 2(b). As the magnetic ﬁeld is increased from B = 0 to
0.13 T, the signal Rm forms the ﬁrst magnetic focusing peak for
electron ﬂow along cyclotron orbits between the two outer
contacts S2 and S4. As B continues to increase, Rm abruptly
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