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Recent experiments have shown that proximity with high-temperature superconductors induces
unconventional superconducting correlations in graphene. Here we demonstrate that those corre-
lations propagate hundreds of nanometer, allowing for the unique observation of d-wave Andreev
pair interferences in YBazCuszO7-graphene devices that behave as a Fabry-Pérot cavity. The in-
terferences show as a series of pronounced conductance oscillations analogous to those originally
predicted by de Gennes—Saint-James for conventional metal-superconductor junctions. The present
work is pivotal to the study of exotic directional effects expected for nodal superconductivity in

Dirac materials.

The superconducting proximity effect in graphene has
attracted much interest since the pioneering experi-
ments [1]. This roots down to the graphene’s electronic
structure, which strongly affects the underlying mecha-
nisms: Andreev reflection and coherent propagation of
electron-hole pairs [2]. A distinctive feature is the strong
dependence of the proximity behavior on the graphene?s
doping level, which dramatically changes the Andreev re-
flection [3, 4] as compared to metals. Other unique fea-
tures include gate [5] or magnetic-field [6, 7] driven tran-
sitions from bulk to edge transport. Studies on graphene
have also paved the way for understanding the proxim-
ity effect in other Dirac materials, such as topological
insulators [8-11].

Experiments have mostly focused on conventional
low critical temperature (T¢) superconductors with s-
wave pairing. Despite early theoretical studies showing
that d-wave (high-T¢) superconductors should lead to
novel directional effects [12, 13] and exotic pairing [14,
15], evidence for unconventional superconductivity in
graphene has been found only recently [16, 17]. Scan-
ning electron tunneling microscopy (STM) of graphene
on Pry_,Ce,CuO4 (PCCO) revealed a superconduct-
ing gap [16] and spectral features suggesting (p-wave)
superconductivity induced in graphene. Experiments
on YBayCu3zO7 (YBCO) and chemical-vapor-deposited
(CVD) graphene devices by some of us [17] showed trans-
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FIG. 1. Interferences in a proximitized cavity (a) An electron
Andreev-reflected at the SC/cavity interface propagates as
a hole back to the other end, where it is normal-reflected
towards the SC/cavity interface to undergo again Andreev-
reflection (AR). The lower AR is the time reversal process of
the upper one. (b) The electron can also be normal-reflected
at the SC/cavity, travel back to the other cavity interface to
be again normal-reflected. This process results in Fabry-Pérot
resonances.

parent superconductor-graphene interfaces and clear ev-
idence of Andreev reflection. Interestingly, we also found
that the Andreev electron-holes pair transmission can be
modulated by a back-gate voltage, through a mechanism
analogous to the Klein tunneling [18]. However, nei-
ther the STM experiments nor ours on solid-state devices
probed the length scale over which the unconventional
correlations penetrate into graphene.

Here we demonstrate the long-range propagation of



unconventional superconductivity into graphene via the
observation of d-wave Andreev-pair interferences. These
manifests themselves as conductance oscillations in de-
vices that allow confining Andreev pairs within a
graphene “cavity” whose length L is up to a few hundreds
of nanometers. Predicted for proximitized graphene ho-
mojunctions [12, 13], the oscillations are analogous to the
de Gennes—Saint-James [19] and McMillan—-Rowel reso-
nances [20] in the electronic density of states of ultrathin
normal-metals backed by superconductors. Figure 1(a)
displays a cartoon of the underlying mechanism. Elec-
trons injected in the cavity are Andreev-reflected as holes
at the interface with the superconductor, retrace their
path to the opposite cavity’s end where they are normal-
reflected, and travel bain ck towards the superconduc-
tor, where they are again Andreev-reflected (now as elec-
trons). This results in destructive/constructive interfer-
ences dictated by the energy-dependent phase accumu-
lated along the loop. This phenomenon shows up as con-
ductance oscillations as a function of the bias voltage
VBias. Because Andreev pairs stemming from YBCO
have d-wave symmetry, they decay over distances com-
parable to the mean free path I [21, 22|, the observation
of Andreev-pair interferences implies ballistic or quasi-
ballistic transport. Consistently, the Andreev-pair inter-
ferences are accompanied by normal-electron resonances
that result from normal-reflections at the two cavity’s
ends [sketch in Fig. 1(b)] and commensurability between
L and the electrons’ wavelength [18, 23-26]. These dif-
ferent resonances result in oscillations as a function of
both the gate Vi and bias Vpiag, and can be distin-
guished from Andreev-pairs related ones by their distinct
periodicity and voltage regime in which they dominate.
To our knowledge, the concurrent observation of both
resonances had been restricted to junctions between s-
wave superconductors and topological insulators [9, 10],
in which Andreev-pair interferences manifest at very low-
temperatures as a function of the gate voltage Vi; . Here
they can be observed at higher temperatures and show
in a rich series of oscillations as a function of Vgias be-
cause of the high-T¢ and large gap of YBCO (tens of
meV) which, contrary to low-temperature superconduc-
tors [27], may enclose many orders of interference.

The planar devices [Fig. 2(a)] consist of four super-
conducting (SC) c-axis oriented YBCOs0nm /Augnm elec-
trodes disposed within an insulating (INS) YBCO ma-
trix and separated by a gap of length 100 nm< L <
800 nm. As-grown YBCO films showed T¢ ~ 90 K while
Tc ~ 70 K for lithographed devices, indicating mod-
erate deoxygenation during fabrication. The ultrathin
Au interlayer is deposited in situ to preserve the super-
conducting properties and improve the interfacial trans-
parency [17]. The Au interlayer is crucial: none of the
effects reported here could be observed in its absence.
Notice that the Au layer thickness it is one order of mag-
nitude thinner than the mean free path in Au, and conse-
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FIG. 2. Micrograph of a graphene/YBCO superconducting
device. The scale bar is 10 ym. (a) shows a zoom on the
junction: Superconducting electrodes (SC) are connected by
graphene bridges (G) on top of insulating YBCO (INS). The
scale bar is 100 um. (c) Micrograph of a device with the
top gate. (d) Scheme of the graphene homojunction model.
The doping depends on whether graphene lies on insulating
or superconducting YBCO, which results in three graphene
regions A B, C with different Fermi energy. This creates the
cavity where interferences occur. The lower scheme shows the
equivalent electrical circuit. The YBCO-Au-graphene inter-
face, characterized by a barrier strength Z, is measured in
series with the cavity.

quently d-wave correlations expectedly propagate undis-
turbed across it [21, 22]. A single-layer CVD grown [28§]
graphene bridge (G) connects the four electrodes, each
of which terminates in a gold pad [1-4 in Fig. 2(b)] used
for wire-bonding. The transparency of the electrical con-
tact between each SC electrode and the graphene var-
ied largely, even within a single device. Here we report
on effects that arise only at high transparency contacts,
which is often the case for just one out of four contacts
per device. The structure is covered by a 45 nm thick
AlO, layer (gate dielectric) [29]. As reported earlier [30],
with this encapsulation the carrier mobility in the used
CVD graphene reaches up to g ~ 7000 cm? V™ 's™1,
The top-gate is made of Au entirely [Fig. 2(c)] and the
gate capacitance as measured over insulating YBCO is
Cg ~ 5 x 10"e cm™2 V™! (with e the electron charge).
Further details are reported elsewhere [17].

We performed three-probe measurements, with the
current I injected e.g. from 1 to contact 4 and the Viiasg
measured between 1 and 3. Thus we probe the YBCO-
Au-graphene interface in series with the graphene “cav-
ity” formed between the SC electrodes, as sketched in in
Fig. 2(d). The wiring as well as Au/YBCO contact re-
sistances are Ohmic and negligible [17]. The differential
conductance G(Viias) = dI/dVpias is measured using a
Keithley 6221 current source coupled to a Keithley 2182.

Examples of low-temperature (3.2 K) differential con-
ductance measurements are shown in Fig. 3(a), 3(d) and
Fig. 4(a). The differential conductance G(Vprag) shows a
low-bias feature that stands out from the high-bias con-
ductance level. That is either a conductance decrease
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FIG. 3. Conductance versus Vgias for two different devices, B3U (a) and B4U (b) measured at 3.2 K. Vertical lines point out
the series of oscillations, and the horizontal double-headed arrows indicate the periods Vieng (black) and Vinort (red). The shaded
area indicates the width 26 of the superconducting-gap related feature. (b) and (e) show corresponding full-model calculations
of the conductance with the Z and indicated in the legend (c¢) and (f) shows simulations for a proximitized graphene cavity

alone, without finite-Z junction in series.

[Fig. 3(d)] or an enhancement [Fig. 4(a)] within a typ-
ical bias range |Vaiag| < dexp ~ 20 — 70 mV high-
lighted by the grey shade. Those features are reminis-
cent of the conductance decrease/increase observed for
e|VBias| < A in superconducting/normal-metal junc-
tions depending on the interface transparency [31]. How-
ever, here they extend over a bias range dexp that
clearly exceeds the superconducting energy-gap expected
for moderately-underdoped to optimally-doped YBCO,
which is reported in the range Aygco ~ 15—30 meV [32—
35]. Furthermore, details such as the sharp zero-bias
peak observed for some devices (see e.g. B4D and E3D
in the Supplemental Material [36]) are characteristic of
junctions involving d-wave superconductors, and appear
when the d-wave nodes form a certain angle with respect
to the junction interface [33, 37, 38].

In addition to the central features, an oscillation pat-
tern appears in Fig. 3(a) and 3(d), this extends over a
bias range well above dcxp. Indeed, two types of oscilla-
tions exist: the ones with longer period Vigng, predomi-
nant for |Vaiag | > dexp, and the other with shorter Viport
which are more prominent at |Vgias | < Gexp-

Figure 4 show an example of gating effects. Figure 4(a)
displays G(Vgiag) without gate voltage (Vo = 0), and
shows the general features discussed above. Figure 4(b)
is a color plot of a series of G(Vpias) at constant tem-
perature and varying V. The central (red) feature cor-

responds to the zero-bias conductance peak. The con-
ductance is periodically modulated by Vg: a pattern of
oblique lines (light-blue/green) indicates that Vi grad-
ually “shifts" the oscillations observed as a function of
VBias. The oblique lines’ slope gradually varies with Vi,
which results in pronounced curvature over the plot pe-
riphery (low Vg or high |Vgias]).

We discuss now a model that explains the main obser-
vations, namely (i) the increase or decrease of the zero-
bias conductance; (ii) the origin and period of conduc-
tance oscillations. The model is based on the Blonder-
Tinkham-Klapwijk (BTK) formalism [31] extended to
junctions between d-wave superconductors and normal
metals [39] and to proximitized graphene homojunc-
tions [12, 13]. A scheme is shown in Fig. 2(d). First,
we consider the YBCO-Au-graphene interface. Because
the Au thickness (~ 5 nm) is well-below the mean free
path {ay ~ 40 nm [40] and the low-T" coherence length
Eau = vpl/ (6 KT) ~ 30 nm [41], we characterize that in-
terface [black in Fig. 2(d)] via a single Blonder-Tinkham-
Klapwijk barrier-strength parameter Z. If Z = 0, the
transmission between YBCO and graphene is only medi-
ated by the Andreev reflection. By increasing Z, Andreev
reflection turns less dominant, normal reflection is en-
hanced, and transmission is dominated by tunneling. We
model the graphene “channel” where Andreev pairs and
normal electrons propagate, considering three different
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FIG. 4. (a) Conductance versus Vgias for device A5U, mea-
sured at T'= 4 K. (b) Same device conductance (color scale)
as function of bias voltage (horizontal axis) and gate voltage
(vertical axis). (c¢) Full-model calculation of the conductance
with Z and « indicated in the legend. (d) corresponding full-
model calculation of the conductance as a function of bias and
the Fermi energy variation in the cavity.

regions A, B, C. A and C correspond to graphene lying on
superconducting YBCO/Au [yellow in Fig. 2(d)], but we
consider that only contact A has a relatively low Z. The
region B of length L [dark in Fig. 2(d)] lies on insulating
YBCO. Here the Fermi energy Er p is expectedly differ-
ent from Er 4, EFrc as the graphene’s doping depends
on the substrate’s electronic properties [42]. Within this
model, the structure is a graphene homojunction with a
gate-tunable Fermi energy step, as sketched in the upper
Fig. 2(d), and behaves as a resonant cavity for electrons
and Andreev pairs.

The conductance is calculated numerically by consid-
ering the YBCO-Au-graphene interface [33, 39] and the
proximitized graphene homojunction [12, 13] in-series
(see Supplemental Material for details [36]). The in-
put parameters are Z, the reduced Fermi energies ep; =
Ep;/A (withi= A, B, C and A the energy-gap induced
in A by proximity effect), the reduced cavity’s length
A = L/Ap 4 (with the Fermi wavelength Ag 4, chosen
as a reference following the original model [12, 13]), and
« the effective angle between d-wave anti-nodes and the
homojunction interfaces. The key parameters are A and
€r, A : they determine Vigne and Vipore. The parameters o
and Z determine the conductance background shape, and
particularly whether there is a conductance decrease or
enhancement around zero bias. We stress that the sharp
zero-bias peak observed in some devices cannot be repro-
duced by the simulation unless we consider o # 0 (see
Supplemental Material [36] Sec. 7). This is a consequence
of the d-wave symmetry of the correlations propagating
across the different interfaces. The parameters ep g and
er,c only change the oscillations’ phase and amplitude,
but do not affect their period [13]. To choose the sim-

ulation parameters that yield the best agreement with
the experimental curves we proceed as detailed in the
Supplemental Material in Sec. 2-4 [36]. Simulations ex-
amples are shown in Fig. 3(b), 3(e) and Fig. 4(c) for the
experiments in Fig. 3(a), 3(d) and Fig. 4(a), respectively.
The simulations closely reproduce the main experimental
features [further examples and the simulations’ parame-
ters shown in the Supplemental Material [36] in Secs. 5
and 6].

In order to illustrate the different contributions to the
conductance, Figs. 3(c) and 3(f) display the conductance
of a proximitized graphene homojunction [13] alone, i.e.
without a finite-Z junction in series. The same ep;,
A and « as for the full-model calculations are used.
Here the conductance shows a background dependence
on Vpiag very different from the experiments, which ev-
idences that it is strongly influenced by the YBCO-Au-
graphene interface. In particular, the zero-bias “dip"
only emerges if a finite-Z junction is considered. How-
ever, Figs. 3(c) and 3(f) do show the short and long pe-
riod oscillations observed experimentally. This demon-
strates that they originate within the graphene homo-
junction. Notice that the ratio between the short and
long periods is different from that in the experiments
(and full model simulations): in Fig. 3(c) and 3(f), Vihort
is clearly shorter (relative to Viong) than in Fig. 3(a)-
3(b) and 3(d)-3(e). This is because in experiments (and
full-model) Vi1as is divided between the graphene homo-
junction and the YBCO-Au-graphene interface, and the
strongly non-linear conductance leads to a voltage distri-
bution that varies depending on the Vpras. In particular,
for eVeias < A the conductance across the YBCO-Au-
graphene interface decreases (this is more pronounced for
higher Z values) while the homojunction conductance in-
creases [see Figs. 3(c), 3(f)]. Consequently, Viport (0ob-
served for eVpiag < A) appears “stretched” relative to
the Viong (observed for eVerag > A).

The oscillations’ physical meaning can be understood
from Fig. 5. This displays the short (red circles) and
long (black squares) oscillation periods as a function of
the inverse of the cavity length Lgelvice defined upon de-
vices fabrication. Specifically, we plot the period V' = vA
, where A is estimated as discussed in the Supplemental
Material [36] and v is the period obtained from our model
once the contribution of the YBCO-Au-graphene inter-
face has been removed — as in Fig. 3(c) and 3(e) — to
avoid the aforementioned Vgiag division artifacts.

The long-period oscillations follow Vin, 1ong
hvp /2L4evice- This is as expected from the interference
between electrons travelling back and forth from one cav-
ity side to the other after normal reflections [Fig. 1(b)].
This period results [5, 18, 23-25] from the interference
condition 2Lgevicek = 2nm (with n an integer and k the
electron wavevector) and the graphene’s linear disper-
sion, which yields V' = hvpk [43]. These interferences
imply normal-electron coherence over ~ Lgeyice- Their
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length Lgevice. The black and red dashed lines respectively
correspond to the period theoretically expected for electron
(Fabry-Pérot) and Andreev-pair (De Gennes-Saint James) in-
terferences.

amplitude is greater for 100 nm < Lgevice < 300 nm but
drastically diminishes beyond that. This suggests that
the mean free path is above 100 nm but clearly below
1 pm, in agreement with a rough estimate based on the
carrier mobility [44] which yields I < 100 — 260 nm . No-
tice that the scaling of the period with 1/Lgevice rules out
Tomasch resonances [45-47] within YBCO, which should
scale with its thickness and should therefore show the
same period for all devices.

The short period oscillations, clearly visible for V' < A,
follow Vin short = hvp/4Ldevice- This period is expected
from the interference of Andreev pairs [19, 20] — scheme
in Fig. 1(a). In this case the resonance condition reads
2Lgevice|k1 — k2| = 2nm, where k; and ko are the electron
and reflected hole wavevectors, whose difference is estab-
lished by the applied voltage |k; — k2| = 2V/hvp [20].
These resonances imply that the superconducting coher-
ence is preserved over ~ Lgevice-

Our model also explains the gating effects. Figure 4(d)
displays a simulated conductance as a function of bias
and Fermi energy, which reproduces the main experi-
mental features — particularly the pattern of oblique
lines that characterize the conductance modulation by by
Ve [Fig.4(b)]. The correspondence between the y-axis in
simulations and experiments implies that the Fermi en-
ergy (and vector kp) is varied about proportionally to
Ve, in agreement with earlier experiments [17]. Varying
kg produces a periodic modulation of the conductance,
via the resonance condition 2L4evicekr = 2nm, yielding
the oblique lines. Note that the model also reproduces
the slope gradual change, and the pronounced curvature
over the plot’s periphery, which is obtained by including
in the model epp(Va) # era(Va) = erc(Va) to ac-
count for a partial pining of graphene Fermi energy on
conducting YBCO.

In summary, we have realized ballistic planar devices
in which graphene is proximitized by a d-wave cuprate
superconductor. We find that the d-wave correlations

propagate into graphene over hundreds of nanometers at
~ 4 K. The confinement of Andreev pairs and electrons
in graphene homojunctions of submicrometric lateral di-
mensions produces quantum interferences that show as
conductance oscillations. Those involving Andreev pairs,
more prominent below the superconducting gap, are anal-
ogous to the De Gennes-Saint James oscillations. Al-
though difficult to observe in graphene/low-temperature
superconductor devices, here they are very clear due to
the large YBCO gap (tens of mV), which fits many orders
of interference within. The unusual d-wave Andreev-pair
interferences are accompanied by normal-electron ones.
The simultaneous observation of both is rare, and stems
from the fact that the coherence length of d-wave cor-
relations is limited by the mean free path [22]. Thus,
the necessary condition for both types of resonances is
satisfied simultaneously here. Extensions of this study
to graphene with lower intrinsic doping and higher car-
rier mobility should allow exploring specular Andreev
reflection regimes [3] rand Josephson effects. The lat-
ter would also require enhancing the transparency of
the graphene/YBCO interface, possibly by replacing the
Au interlayer, in order to routinely obtain low-Z junc-
tions. Further, perspectives include novel directional ef-
fects [14, 15] linked to the d-wave character of the induced
correlations, which could be exploited in more sophisti-
cated devices to realize topological states [48]. This work
should also further encourage studies in which graphene
is replaced by other 2D materials with intrinsically inter-
esting proximity behavior [49, 50|, eventually combined
with exfoliated d-wave superconductors [51].
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I. THEORETICAL MODEL

We reproduce the experimental device conductance via numerical simulations based on combination of the models of
Refs. [1] and [2]. The model of Ref. [1] applies to a graphene homojunction proximitized by a d-wave superconductor.
The junction is divided into three different sections A, B, C connected in series. Each of them has a different Fermi
energy and together form an energy quantum well which is tuneable upon application of a gate voltage (in the case
studied here, we assume that the different gate capacitance on insulating and metallic YBCO lead to different gating
effects in A, C and B). In order to allow for Andreev reflection at the A/B interface, the model [1] assumes that
the electronic density of states in region A presents a superconducting energy-gap. The homostructure conductance
is obtained by matching the electronic wave functions in the A/B and C/B interfaces. Given the transmission
T = (1 — |r[?) and reflection R = |r4|? coefficient, the full expressions for 7 and 74 are cumbersome and can be found

in the appendix of Ref. [3]. The conductance across the A/B/C structure is given by:

G1 (V) = / 46 (1 — [r[?) cos (6) + [ral? cos (6) (SE1)
2
With 04 = arcsin [(eV1 + Ef) / (V4 — Ey)sin ()] and 6 the electron angle of incidence with respect to the interfaces.
Both r and r4 and thus the conductance G1(V;) depend on the following parameters: the reduced channel length
A = L/Apa (with Ap 4 the Fermi wavelength in A), the reduced graphene Fermi energy in the different regions
(eri = Ep;/A, with i=A, B, C) and A the amplitude of the superconducting energy-gap, and the angle between the
d-wave nodes of the superconducting order parameter and the interface a. The model makes a full wave matching
calculation such that effects coming from different angles of incidence after several reflections are taken into account.
As discussed in the manuscript, this first block of the model explains the conductance oscillations as a function of
gate and bias voltage. It is important to notice that the above result applies to electrons that propagate ballistically

within the B-region.

The second block of the model takes into account the finite transmission of the YBCO/Au/graphene interface that

is model as a d-wave/metal interface as studied in Refs. [2] and [4]. Specifically, the conductance is given by:

z &0 16 (1+ T4 %) cos(0)* + 422 (1— 04T cos(6)?
_z [4cos(0)” + 22 (1 —T,T_) 2

Ga (V2) = , (SE2)

where I'y = (eVa/|A(0+)]) — /(eVa/|[A(01)]) —1and 04 =0, - =7 — 0 . While A(f) = Acos[2(f — a)] and a is
the angle between the superconducting order parameter and the interface. The conductance G5 (V2) thus depends on
the parameters o and on the BTK barrier strength Z. As discussed in the main text this block of the model leads to
a proper description of the background conductance vs. the voltage bias.

Using I = [ G(V)dV we obtain Gy (I) and G (I) and from these, we calculate the conductance when the two

building blocks are connected in-series:

(SE3)

Finally, using V = [ ﬁdl, we obtain G (V).



II. SIMULATION PROCEDURE

In order to reproduce the experimental curves via simulations, we typically follow the procedure illustrated below.
Blue curves are experimental data and orange curves correspond to the simulations. The examples in the following is
is based on device A3D.

We first find Z and « that allow mimicking the conductance background. These parameters respectively characterize
the YBCO/Au-graphene interface and the d-wave nature of the superconducting correlations.

Let us first assume that the normalized cavity length A — 0 (so that there are no visible oscillations), fix o = 0
and vary Z, the results are presented in the various panels of Fig. S1. We see that one needs relatively large Z = 2
to better reproduce the V-shaped “dip” around zero bias.

Now we explore the effect of varying « in Figs. S2 and S3. With these examples, one quickly realizes that it is not
possible to use a # 0 in the present case, regardless of the choice of Z, because a # 0 yields to a sharp zero/bias

conductance peak that is absent for this particular device.
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FIG. S1. Differential conductance experimental (blue) and theoretical (orange) as a function of the bias for A — 0, @ = 0 and

various values of the Z parameter: Z = 0 (top left), Z = 0.5 (top right), Z = 1 (bottom left) and Z = 2 (bottom right).

Considering the above, we would fix Z = 2 and a = 0 for the A3D device.

Now we look for A and ep 4 that yield oscillations of the same reduced period AV/d as in the experiments. We
show in Figs. S4 and S5 some examples that illustrate how these parameters influence the oscillations period. First,
we show examples with fixed ep 4 and varying A (the red vertical lines mark minima in the experimental curve,
allowing for a reference of experimental high-bias period): We see that increasing the cavity length A diminishes the
oscillations period, as one would naturally expect. As shown in the Figs. S4 and S5, if one fixes A and varies e 4
the period is also modified, which is also expected. Indeed, from the definition of the parameters and the graphene’s
linear dispersion relation [3], the oscillations period is the same for any constant A/er 4. Note however that the choice

of €r 4 is not entirely free because this parameter modifies may introduce an asymmetry in the curve. Globally the
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best agreement is found for the combination e 4 = 20, A = 10.

Finally, ep p and erc are adjusted in order to modulate the oscillations amplitude. As shown earlier for this
model [3], the two latter parameters have no impact on the oscillations period, only on their amplitude and phase. This

is because the Fermi velocity mismatch modifies the transmission/reflection across the interface. This is illustrated
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in Figs. S6 and S7 where all the other parameters are kept constant at the optimum values deduced above.
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III. VARIABILITY OF THE FITTING PARAMETERS

In order to further illustrate the effect and variability of the key simulation parameters, we include below examples

that show their impact on the simulations.

First examples: device, A5U. Best agreement simulation/experiment for e 4 = 14 , Z = 0.25, oo = 0.39, cf Fig. S8.
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FIG. S8. Device A5U: Differential conductance experimental (blue) and theoretical (orange) as a function of the bias for

era =14, Z =0.25, o = 0.39.

Second example: device B3U. Best agreement for, ep 4 =20, Z =1, a = 0.008, cf. Fig. S10.

From the these examples, one can see that the parameters can be typically varied Z £ 0.25, a £ 0.1 and ep 4 =1

before a significant change is observable in the simulations.
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Z =0.25, @ = 0.53 (bottom right).
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IV. QUANTITATIVE EVALUATION OF THE SIMULATION PARAMETERS

The simulations are based on dimensionless parameters whose values for each device are given in a table below. It
is very important that their consistency can be quantitatively evaluated using fundamental relations and the actual
device dimensions. As explained, above the two parameters that determine the oscillations period are A are ep 4.
Specifically, what defines the oscillations period is the ratio A/ep 4.

If we take the definition of the parameters A = L/Ap 4 and epa = Epa/A, and we consider the dispersion
relationship in graphene Ep = vpkp = hvp/Ap (with kp and vy = 10% m - s~! the Fermi vector and velocity, and h
the Planck constant), it is straightforward to find the following expression for the superconducting gap A:

A= (A) hvpL™* (SE4)
€F,A

Equation (SE4) allows evaluating the simulations parameters quantitatively. If we input in Eq. (SE4) the actual
graphene cavity length in the studied devices Lgeyice (distance between YBCO electrodes defined lithographically)
and the used ﬁ, we obtain a value for superconducting gap, which is similar for most of the devices varies between
15 meV and 20 fneV. This is well within the values expected for the same YBCO films when moderately underdoped [5]
and materials in proximity with YBCO [6].

That a strong proof of the consistency of the analysis, from the quantitative point of view.

V. TABLE OF SIMULATION PARAMETERS

Device | Lgevice Input parameters A
from Eq. SE4

nm Z a A €F,A €Fr,B |€F,C meV
A3D 100 2 0 10 20 400 |17.5 20.7
A3U 100 2 0 38 40 42.5 |15.5 39.3
A5U 150 0.25 0.39 10 14 150 9.5 19.7
B3U 300 1 0.008 25 20 150 |11.5 17.2
B4U 300 2 0 21 20 400 15 14.4
B4D 300 2.5 0.39 13 20 400 10 8.9
E3D 800 2.5 0.15 80 25 80 20 16.5

TABLE I. List of the fitting parameters for the devices analyzed.

VI. SIMULATION VS. EXPERIMENT FOR THE SET OF DEVICES

We present in the following the comparison between the experimental curves measured at 3.2 K (in blue) and the

numerical simulation (in orange) based on the model detailed above.
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TABLE II. Comparison between the experimental curves measured at 3.2 K (in blue) and the numerical simulation (in orange)

based on the model detailed above for all the devices analyzed.
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VII. INDUCED SUPERCONDUCTING CORRELATIONS: d-WAVE VERSUS S-WAVE

In principle and accordingly to [7], we do not expect the Au layer to significantly disturb the d-wave pairing, because
it is one order-of-magnitude thinner than the mean free path in this material.

In our experiments, the key evidence for the propagation of the d-wave correlations into graphene is the observation
of spectral features that cannot be explained based on s-wave superconductivity. In particular, the sharp zero-bias
peak in some others [Fig. 3(a) in the main text and devices E3D and B4D] are characteristic of d-wave junctions
cannot be reproduced by the theoretical calculations unless one considers d-wave correlations in the proximitzed

graphene homojunction.

W
n
T

Conductance (mS)
P

g
[
T

—100 =55 _ 0 50 100
Bias (mV)

FIG. S12. Device B4D: Differential conductance experimental (blue) and theoretical (orange) as a function of the bias for

Z =25, a=0.39.

This is illustrated by the example shown in Fig. S12, which corresponds to device B4D. The best agreement between
theory and experiment is obtained with a barrier strength Z = 2.5 and an effective angle between d-wave nodes and
junction interfaces a = 0.39.

In Fig. S13, we show simulations based on s-wave superconductivity both at the YBCO/Au-graphene interface
and across the proximitized graphene homojunction. One can see that this assumption does not allow reproducing
the experimental behaviour, particularly the sharp zero-bias conductance peak, even if the barrier strength Z is
diminished to zero. Notice also that if the barrier strength Z is finite, a “dip” emerges around zero bias where s-wave
quasiparticle tunnelling is strongly supressed. This is just opposite to the behaviour observed in the experiments.

Finally, we show in Fig. S14 simulations which consider d-wave superconductivity in the YBCO/Au-graphene
interface and s-wave superconducting correlations across the graphene homojunction. One can see that under this
assumption one cannot reproduce the behaviours observed experimentally.

The next example corresponds to device A5U, results in Fig. S15. We assume s-wave correlations across ev-
ery junction interface. Again, the zero-bias conductance peak cannot be reproduced by considering only s-wave
correlations-wave propagating the junction interfaces.

If we consider d-wave correlation only for the YBCO/Au-graphene interface and s-wave correlations across the
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FIG. S13. Differential conductance experimental (blue) and theoretical (0.39) as a function of the bias for different sets of

fitting parameters for the device B4D assuming a s-wave proximization: Z =1 (top left), Z = 0.5 (top right), Z = 1 (bottom

left), Z = 2 (bottom right).

w
in

w
o
T

Conductance (mS)

1.5

w
W
T

w
o
T

N
=]
T

15

Conductance (mS)

h L N . {
100 50 0 50 100
Bias (mV)

—160 =55 - 0 36 100
Bias (mV)

w
n
T

w
=)
T

~
=)
T

Conductance (mS)
u

— 50 100
Bias (mV)

Conductance (mS)

5 N M
-100 =50

g 5 T00
Bias (mV)

FIG. S14. Differential conductance experimental (blue) and theoretical (0.39) as a function of the bias for different sets of

fitting parameters for the device B4D assuming a d-wave proximization: Z =1 (top left), Z = 0.5 (top right), Z = 1 (bottom

left), Z = 2 (bottom right).

homojunctions, the simulations do not allow reproducing the zero bias sharp zero bias conductance peak either,

regardless of the barrier strength Z, see Fig. S16.

In summary, the experimental findings are well explained when it is assumed that d-wave superconducting correla-
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tions propagate into the graphene homojunction, and exclude the s-wave pairing component.

Notice finally that the effective angle between the d-wave nodes and the junction interfaces changes randomly from

device to device, which implies that it is not fixed by the device geometry. This suggests that the the contact between
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the graphene and the superconducting electrodes might be inhomoegeneous and occur at edges of the SC electrodes
or at exposed a-axis facets in the YBCO surface [6]. Local probes such as Scaning Tunneling microscopy would be

necessary to investigate this question.
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