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Scattering processes in quantum materials emerge as resonances in electronic transport, including
confined modes, Andreev states, and Yu-Shiba-Rusinov states. However, in most instances, these
resonances are driven by a single scattering mechanism. Here, we show the appearance of resonances
due to the combination of two simultaneous scattering mechanisms, one from superconductivity and the
other from graphene p-n junctions. These resonances stem from Andreev reflection and Klein tunneling
that occur at two different interfaces of a hole-doped region of graphene formed at the boundary with
superconducting graphene due to proximity effects from Bi,Sr,Ca;Cu,Oyg, 5. The resonances persist with
gating from p™-p and p-n configurations. The suppression of the oscillation amplitude above the bias
energy which is comparable to the induced superconducting gap indicates the contribution from Andreev
reflection. Our experimental measurements are supported by quantum transport calculations in such
interfaces, leading to analogous resonances. Our results put forward a hybrid scattering mechanism in
graphene-high-temperature superconductor heterojunctions of potential impact for graphene-based

Josephson junctions.

DOI: 10.1103/PhysRevLett.130.156201

Transport studies across superconductor-metal junctions
have led to the discoveries of resonant interference mech-
anisms [1] and Andreev bound states [2,3]. Graphene is a
two-dimensional Dirac semimetal whose carrier density can
be controlled by electrostatic gating [4]. Bi,Sr,Ca;Cu,0g. 5
(BSCCO) is a layered high-temperature superconductor
that has a pseudogap of 40 meV [5-7]. Proximity-induced
superconductivity in graphene and topological insulators
from BSCCO has shown to induce a superconducting gap of
15-20 meV [8-10]. Characterizing the transport across a
BSCCO-graphene junction in response to bias, gating, and
temperature can reveal new scattering mechanisms which
are important for fundamental understanding and enabling
applications such as high-temperature Josephson junctions.
In addition, nodal superconductivity in graphene could host
Majorana zero modes [11,12], which have major potential
applications for fault-tolerant quantum computing.

Here, we show that two scattering mechanisms, Andreev
refection (AR), associated with superconductor-metal inter-
faces, and Klein tunneling (KT) [13—15], associated with
Dirac fermions, occur together [16,17] in our BSCCO-
graphene junctions. They give rise to Fabry-Pérot reso-
nances that attest that pristine junctions can be formed with
long carrier coherence. Our results are supported by
calculations of the spectral functions for graphene with
proximity-induced nodal superconductivity and the emer-
gent resonant modes in the junction.
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KT is one of the most unique properties in graphene and
manifests as an asymmetry in the conductance between p-p
and p-n junctions [18-20]. The potential walls in such
devices act as partially reflective interfaces which confine
carriers and lead to Fabry-Pérot resonances [15,21-24] in
p-n-p junctions. AR is the process in which an electron
from the normal metal enters the superconductor, creates a
Cooper pair, and reflects as a hole. AR in graphene has
a specular case at low energy [25]. Our Letter presents a
unique consequence of resonant states forming from KT
and AR occurring at two different interfaces.

Three distinct regions of graphene form in our BSCCO-
Gr junction. The regions are indicated as Gr,, Gr/, and Gr
in Fig. 1(a). Gr, is the portion of graphene under BSCCO
that has a nodal proximity-induced superconducting gap
(A;). BSCCO is a hole-doped superconductor with a high
carrier density of 10'> cm™2 [26]. BSCCO in contact with
graphene of lower carrier density (10'2 cm™2) transfers
charge to create a p-doped Gr’ region of length d. A similar
charge transfer process occurs in metal-graphene junctions
[27]. The dotted line between the Gr, and Gr’ regions
indicates the interface which is responsible for AR. At the
other end of the Gr’ region is another dotted line to indicate
the second interface with native graphene Gr which is
responsible for KT. Therefore, the superconducting Grp
region is connected to a p-n junction formed in the Gr'-Gr
regions by a gate. Modulation of the gate results in an

© 2023 American Physical Society
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FIG. 1. (a) Schematic cross section of our device. Gry is
superconducting graphene under BSCCO, Gr’ is a p-doped
graphene, and Gr is native graphene. d is the length of Gr'.
The dotted lines at either end of Gr’' denote the interfaces.
(b) Optical micrograph of device A from Table I. S is shorthand
for BSCCO. The dotted white outline tags graphene. The red X
and N1-NS5 are contacts to graphene. C1-C4 are contacts to
BSCCO. The scale bar is 10 pm.

asymmetric conductance, as the doping in the Gr'-Gr
regions changes from p*-p to p-n as we show below,
beyond what was previously reported in YBCO-graphene
junctions [28-30].

To fabricate our devices, we exfoliate graphite on 90 nm
of silicon dioxide (Si0O,), which is thermally grown on a
highly doped silicon wafer that is used as a global gate.
Optical micrographs and Raman spectra are collected
to identify monolayer graphene flakes. The graphene or
substrate is then annealed at 300 °C for 3 h in a tube furnace
with a continuous flow of argon (50 sccm) and hydrogen
(100 sccm) to remove residual hydrocarbons. We exfoliate
high-quality BSCCO in an inert nitrogen-filled glovebox
with <0.5 ppm water vapor and <0.1 ppm oxygen on
90 nm SiO, substrates. We find BSCCO flakes thicker than
25 nm and use a polypropylene carbonate—-PDMS—glass
slide stamp to pick it up at 45°C. BSCCO is brought
into contact with graphene at 40 °C and is finally released
at 65°C. To make contacts, we first use electron beam
lithography to make Ohmic contacts to graphene by
evaporating Ti (3 nm) and Au (50 nm). Next, we use
photolithography to make Ohmic contacts to BSCCO by
evaporating Ag (10 nm) and Au (40 nm). We immediately
load the completed devices in a cryostat for measurements.
We obtain T, ~85 K for BSCCO in our devices.
An optical image of device A discussed here is shown in
Fig. 1(b). The junction resistance (R x W) for this device
is 628 kQ um. Parameters for all devices can be found
in Table I.

The typical sheet resistance (Rg,) of graphene in our
devices in response to the sweep up and sweep down (dual
sweep) of gate voltage (Vi) is shown in Fig. 2(a). The
resistance maxima for the Dirac point (Vpp) are often found
to be between 0 and +5 V, indicative of slight hole (p)
doping from the substrate. Rg, is hysteresis-free at all
temperatures, down to 4.2 K. The four-terminal conductance

TABLE I. Properties of the junctions examined in this Letter:
T ¢ is the transition temperature of BSCCO, W the junction width,
R x W the junction resistance, E. the period of oscillations, and
d the width of the Gr’ region.

RxW B

Device Tc (K) W (pm) (kQ pm) (meV) d (nm)
A 85 28.2 628.24 17.3 59
B 84 26.8 639.23 16.1 64
C 70 4.8 29.85 15.9 65
D 85 5.8 92.85 194 53
E 85 4.0 36.00 17.3 60

of the S-Gr junction of device A in Fig. 2(b) is measured
as we sweep the gate which acts on the nonsuperconducting
regions, Gr and Gr'. The gate voltage sets the Fermi
level (E;) in graphene as Ej = sgn(ng — VDP)hvf X
\/#Chgo| Vg — Vpp|/e, where 7 is the reduced Planck
constant, vy~ 1 x 10° m/s is the Fermi velocity in gra-
phene, and Cy, = 38.37 nF/ cm? is the gate capacitance for
90 nm SiO,. Note that the change in carrier density we can
induce in BSCCO using our SiO,/Si gate is not sufficient
to affect its properties, unlike what is achievable by ionic
gating [7,26]. In Fig. 2(b), E; = 0 for Vpp = +2.2 V of Gr
from our measurement of Rg,. The extent of p doping in Gr/
is E} = —180 meV, which can be inferred from the second
conductance minima in gate voltage at +12 V when the bias
(Vg.gr) 1s more than 25 meV in Fig. 3(a). The importance
of the bias dependence is explained below. The presence of
this p-doped Gr’ region renders the two interfaces that are
responsible for the resonant interaction between KT and AR
in the junction, on which we will elaborate next.

The gate acts on Gr' and Gr regions simultaneously.
When the gate is E; < 0, Gr'-Gr regions are in a p*-p
configuration. And when 0 < E; < —E; meV, Gr'-Gr
regions are in a p-n configuration. The bottom panel in
Fig. 2(c) shows the doping in the Grp-Gr'-Gr regions
relative to the Fermi level (gray line), when Gr'-Gr regions
are in a p-n configuration set by the gate. A nodal gap in
the Gr, region comes from the proximity to the d-wave
order parameter of BSCCO and is further supported by the
calculated spectral function in Fig. 4(b). In Fig. 2(b), the
conductance asymmetry manifests as a 30% decrease in
the average conductance for the p-n configuration com-
pared to the p-p configuration. This is due to the reduction
in the transmission of carriers that are incident at oblique
angles on the p-n junction [14,20], owing to the chiral
nature of carriers in graphene. The observation of the
conductance asymmetry shown in Fig. 2(b), and verified in
Fig. 4(e), is one of the central results of this Letter.

We note that the conductance asymmetry due to KT in
this Letter is higher than that in a graphene p-n junction
[20] due to the interactions with AR and the complicated
angle dependence of each of these scattering mechanisms.
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FIG. 2. (a) Sheet resistance of typical bare graphene in our devices. (b) Conductance of BSCCO-Gr (device A) junction in response to

sweeping the Fermi energy E,. The red lines indicate the position of the troughs. (c) Top: a p-n junction is formed in Gr'-Gr by
electrostatic gating. The classical trajectory of the holes and electrons is depicted by dashed and solid lines, respectively. The number

labels serve to count the trips.

All of these interactions are captured in the calculated
conductance and spectral functions below.

The other remarkable feature of Fig. 2(b) is the con-
ductance oscillations which exist in both p™-p and p-n
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FIG. 3. (a) Conductance of the S-Gr junction as a function of the

back-gate voltage (V,) measured at different V. g,, corrected for
the position of the Dirac point Vpp of Gr at +2.3 V. (b) Amplitude
of the oscillations as a function of the bias across the junction
decays beyond 15 mV. The solid curve is a guide to the eye. (c) A
schematic representation of carriers outside of the pseudogap of
Gr, entering G’ when Vg, > A; across the junction.

doping configurations. The top panel in Fig. 2(c) shows the
classical trajectories of carriers to visualize the number of
round trips in the Gr’ region that lead to the resonant
condition. Consider the p-n configuration in Gr'-Gr and a
hole (dashed line) entering Gr’ by KT (top 7). It impinges
on the Gr,-Gr’ interface and reflects as an electron (solid
line) by AR (2). The electron (2) makes a round-trip (3) by
partial reflection from the Gr'-Gr interface. The returning
electron (3) travels to the Gr, region and reflects as a
hole (4). A destructive resonant interference condition
occurs every two round-trips among carriers of the same
charge, traversing in opposite directions in the Gr’ region.
The smaller width of the arrows in the Gr region indicates
reduced transmission. The described resonant process is
unchanged for p™-p, except with higher transmission at the
Gr'-Gr interface. The resonant mechanism is analogous to
Fabry-Pérot resonances but requires two full round-trips
(4 x d) as opposed to one round-trip. The momentum-
resolved spectral function in Fig. 4(c) of the Gr’ region in
the Gr-Gr'-Gr junction corroborates the formation of
resonant modes. We note that tunneling into a nodal
d-wave superconductor should lead to weaker AR com-
pared to a system with an s-wave superconductor [31,32].
However, the significantly shorter coherence length of
BSCCO compared to that of a conventional s-wave super-
conductor allows the formation of the three distinct regions
needed to observe the resonances we report. On the other
hand, quasiperiodic oscillations were observed in a van der
Waals NbSe,-graphene junction [33], whose origin was
reported to be unclear.

The positions of the troughs in Fig. 2(b) are highlighted
in red. E ~17.3 meV is the average period of oscil-
lations. The small change in period between p*-p and p-n
doping configurations can be attributed to the change
in d with gating. We also note that resonances are less
pronounced at low doping. The energy broadening
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FIG. 4. (a) Bulk spectral function for doped graphene, and
doped graphene in the presence of proximity-induced d-wave
superconductivity (b). (c),(d) show the spectral function for the
(c) unbiased and (d) biased gating conditions in the Gr’ region.
(e) shows the computed dI/dV at Vg = 0.07A, with the
locations of the conductance minima of Dirac points marked
by green (u,, = 0) and blue (uy,, = 0.067) dashed lines for the Gr
and Gr’ regions, respectively.

oer = 50 meV around the Dirac point from charge puddles
in the SiO, [34] washes out the oscillations. We use the
oscillation period to quantify the length d of the Gr’ region
using the equation below:

. th
4Etr—tr ‘

d (1)

From Eq. (1), the length of G’ is d ~ 59 nm. The values for
E.. and d for all the devices in Table I are similar,
regardless of other junction parameters. The mean free path
Amip ~ 80 nm which we estimate, using ¢ = (2¢%/ h)k Aty
is slightly longer than the length d of the Gr’ region which
we estimate and is consistent with the phase coherent
transport which we observe within the Gr’ region.

The contribution of AR to the resonance is evident by the
decay in the oscillation amplitude when the bias is larger
than the induced gap, as seen in Figs. 3(a) and 3(b).

Figure 3(a) is a plot of the junction conductance as the bias
Vs across the junction is increased. In Fig. 3(a), the
increasing Fermi window allows the injection of carriers
from outside of the induced superconducting gap in
graphene, A; [see Fig. 3(c)], which suppresses the reso-
nances. Figure 3(b) shows that the normalized oscillation
amplitude decays when Vg, > 15 mV and implies
A; ~ 15 meV for device A. We observe the same behavior
in the other devices and inferred A; from bias dependence
ranges between 10 and 15 meV. This variation is expected
due to the sensitivity of the proximity effect due to
fabrication nonuniformities. A comparable magnitude of
A; has been seen in BSCCO heterojunctions with other 2D
materials [8,10]. The resonances are robust with temper-
ature as shown in Supplemental Material [35]. This
observation is consistent with the temperature dependence
of A; reported by others [8].

To capture the electronic properties of the junction,
we take an effective low-energy model of the form
H= Hkin + HSC + H” with Hkin = tz<ij>,s C;!:SC]"S +H.c.

capturing the kinetic energy of electrons, where c:f‘s

denotes the creation operator in site i with spin s and (
denotes sum over first neighbors. The term Hgc =

> tijecr, Aijcirc,y + H.c. accounts for the superconduct-
ing proximity effect, where A,; is defined such that its Fourier

transform leads to a d_, order parameter in reciprocal

space. Finally, the term H, = uy Z,EGIM cisciqs +

/ T il
Iubg ZieGr’.s Ci_sci,s + ﬂbg ZieGr.s Ci,sci.s controls the local

chemical potential in the different regions, to account
for the experimental conditions. For concreteness, we take
that the screening in the Gr and Gr’ regions is similar,
yielding p,, = 0.067 + ,u,gg, which would depend on the
experimentally applied bias Vy,, and the shift corresponds
to the difference in doping. u, arises due to charge transfer
from BSCCO, and we take it independent of the bias due to
screening. We define a junction that is infinite in the y
direction, and a finite Gr’ is defined between the two semi-
infinite Gr, and Gr regions, as depicted in Fig. 2(c).
Because of the translation symmetry in y, the spectral
function of the junction can be labeled according to the
parallel momenta k| to the interface. The previous
Hamiltonian is solved with the Bogoliubov—de Gennes
formalism, and we compute the electron spectral function
at GIJ defined as A<kH’ a)) = —(1/7r)TrGr/Im[Peg(kH, CO)],
where P, is the projection operator in the electron Nambu
sector and G(k |, @) is the full Nambu Green’s function of
the system. A(k;, ) is used to directly extract the elec-
tronic excitation emerging in the junction and is computed
with the Green’s function renormalization algorithm [36].

First, we show the spectral function versus the transverse
momenta in doped graphene in the absence [Fig. 4(a)] and
presence [Fig. 4(b)] of a d-wave superconducting proxim-
ity effect. It is observed that the proximity to a d-wave
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superconductor opens up a momentum-dependent
electronic structure in graphene [Fig. 4(b)]. Figures 4(c)
and 4(d) show the momentum-resolved spectral function at
the center of the Gr’ region, featuring the emergence of
resonant modes. The increase in oscillatory single-particle
states in Fig. 4(d) shows the sensitivity of the resonances to
gating. The narrowing of the conductance oscillation period
at higher E, seen in Fig. 2(b) is due to the increase in the
number of resonant modes.

To show the impact of those resonances in transport,
we compute the conductance of the entire junction G(w)
using the nonperturbative S-matrix formalism [37-40]. The
resultant conductance as we vary the Fermi energy in the
Gr'-Gr regions is shown in Fig. 4(e) for low excitation
energy. The minimum conductance at £ = 0, marked by
the green dashed line, corresponds to the Fermi level of the
Gr region. The conductance asymmetry between the p*-p
configuration (E < 0) versus p-n configuration (E > 0) of
the Gr'-Gr regions is clearly evident, as also seen in the
experiment.

In summary, we show the appearance of resonances in the
transport properties of BSCCO-graphene junctions due to
two different scattering mechanisms at two interfaces that
form due to charge transfer and superconducting proximity.
The first interface gives rise to Andreev reflection and occurs
between a region of superconducting graphene and a region
of graphene that is doped by charge transfer from BSCCO.
The second interface occurs between the doped region and
the remainder of native graphene and gives rise to Klein
tunneling, which manifests in a conductance asymmetry.
The resonant interference occurs for every two round-trips of
carriers within the doped region. Our results are supported
by the computed momentum-resolved spectral functions and
conductance. Our results have shown unique transport
phenomena in high-temperature superconductor-graphene
junctions that will lead to better understanding of future
devices such as Josephson junctions.
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