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Ballistic Graphene Cooper Pair Splitter
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We report an experimental study of a Cooper pair splitter based on ballistic graphene multiterminal
junctions. In a two transverse junction geometry, namely the superconductor-graphene-superconductor and

the normal metal-graphene-normal metal, we observe clear signatures of Cooper pair splitting in the local
as well as nonlocal electronic transport measurements. Our experimental data can be very well described by
our beam splitter model. These results open up possibilities to design new entangled state detection

experiments using ballistic Cooper pair splitters.
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Controlling entanglement of quantum states is at the
heart of quantum computing and quantum information [1].
However, the generation, detection, and manipulation of
entangled quantum states remain a serious challenge in
scalable solid state systems as the interactions and
excitations are detrimental [2—4]. Cooper pair splitting
(CPS) [5-15] provides efficient electron spin-entangled
sources and, therefore, could possibly be used in on-chip
quantum state teleportation experiments [16]. The splitting
of Cooper pairs refers to the time reversal phenomenon of
nonlocal Andreev reflection (also called crossed-Andreev
reflection) [17-31] and has been observed when a
superconductor is coupled to multiterminal systems such
as InAs nanowires [5,8,9], carbon nanotubes [6,10,11],
normal metal-insulator-superconductor junctions [7], and
etched graphene based quantum dots [12,14,15]. While
various applications of CPS have been proposed [32-36],
a demonstration of entanglement is still missing.
Entanglement can be probed, for example, by measuring
noise correlations in beam splitter geometries [37-39].
Here, we show the experimental observation of CPS in a
ballistic graphene beam splitter, which opens a path toward
entanglement detection in more complex geometries.

Graphene-superconductor interfaces exhibit very pecu-
liar Andreev processes at low energy [40—45], and nonlocal
processes have been predicted to occur under various
conditions [46—48], including in the quantum Hall regime
[28-31]. Thanks to the progress in device fabrication [49],
graphene appears to be a clean and highly tunable
two-dimensional material that couples very well to super-
conductors where a ballistic effect can be directly observed
[50-58]. However, to our knowledge, very limited studies
on nonlocal processes in clean graphene have been reported
until now [59,60].

Our device consists of single layer graphene encapsulated
in hexagonal boron nitride (h-BN). The graphene sheet is
connected to two superconductors on its parallel edges and
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to two normal metal electrodes on the other two transverse
edges. As a result, two transverse junctions are formed,
namely the superconductor-graphene-superconductor (SGS)
and the normal metal-graphene-normal metal (NGN) junc-
tions. Because of a difference in the doping density across
the two junctions, potential barriers are generated in the
graphene channel that act as electronic beam splitters for
CPS similar to the one proposed by Bouchiat et al. [22] for
the case of a single walled carbon nanotube. We employ a
modified Octavio-Tinkham-Blonder-Klapwijk  (OTBK)
model [57,61-64] along with a three-terminal beam splitter
model to explain our experimental observation. The advan-
tage of this implementation is that the Andreev reflection
takes place locally at a single interface and is not limited by
contact spacing.

We have used the dry transfer technique for the
fabrication of h-BN—graphene—h-BN van der Waals heter-
ostructure similar to the one described in [49]. Edge
contacts to the encapsulated graphene layer were
established in a self-aligned manner as described in [54]
and adapted for two different contact materials in [57].
Details of the devices are shown in the Supplemental
Material [65]. The device schematics are shown in
Figs. 1(a) and 1(b), and the false color atomic force
micrograph is shown in Fig. 1(c).

As the device consists of two perpendicular junctions
with two different contact metals, we first characterize the
device in the normal state, i.e., above the critical temper-
ature (7.~ 1 K) of the superconductor, as it helps in
understanding the electronic transport across the graphene
channel connected by two different normal metals.
Figures 2(a) and 2(b) show the gate dependent resistance
of the device across the SGS and NGN junctions,
respectively, in the normal state at 7 =6 K [66]. We
observe that the charge neutrality point (CNP) is shifted to
the negative gate voltages for both of the junctions, which
indicates n-type doping of the graphene sheet. This can be
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FIG. 1. (a) Schematic of the device geometry. (b) Cross section
of the device across the dashed line shown in (a). (c¢) False color
atomic force micrograph of the studied device showing the
normal (N) and superconducting (S) electrodes. Scale bar is
1 um. The area enclosed by the white dashed lines shows the top
gate electrode. The black dotted line shows roughly the h-BN
encapsulated graphene.

explained by the charge transfer from metal contacts
forming a potential barrier when the Fermi level of
graphene is tuned in the valence band [67-69]. Since
graphene is doped n-type by the metal contacts, pn
junctions form in the vicinity of the graphene-metal
interface when the Fermi level is driven into the hole-
doped regime. As a result, an electronic Fabry-Pérot (FP)
cavity is formed, which manifests itself in the form of
periodic oscillations in the conductance or resistance of
graphene, known as the FP resonances, when the charge
transport is in the ballistic regime. These resonances can
be clearly observed in the p-doped region in the SGS
junction, as shown in the inset in Fig. 2(a) (see the
Supplemental Material [65] for a detailed analysis). The
presence of FP resonances clearly indicates that the charge
transport in the SGS junction is in the ballistic regime.
Importantly, the two junctions have different doping
densities as the CNP for the SGS junction is at the gate
voltage Vg:—2.6 V, while the CNP for the NGN
junction is at V, = —1.8 V. The difference in the two
CNPs indicates that the SGS junction is heavily n-doped
as compared to the NGN junction. Since the transport
across the NGN junction includes the contribution from
the SGS junction, the doping profile along the NGN
junction consists of three different regions, as shown in
Figs. 2(c) and 2(e) and explained in the Supplemental
Material [65]. In this case, the central graphene region has
a different doping density than the two outer regions, and
this suggests that, apart from the potential barriers at the
metal-graphene interface, there are additional potential
barriers along the length of the graphene sheet across the
NGN junction [70].

After the normal state measurement, we study
the Andreev processes at millikelvin temperatures. For
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FIG. 2. Gate dependent resistance of the device across the
(a) SGS junction (inset: FP resonances in the p-doped regime)
and (b) NGN junction in the normal state. (c) Four-terminal or
SGS configuration. (d) Local differential conductance
dly;as/ AV, map across the SGS junction in the superconducting
state at V, = —=2.7 V and T = 20 mK under the zero magnetic
field in the SGS configuration. (e) Three-terminal or
NGS configuration. (f) Nonlocal differential conductance
dI ¢/ dVyias map across the SGS junction in the superconducting
state at V, = —=2.7 V and T = 20 mK at zero magnetic field in
the NGS configuration.

this purpose, we employ two different measurement con-
figurations, namely the four-terminal or SGS configuration
and the three-terminal or normal metal-graphene-super-
conductor (NGS) configuration. Figure 2(c) shows the SGS
configuration where the bias voltage V. is applied across
the SGS junction, while the control voltage V¢ is applied
across the NGN junction. Figure 2(d) shows the local
differential conductance dl;,;/dV\;,s map across the SGS
junction obtained in the four-terminal configuration at
V,=-=27YV (close to the CNP of the SGS junction)
and 7 = 20 mK under the zero magnetic field. Note that
the Vi, and V- are normalized with the superconducting
gap A where A = 130 peV as observed in the experiments.
The vertical features appearing at eVy;,/A = +1 and +2
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can be assigned to the multiple Andreev reflections (MAR)
in the SGS junction as they appear to be independent of
Vew- However, there are additional conductance features
that can be clearly observed in the map. First is the split
diamondlike pattern that can be observed throughout the
entire measurement range. Second is the distinct crosslike
features that can be observed in the region |eVy;,/A| <1
and |eVy/A| < 2, and third, a vertical conductance ridge
at |eVyias/A| =0 when |eVy /Al > 2. All of these fea-
tures are tuned by the V;,, and V. Given our device
multiterminal geometry, it suggests that there could be
other Andreev processes taking place in the system [71,72].
Next, we employ the three-terminal configuration [see
Fig. 2(e)], where Vs is applied across one of the NGS
junctions and V¢, is applied across the SGS junction. The
S terminal, which is outside the bias circuit and involved
only in the control circuit, is labeled S’ for the sake of
clarity. We measure the nonlocal differential conductance
dlcy/dVyi,s across the SGS junction under the same
conditions as for the data shown in Fig. 2(d). The resulting
dIcyy/dV e map is shown in Fig. 2(f). We observe nearly
vertical features that could be assigned to the direct
transport in the bias circuit and nearly horizontal features
that could come from the direct transport in the control
circuit. Similar to the data shown in Fig. 2(d), there are
other clearly observable conductance features that are
influenced by the Vi, and V.

In order to interpret the experimental data, we employ a
modified OTBK model [57,61-64] for the transport
between each pair of terminals, as indicated by the solid
lines in Fig. 3(a). To account for nonlocal transport
processes, we include a beam splitter model in addition
to the two-terminal contributions. The beam splitters in our
device are expected to form due to interfaces between
regions of different doping densities where Klein tunneling
leads to an angle-dependent partial transmission and
reflection [42,73]. Given our device geometry, nonlocal
Andreev processes that involve both of the S terminals and
one N terminal are most likely to take place. From the
pairwise two-terminal resistances measured in the normal
state, we know that the device is highly asymmetric with
respect to the four corners, especially near the CNP. To
incorporate nonlocal processes and the asymmetry of the
device at the same time, we model four beam splitters that
follow the four corners of the device, as indicated by dashed
lines in Fig. 3(a). As an example, the beam splitter in the
top left corner is shown in detail in Fig. 3(b). To follow the
corner, an electron from the top N terminal can be trans-
mitted only to the left S terminal, with probability z;. An
electron from the right S terminal can be transmitted with
probability 7, = 1 — 7, to the left terminal. For simplicity,
we assume that there is no reflection back to the left
terminal. It is to be noted that the beam splitters also
contribute to the local processes between the NS and SS
terminals. Therefore, the model also includes nonlocal

(a) (b) (t)

0
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FIG. 3. (a) Schematics of the model showing local (solid) and
nonlocal (dashed) transport channels. (b) Three-terminal beam
splitter for the nonlocal transport channels as shown in (a) (t, 1,
and r stand for top, left, and right, respectively). Differential
conductance maps generated with the model: local differential
conductance dly;,s/d V4, map in the SGS configuration without
(c) and with (d) the guidelines, and nonlocal differential con-
ductance dlcy/dVy.s map in the NGS configuration without (e)
and with (f) the guidelines.

MAR processes where an initial nonlocal Andreev process
starts a MAR cycle between the two superconductors (see
the Supplemental Material [65] for details).

The result generated with the model and corresponding
to the experimental data in Fig. 2(d) (SGS configuration) is
shown in Fig. 3(c), including guidelines for interpretation
in Fig. 3(d). The interpretation is based on the bias
thresholds for different transport processes. In particular,
the conditions for Cooper pair splitting are shown in Fig. 4
and explained in detail below. The transmission coefficients
at the superconducting terminals were chosen to be 0.72,
while they were 0.7 at the normal metal terminals.
Comparing Fig. 2(d) to Fig. 3(c), it can be readily seen
that the experimental data and the model are in very good
agreement. To interpret the observed conductance features,
we compare Fig. 2(d) to Fig. 3(d). The vertical conductance
features at ¢V;,/A = 1 and £2 [marked SS in Fig. 3(d)]
appear due to the direct transport between the two
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FIG. 4. Bias conditions for the observation of nonlocal Andreev
processes in the SGS configuration at (a) Ve =0 and
(b) Viias =0 and (c) in the NGS configuration. u represents
the chemical potential of the respective terminal. Filled and
empty circles denote the electrons and holes, respectively.

superconductors. The diamondlike feature [marked NS in
Fig. 3(d)] appears because of the transport across the NGS
corners of the device. The splitting spread of this feature
results from the asymmetry of the corner contacts. Most
interesting are the crosslike features that appear in the
region |eVy,s/A| <1 and |eVy /Al <2 and the vertical
conductance ridge at |eVy,./A| =0 when eV /Al > 2
[marked CPS in Fig. 3(d)]. These features appear as a result
of the nonlocal transport involving the N and S terminals.
While the crosslike features can be unambiguously
assigned to the Cooper pair splitting, the vertical conduct-
ance ridge remains slightly ambiguous due to the possibil-
ity of a very weak supercurrent flowing through the SGS
junction. We note that the measurements were conducted
close to the CNP of the SGS junction where the resistance
of the graphene channel is very high, as shown in Fig. 2(a).
Therefore, the supercurrent magnitude is too small to be
measured. However, its contribution cannot be completely
ruled out (see the Supplemental Material [65] for additional
gate voltage measurements). It is noteworthy that the
conductance features appear in a low bias regime, and as
V, is tuned far away from the CNP, the supercurrent
contributions as well as the increased conductance of the
graphene channel start to overshadow the CPS features.
Figure 3(e) shows the dlcy/dVy,s map for the NGS
configuration as generated with the model, which corre-
sponds to the experimental data shown in Fig. 2(f), while
Fig. 3(f) shows the same map but with the guidelines.
Comparing Fig. 2(f) to Fig. 3(e), we can see that there is a
qualitative agreement between the experimental data and
the model. It is to be noted that the experimental meas-
urement in the NGS configuration was two-probe instead of
the pseudo-four-probe as in the SGS configuration. As a
result, the experimental data includes the series resistances
from the filters in the measurement lines. Therefore, the
comparison between the experimental data and the model
in the NGS configuration is only qualitative. Figures 2(f)
and 3(f) can be compared for the interpretation of the
various conductance features. There are three different sets
of features that appear due to the direct transport in the
device, namely the nearly vertical ones due to the transport
across the bias junction [marked NS in Fig. 3(f)], the nearly
horizontal features due to the transport across the control

junction [marked SS’ in Fig. 3(f)], and the features with
negative contribution that appear due to the transport across
the NGS' junction [marked NS’ in Fig. 3(f)]. In this case,
too, we clearly observe the conductance features [marked
CPS in Fig. 3(f)], which appear only due to the nonlocal
Andreev process in the device.

As seen in Figs. 2(d) and 2(f), the nonlocal Andreev
processes appear in a certain Vy;,, and V¢ range. The
onset of these processes can be explained by considering
the energy thresholds. For the SGS configuration at
Vew =0, the threshold for the onset of nonlocal
Andreev process is at eV, = 2A/3 as shown in Fig. 4(a).
In this case, an electron that incidents from the normal
metal is Andreev reflected at the left superconductor, while
the resulting hole enters the right superconductor.
On the other hand, for a hole that incidents from the
normal metal onto the right superconductor, the Andreev
reflected electron enters the left superconductor. As soon as
|Vew| > 0, the threshold for Vi, changes and this results
in the cross-shaped feature observed in Fig. 2(d) in
the regions |eVy;,/Al <1 and |eVy/A| <2. For the
condition Vi, = 0 in the SGS configuration, the nonlocal
Andreev reflection is enabled as soon as eV, > 2A,
as illustrated in Fig. 4(b). This is seen as the vertical
conductance ridge in Fig. 2(d) in the region |eVy,;,./A| =0
when |eVcy/A| > 2. Because of a peak in the Andreev
reflection probability at ¢ = A, a conductance peak is
observed when the gap features of the two superconductors
are aligned with each other. In the NGS configuration,
the nonlocal Andreev process is enabled when
eViias + €Vem = A, as shown in Fig. 4(c), and results in
the conductance feature observed in Fig. 2(f).

Our model is agnostic to the actual implementation of the
beam splitters in the device. Possible candidates are (1) pn
junctions between different doping levels across the NGN
and SGS junction as evidenced by the different positions of
the CNPs in Figs. 2(a) and 2(b), (2) the pn junctions near
the superconducting interfaces that give rise to the FP
cavity, and (3) more complicated doping inhomogeneities
near the CNP as evidenced by the conductance asymmetry
in the normal state (see also the Supplemental Material
[65]). Our conclusions about the bias thresholds for CPS
are independent, however, of this detail.

To conclude, we have observed CPS in a multiterminal
graphene device in the ballistic regime. Our device takes
advantage of its simple geometry with two different trans-
verse junctions and a tunable doping profile across the
graphene channel to split the Cooper pair. Furthermore, the
CPS signature is clearly observed in the local as well as
nonlocal differential conductance measurements. These
observations are very well supported by the modified
OTBK model and the three-terminal beam splitter model.
Our work shows an experimentally accessible way to
achieve and control the spatially separated quantum
entangled particles in graphene by using the local tuning
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of the Fermi level and the angle-dependent transmission
through the potential barriers [74,75]. Furthermore,
electronic transport in the graphene channel can be tuned
by using additional gates to form controlled potential
barriers that will result in an improved efficiency of the
beam splitters. Similar studies can be performed by using
bilayer graphene where the valley degree of freedom and
electrostatically induced band gap can provide additional
control parameters [54,76-78].
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