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We report on Andreev reflections at clean NbSe2-bilayer graphene junctions. The high transparency of the
junction, which manifests as a large conductance enhancement of up to 1.8, enables us to see clear evidence
of a proximity-induced superconducting gap in bilayer graphene and two Andreev reflections through a vertical
NbSe2-graphene and a lateral graphene-graphene junction, respectively. Quantum transport simulations capture
the complexity of the experimental data and illuminate the impact of various microscopic parameters on the
transmission of the junction. Our work establishes the practice and understanding of an all-van-der-Waals, high-
performance superconducting junction. The realization of a highly transparent proximized graphene-graphene
junction opens up possibilities to engineer emergent quantum phenomena.
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I. INTRODUCTION

The proximity effect has been a central subject of super-
conductivity research for decades. Superconductivity corre-
lation is introduced to the normal side of a superconduc-
tor (S)-normal metal (N) junction through a process known
as the Andreev reflection (AR), where an incident electron
is reflected back as a hole [1–3]. Current condensed mat-
ter research exploits the superconducting proximity effect
to engineer exotic interfacial quantum phenomena such as
topological superconductivity, for which a highly transparent
S-N junction is critically important [4,5]. The ever expanding
family of van der Waals metals, superconductors, topologi-
cal insulators, and ferromagnets [6–12] makes a compelling
case to explore the proximity effect in van der Waals S-N
junctions, where advanced transfer techniques can produce
sharp and clean interfaces. Graphene exhibits the proximity
effect with a number of superconductors including a van der
Waals superconductor NbSe2 [13–27]. The specular Andreev
reflection, which is unique to gapless materials, was observed
[21,22,24]. Micrometer-scale transport of supercurrent has
been reported in highly transparent Josephson junctions us-
ing conventional superconductors, such as MoRe [13–20].
However, prior NbSe2-graphene junctions were considerably
less transparent [21,22,25]. Improving on the quality of two-
dimensional (2D)-2D S-N junctions and understanding the
AR process in this unconventional geometry are essential
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steps to realize the potential of the van der Waals platform
in illuminating fundamental quantum phenomena occurring
at interfaces.

In a 2D-2D S-N junction, the “interface” is an area where
the S and N materials overlap and carriers tunnel in between.
The normal component is often a semimetal or semiconductor
with a gate-tunable carrier density, the magnitude and spatial
distribution of which near the junction is expected to affect
the AR process. The density-dependent carrier mean free path
of the normal component plays a key role in establishing
the superconductivity correlation [17,18,20]. In a 2D-2D S-N
junction, the characteristic length scales of the carrier density
profile, the mean free path, and the device dimensions can all
become comparable. A microscopic understanding of the AR
process in such a system requires realistic modeling beyond
the Blonder-Tinkham-Klapwijk (BTK) model established in
traditional 3D metal S-N junctions [1,21,22,25].

In this article, we present electrical transport studies of ul-
tratransparent NbSe2-bilayer graphene (BLG) S-N junctions,
where the zero-bias differential conductance is enhanced by
a factor of 1.8 due to ballistic AR. We report evidence of
a proximity-induced superconducting gap in the BLG region
directly bonded to the NbSe2 and two AR processes occurring
respectively at the vertical NbSe2−BLG junction and the
lateral proximitized BLG–normal BLG junction. Quantum
transport simulations provide an excellent description of data
and a microscopic understanding of the impact of the various
parameters of the junction on the proximity effect.

II. EXPERIMENTAL DETAILS

Our NbSe2−BLG junctions are made by dry van der Waals
transfer methods and encapsulated in hexagonal boron nitride
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FIG. 1. (a) An optical micrograph of device 04. NbSe2 only, BLG/NbSe2 and BLG only regions are labeled in the image. The dashed black
line outlines the BLG sheet. L1 ≈ 300 nm marks the distance between the NbSe2−BLG interface and the voltage probe. (b) A schematic side
view of device 04. The differential junction resistance Rns (Idc), i.e., dVac/dIac, is measured by passing a dc and a perturbative ac current from
electrodes 4 to 1 and measuring the ac voltage between electrodes 11 and 3. Here the four-probe, current bias mode is chosen to avoid including
the contact resistances, which far exceed the small Rns in our devices. (c) Sheet conductance of the BLG region vs silicon gate voltage Vg in
device 02 (blue trace) and device 04 (red trace). T = 1.6K. (d) Zero-bias Rns (Vg) in devices 02 and 04 at T = 1.6 and 8 K as labeled.

(h-BN) sheets [28,29] (See Appendix A). The NbSe2−BLG
interface is free of polymer contaminant and the two sheets
bond strongly during the transfer process. These are crucial
elements to achieving a highly transparent S-N interface de-
scribed below. In stacking order, the BLG is above/below the
NbSe2, respectively, in device 04/02. Figures 1(a) and 1(b)
show an optical image and side-view schematic of device 04.
Figure 5 shows similar depictions of device 02.

Transport measurements were carried out in a pumped He4

cryostat at temperature T = 1.6K unless otherwise noted.
As shown in Fig. 1(b), we apply a variable dc current Idc
together with a small ac current δIac (200 nA, 17Hz) through
the entire device from the NbSe2 side (electrode 4) to the
BLG side (electrode 1), and measure the differential resistance
R ≡ dVac/dIac as a function of Idc using a lockin between dif-
ferent voltage probes. R11,3 denotes the differential resistance
measured between electrodes 11 and 3 across the junction,
which we call Rns. In the courses of the analysis, we found
that plots of Rns vs Idc are most instructive. The conventional
dI/dV vs Vdc plot Gns (Vdc) is computed from the measured
Rns (Idc) data through integration then differentiation. Results
on device 04 are shown in Fig. 7 to show their relations and
facilitate comparison to other systems. NbSe2 sheets used
in this study (∼15-nm-thick in device 04 and ∼10-nm-thick
in device 02) exhibit the superconducting behavior similar
to that of bulk NbSe2 [30] with a critical temperature Tc
of 7.0 K (see Fig. 5). Figure 1(c) plots the back-gate Vg-
dependent sheet conductance σs (Vg) on the BLG side of

both devices 04 and 02. In device 04, the carrier Hall mobility
at Vg = ±40V is μHall = 28 000 and 32 000 cm2/Vs, which
corresponds to mean free path lmfp = h̄μ

√
πn/e = 780 and

930 nm, respectively. Device 02 has a comparable quality.
In both devices lmfp is a few times larger than the distance
between the voltage probe and the NbSe2−BLG interface L1
marked in Fig. 1(b). This ensures that an Andreev reflected
hole can travel ballistically to the voltage probe before being
scattered.

Figure 1(d) compares junction differential resistance Rns

(Vg) in the superconducting (T = 1.6K, darker traces) and
normal state (T = 8K, lighter traces) of the NbSe2 in both
devices. Here Idc = 0. Device 04 exhibits pronounced e − h
asymmetry. This is not surprising as charge transfer from
NbSe2 [18,20] pins the left side of the BLG in the hole regime
and a p-n/ p-p junction forms when Vg is positive/negative.
The asymmetry is much smaller in device 02 as Vg dopes
both sides; the difference arises from the opposite stacking
order of the NbSe2 and BLG sheets. In the normal state, Rns

drops rapidly with increasing doping and reaches 21 �/18
�, respectively, in device 04/02 at Vg = −40V. This low
Rns is on par with the best elemental metal superconductor-
graphene junction resistance reported in the literature [20]
and much smaller than the hundreds to thousands of � ob-
tained in previous NbSe2-graphene junctions [21,22,25]. The
high interface transparency is key to our observation of the
proximity-induced gap in the BLG and the second AR at the
proximitized BLG-normal BLG lateral junction.
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FIG. 2. Rns (Idc) for Vg = +40V (a) and −40 V (b) at selected temperatures as labeled in the plots. Red circles in (a) mark the onset of the
sharp resistance spike for the 1.6 K trace. (c) Normalized Gns (Idc) at Vg = −40V using data in (b). The top axis plots the voltage drop across
the junction, obtained through integration. Blue triangles and green diamonds mark the onset of the dome and zero-bias peak, respectively,
for the 1.6 K trace. (d) T-dependent Idc’s of the circles, triangles and diamonds marked in (a) and (c), averaged between positive and negative

onsets and normalized to their 1.6 K value. Black curve is a fit to the BCS gap model: Idc ∝ tanh(1.74
√

TC
T − 1), where TC = 6.8K. From

device 04.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) plot Rns (Idc) in device 04 at fixed
Vg = +40V (electron) and −40 V (hole), respectively, for a
set of temperatures ranging from 1.6 to 8 K. Rns (T) in the
central Idc region of approximately −60μA < Idc < 60μA
starts to deviate significantly from its normal state values
below the Tc of NbSe2. Outside this region and up to a few
hundred μA, Rns(1.6K) ≈ Rns(8K) apart from a few small
resistance spikes that suggest local heating hot spots in the
NbSe2 sheet [14] (See Appendix B for details). In the bias
range of 60μA > |Idc| > 20μA, both electron and hole data
show increasing reduction of Rns with decreasing T. The
reduction of Rns is similar in magnitude despite their very
different normal state resistances. At lower current biases,
sharp resistance spikes develop in the electron regime [onset
marked by open circles in Fig. 2(a)], while a curvature change
appears at similar Idc’s on the hole side but Rns continues to
decrease [Fig. 2(b)].

Figure 2(c) shows the normalized conductance Gns(T ) =
Rns(8K)/Rns(T ) vs Idc for the hole data in Fig. 2(b). The

normalized Gns (T) vs Vdc conventional plots are nearly iden-
tical in shape (Fig. 7). Gns exhibits a pronounced “dome
plus peak” structure, with the onset of the dome (marked
by triangles) occurring at Idc ∼ ±63.5μA (Vdc ∼ 1.2meV),
which agrees very well with the superconducting gap �0 =
1.2meV in NbSe2 [31]. The innerGns peak onsets at ∼ 20μA
marked by the diamonds and reaches 1.75 times the normal
state value at Idc = 0. In a similar bias range marked by
the circles in Fig. 2(a), the electron resistance/conductance
data exhibits pronounced peaks/dips [Fig. 7(e)]. We track
the temperature dependence of the triangles, diamonds, and
circles and plot all three in Fig. 2(d). A fit to the T dependence
of a Bardeen-Cooper-Schrieffer (BCS) superconducting gap

�(T ) ∝ tanh(1.74
√

Tc
T − 1) [32] with Tc = 6.8K [solid black

line in Fig. 2(d)] describes all three symbols very well. This
analysis suggests that all three thresholds are related to the
superconducting gap �0 in NbSe2 and are thus proximity-
induced in origin, as opposed to coming from an intrinsic
second gap in NbSe2 [25,33–35]. The circles and diamonds
correspond to energies of 0.2�0 and 0.3�0, respectively.
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FIG. 3. (a) Illustrations of the two gaps and two AR processes in our NbSe2−BLG junction. �0 is the superconductor gap of NbSe2.
�BLG is the proximity-induced gap in the BLG region in direct contact with the NbSe2 sheet. In device 04, the BLG is above the NbSe2. (b)
COMOSOL simulated carrier density profile n (x). (c) The three-region model and the profile of the chemical potential μ in BLG used in our
simulations. t is the in-plane nearest neighbor hopping energy in graphene. (d) Simulated two-terminal conductance G (E) at selected LII values
from 20a to 100a in 20a steps for both electron (μ = 0.4t , left panel) and hole (μ = −0.4t , right panel) doping. Curves are vertically shifted
by 10 units for clarity. Parameters used are �0 = 0.05t , kBT = 0.04�0. �BLG = 0.2�0. (e) G (E) obtained by averaging the curves in (e).

A 100% efficient AR converts all incident electrons to
holes and thus increases the junction conductance twofold [3].
In real materials, significant enhancement of conductance is
only seen in highly transparent [36,37] or highly disordered
[38] S-N junctions. In past graphene S-N junctions, the excess
conductance is typically only a few percent [21,22,25]. Here,
the zero-bias conductance enhancement factor of 1.75 is quite
remarkable and together with a very small Rns, confirms
the highly transparent interface we achieved. It is only in
these clean devices that a proximity-induced gap �1 ∼ 0.2 −
0.3�0 is revealed. As illustrated in Fig. 3(a), we hypothesize
that �1 = �BLG represents a proximity-induced gap of the
BLG region in direct contact with the NbSe2. In this scenario,

for electrons and holes in the energy range of �0 > |E | >

�BLG, this BLG region is normal and AR occurs at the
vertical NbSe2−BLG interface. This gives rise to resistance
reductions that are approximately independent of Vg in device
04 because the BLG/NbSe2 region is not affected by the
back-gate. This is indeed what our data in Figs. 2(a) and
2(b) showed. A lateral superconducting-normal BLG junction
emerges for carriers of energy 0 < |E | < �BLG. This lateral
junction is accompanied by a carrier density change, as illus-
trated in Fig. 3(b) for Vg = ±40V (see Fig. 9 for COMSOL
simulations). The presence of a p-n junction at positive Vg in-
creases the normal backscattering amplitude for electrons and
suppresses AR. A p-p′ junction, which is much more transpar-
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ent, forms at negativeVg and promotes AR. ThisVg-dependent
carrier density profile can thus account for the e − h contrast-
ing peak/dip seen in the low bias range of Rns in Figs. 2(a)
and 2(b).

A comprehensive quantum transport simulation enables us
to confirm the above physical picture and obtain microscopic
insights of the two ARs in this 2D-2D S-N junction. Our
simplified two-Andreev model illustrated in Fig. 3(c) consists
of three regions NbSe2 (I, �0), proximitized BLG (II, �BLG),
and normal BLG (III), which are connected by two scattering
interfaces A and B. Our simulations show that the presence
of the proximity-induced �BLG and the formation of a p-p
or p-n junction at the NbSe2−BLG interface are essential
for the appearance of an inner conductance peak/dip for
hole/electron carriers in experiments. These features remain
robust over a wide range of parameters and scenarios tested
in the calculations (Appendix F) with no artificial barriers
or reflection coefficient added. Briefly, interface A represents
the vertical tunnel junction between NbSe2 and BLG with a
linear gap variation over a small representative width LA =
x1 − x0 = 5a, where a is the lattice constant of graphene. The
barrier strength at interface A is set to zero in the calculation,
reflecting the highly transparent NbSe2−BLG interface. In a

real device tunneling can occur at a variable distance from the
physical NbSe2−BLG boundary. This is modeled by vary-
ing the width of region II, LII = x2 − x1 in our calculations
(Fig. 12). Interface B represents the lateral superconducting-
normal BLG junction with a representative width of LB =
x3 − x2 = 20a. �BLG (x) decays linearly within LB. To model
device 04, we set the chemical potential in BLG μ (x) is a
constant in regions I and II and takes on different values in
region III depending on the doping level. For simplicity, we
have chosen μ (x) and �BLG (x) to have the same functional
form in Fig. 3(c). Our simulations (Fig. 12) show that the
underlying physics is not sensitive to the specific choices
shown here as long as �BLG (x) varies smoothly and μ (x)
varies over the same region or extends further into the normal
BLG region, which are likely the case in real devices.

We numerically compute the two-terminal conductance of
the junction G using a generalized Landauer-Büttiker for-
malism implemented in the KWANT program [39] (See Ap-
pendix F). Many microscopic scenarios are explored and the
details are given in Secs. 2–5 of Appendix F. Here Fig. 3(d)
plots an example of G (E) for electron (left panel) and hole
(right panel) doping regime, respectively, for different LII’s
ranging from 20a to 100a. It is clear that the main features of

FIG. 4. Normalized Gns (Idc) in device 04 (a) and 02 (b) at selected Vg’s as labeled in the plots. Curves in (a) are vertically shifted by 0.1
(upper panel) and 0.2 (lower panel) for clarity except for the bottom curve. Curves in (b) are plotted as is. From top to bottom: Vg changes
from +40 V to +10 V (upper panel), and from −40 V to −10 V (lower panel) in step of 1 V. Upper and lower panels in each figure share the
same y scale. Red and black dashed lines are guide to the eye showing the positions of �0 and �BLG, respectively. The schematics illustrate the
different gating situations in devices 04 and 02. T = 1.6K. (c) Temperature dependence of the zero-bias Gns in device 02. From top to bottom:
Vg = −40, −30, −20 and −10 V.
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the data, i.e., enhanced G (E) inside ±�0 and the contrasting
behavior of electrons and holes at E < �BLG are repro-
duced by the calculation. Simulations of the electron regime
show conductance oscillations correlated with the length of
LII. They are Fabry-Perot interference effects resulting from
Andreev reflections at interface A and normal reflections at
interface B (see Fig. 12). No such oscillation is seen in the
hole regime, where interface B is much more transparent.
These oscillations also did not appear in measurements since
LII varies in real devices. To mimic experiment, we have
averaged G (E) of the curves shown in Fig. 3(d) and plotted
the results in Fig. 3(e). Figure 3(e) reproduces very well the
important features of our data. Notably, no disorder scatter-
ing is included in our simulations, thus the good agreement
between theory and experiment verifies the ballistic transport
nature of our NbSe2−BLG junction.

Measurements in a second device 02, and the Vg and T
dependence of the normalized Gns further support the two-AR
junction model we established. Figures 4(a) and 4(b) compare
the normalized Gns (Idc) in both devices at selected Vg’s in
the electron (top panels) and hole (bottom panels) doping
regimes, where we have marked the trend lines of �0 and
�BLG. Similar to device 04, Gns in device 02 is enhanced by
the onset of superconductivity—a full set of T-dependent data
extending the current range to �0 are given in Fig. 8—and
exhibits carrier-specific behaviors at |E | < �BLG as Fig. 4(b)
shows. The different gating situations have also led to some
important differences in the two devices. Device 02 exhibits
a weaker electron-hole asymmetry in both the normal and
superconducting state of Rns because the back-gate acts on
both sides of the BLG. Also, unlike device 04, the Gns (Idc)
of device 02 develops a small zero-bias dip at T < 4 K even
for hole carriers [Fig. 4(b) bottom panel], which suggests the
presence of a small barrier at the lateral BLG-BLG junction.
We suspect that a stacking-induced curvature of the BLG sheet
as shown in the diagram above the graph might play a role. Fi-
nally, we show in Fig. 4(c) the temperature dependence of the
normalized junction conductance Gns (T, Idc = 0) in device
02. Gns (T, Idc = 0) rises sharply at T < Tc and reaches values
as high as 1.8 before decreasing slightly at low temperatures.
Its behavior agrees well with the T dependence of Andreev
reflections reported in the literature [37].

IV. CONCLUSIONS

In conclusion, we have fabricated and studied very trans-
parent NbSe2−BLG S-N junctions, where ballistic Andreev
reflections give rise to a conductance enhancement of up to
1.8 in the superconducting state of our devices. Experiment
and theory show that the transmission across the junction
undergoes two different Andreev reflections at low and high
energies. These insights, only revealed in our high-quality
devices, are expected to be also relevant to other types of van
der Waals superconducting devices. The attainment of an ul-
tratransparent lateral S-N junction within the same BLG sheet
offers a pathway to construct high-quality superconducting
devices.

Note added: While our manuscript was under review, we
became aware of a related study by Moriya et al. on NbSe2-

graphene junctions, which also concluded on the occurrence
of two Andreev reflection processes in their devices [40].
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APPENDIX A: DEVICE FABRICATION PROCEDURE
AND CHARACTERISTICS

Our hBN encapsulated NbSe2−BLG junctions are made
by dry van der Waals transfer using a polypropylene carbonate
(PPC) stamp. The majority of the process follows the estab-
lished practice of stacking hBN and graphene [28,41]. Here,
NbSe2 flakes are exfoliated onto a SiO2 wafer and picked up
right away by an hBN flake (device 02) or an hBN/BLG stack
(device 04). We put a portion of the NbSe2 flake in contact
with the PPC film to help lift it from the SiO2 surface. After
making contact, the PPC stamp is quickly lifted at a speed of
14 µm/s and around a temperature of 46 °C in the ambient. We
etch the top hBN layer to expose the side or the top surface
of the BLG or NbSe2 flake to make Cr/Au contacts [28,41].
Figure 1(a) and Fig. 5(a) show the optical images of finished
device 04 and 02, respectively.

APPENDIX B: ADDITIONAL RESISTANCE SPIKES DUE
TO LOCAL HEATING EFFECT

Please see Fig. 6.

APPENDIX C: COMPARISON OF DATA IN FORMATS OF
Gns or Rns vs Idc orVdc

Please see Fig. 7.

APPENDIX D: ADDITIONAL DATA ON DEVICE 02

Please see Fig. 8.

APPENDIX E: COMSOL SIMULATION OF CARRIER
DENSITY PROFILE

Please see Fig. 9.

195405-6



SUPERCONDUCTING PROXIMITY EFFECT IN A … PHYSICAL REVIEW B 101, 195405 (2020)

FIG. 5. (a) An optical micrograph of device 02. NbSe2/BLG and BLG only regions are labeled in the image. The dashed black line outlines
the NbSe2 flake. (b) A schematic side view of device 02. L1 ≈ 300 nm marks the distance between the NbSe2−BLG interface and the voltage
probe, which is ∼ 450 nm in device 02. (c) and (d) plot temperature-dependent resistance measured on the NbSe2/BLG side of both devices.
Ra−b,c−d denotes four-terminal measurement using current flow from electrodes a to b and measuring voltage between electrodes c and d .
TC = 7.0K in both measurements.

FIG. 6. A false color mapping of the normalized conductance Gns = Rns(8K)/Rns(1.6K) vs Idc and the back-gate voltage Vg in the hole
(a) and electron (b) doped regime in a large span of Idc. From device 04. Here Rns is measured between electrodes 11 and 3 in Fig. 1.
Additional conductance dips (blue lines) are seen outside −60μA < Idc < 60μA. In measurements taken entirely on the BLG side, e.g.
between electrodes 3 and 2 in Fig. 1, these conductance dips disappear while AR features inside the range −60μA < Idc < 60μA continue
to manifest weakly thanks to the long ballistic length of our devices. These observations suggest that the conductance dips at large current are
due to the loss of superconductivity in the NbSe2 sheet at local hot spots generated by current heating. They vanish in resistance measurements
taken on the BLG, e.g., between electrodes 3 and 2 in Fig. 1 whereas features inside the range −60μA < Idc < 60μA are due to AR processes.
They continue to manifest in resistance measurements between electrodes 3 and 2 thanks to the long ballistic length of our devices.
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FIG. 7. (a) plots the differential resistance Rns (Idc) in device 04 at selected temperatures as labeled in the plot. This is what we measured
between electrodes 11 and 3. (b) plots the differential conductance Gns vs Vdc. Vdc is computed by integrating measurements in (a). On the
positive bias side, contributions to Vdc from the nonlinear Rns (Idc) background at 8 K is subtracted. The subtraction is about 0.2 mV at
Idc = 50μA, for example. (c) and (d) are normalized Gns vs Idc or Vdc, respectively. Comparing these plots, we see that all features of data are
represented well on each plot and a threshold dc bias current of 60 µA × a normal state resistance of 20� = 1.2meV yields the expected
gap � of NbSe2. This indicates that all the dc voltage measured between 11 and 3 drops across the S-N junction. (e) plots the normalized Gns

vs Idc at Vg = −40V (top panel) and + 40 V bottom panel). The conductance enhancement onsets at the same dc bias current in both. This
suggests that the NbSe2/BLG junction resistance is similar in both p- and n-doped regimes. The additional ∼50 � resistance in the n-doped
regime comes from the p-n junction. In this case, converting Idc to Vdc would not capture the superconducting gap of NbSe2 correctly. We have
thus opted to plot data against Idc directly and further, use Rns instead of Gns to establish connections between the electron and hole regimes in
Fig. 2.

APPENDIX F: QUANTUM TRANSPORT MODEL

1. Model Hamiltonian and numerical methods

We model BLG with a tight-binding Hamiltonian,

H0 = −t
∑

〈i, j〉,m
(a†m,ibm, j + H.c.) − t⊥

∑
i

(a†1,ib2,i + H.c.),

(F1)

where a and b are the electron annihilation operators, m =
1, 2 and i, j = A,B denotes the layer and sublattice index,
respectively. t = 2.7 eV and t⊥ = 0.4 eV are, respectively, the
nearest neighbor intra- and interlayer hopping energy. The
superconductor (SC) proximity effect is introduced using
the Bogoliubov–de Gennes Hamiltonian,

HBdG =
(
H0 − μ(x) �(x)

�∗(x) −H∗
0 + μ(x)

)
, (F2)

where� is the SC gap, andμ is the relative chemical potential
with respect to the charge neutrality point of the BLG. Both �

and μ are spatially dependent functions along the direction of

current flow x. In our convention, μ is > 0 for electron doping
and < 0 is for hole doping.

We divide the S-N junction into three regions, as illustrated
in Fig. 3(c). Region I–III represents the NbSe2, the supercon-
ducting BLG, and the normal BLG areas, respectively, which
are connected by two interfaces A and B. For simplicity,
we model NbSe2 with the same Hamiltonian as the BLG
(Eq. F2). Using experimental input, we take � = �0 (SC
gap of bulk NbSe2) and �BLG = 0.2�0, 0 for regions I, II,
and III respectively, and model the decay of the SC gaps at
the two interfaces with linear functions. We set LA = 5a and
LB = 20a, respectively, to reflect the abrupt change of the
SC gap from �0 to �BLG at interface A and a more slowly
decay of �BLG at interface B. Features of the calculations are
insensitive to the specific values of LA and LB. In accord with
the gating geometry of device 04, we set μ = μs = −0.3t
for regions I and II. In region III, μ = μBLG depends on the
silicon gate voltage. μBLG = +/ − 0.4t is used to simulate
electron/hole doping. The variation of μ at interface B is also
approximated by a linear function.
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FIG. 8. Expanded Rns (Idc) in device 02 as a function of temperature for Vg = −40V (a) and +40 V (b) plotted in a style similar to that of
device 04 in Fig. 2. (c) and (d) plot normalized Gns (Idc) obtained from data in (a) and (b), respectively. The top axis of (c) marks the computed
voltage drop across the junction. The onset of enhanced conductance approximately corresponds to the superconducting gap of NbSe2. Sudden
resistance spikes near the threshold current are caused by the loss of superconductivity at local hot spots in NbSe2 due to larger dc current and
thinner NbSe2 flake used in this device. The dome plus inner peak/dip structure is similar to device 04, with a smaller difference between the
two types of carriers observed. A small zero-bias conductance suppression develops at the lowest temperatures for both carriers, indicating a
small tunnel barrier at the junction.

In our numerical simulations, the graphene lattice constant
a = 1 defines the unit of length. The sample width W per-
pendicular to the current flow is set to 100a. The finite sam-
ple size introduces a quantization energy scale on the order
of 0.01t , which manifests as steps in the conductance plots
(e.g., Fig. 10). The majority of our simulations use an exag-
gerated �0 = 0.05t to avoid the finite-size effect discussed in
Fig. 13, while preserving the qualitative features of the model.
We use the KWANT program [39] to calculate the Andreev
reflection (RA) coefficients at interfaces A and B and the
normal reflection (RN) coefficient at interface B. Interface A
is set to have RN = 0 to reflect its very transparent nature.
A generalized Landauer-Büttiker formula is used to calculate
the two-terminal conductance G as a function of the incident
carrier energy E. For energy E above the Fermi surface, G (E)

is given by

G(E ) = 2e2

h

M(E )∑
i=1

∫
∂ f (ε − E )

∂E

(
1 − RN

i (ε) + RA
i (ε)

)
dε,

(F3)

where M (E) is the number of transverse modes for the inci-
dent electron with energy E, and f (ε) is the Fermi distribution
function at temperature T [1]. ∂ f (ε − E )/∂E is replaced by a
δ function at zero temperature.

We systematically varied parameters �0, �BLG, μBLG, T,
the width of region II LII, and the location of the p-n/p-p junc-
tion in the BLG to examine their impact on G (E). Sections
2–5 in Appendix F describe considerations that are important
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FIG. 9. (Upper panel) COMSOL setup used to simulate the
carrier density profile in device 04. The NbSe2 flake, the BLG flake
and the silicon gate are each represented by 5-nm-thick metal slabs.
The NbSe2−BLG separation is 5 nm. To simplify the setup, we
have set the BLG to silicon distance to 250 nm to represent the
combined gating effect of a bottom hBN flake (∼ 23 nm, ε = 3) and a
295-nm-thick SiO2 film (ε = 3.9). The whole setup is immersed in a
dielectric environment of ε = 3 to represent the hBN encapsulation.
The chemical potential on the NbSe2 is fixed to a negative value to
represent an experimentally informed charge transfer amount (hole
type) to the BLG above. (Lower panel) Simulated carrier density
profile n(x) with silicon gate voltageVg = +40V (red trace) and−40
V (blue trace). A p-n / p-p junction forms in the red/blue trace. The
voltage probe is L1 = 350 nm away from the NbSe2−BLG interface.

in capturing the experimental features. They offer general
insights on the behavior of van der Waals superconducting
junctions.

FIG. 10. (a) G (E) computed for �BLG = 0 (blue trace), 0.2�0

(red trace) and the normal state (black trace) on the hole side.
The dome + peak structure emerges when a nonzero �BLG is
used. �0 = 0.05t , μBLG = −0.3t , LII = 50a. LB = 20a. T = 0. The
sloping background is caused by the changing number of modes in
the bias window, as a consequence of the finite size effect.

2. The necessity of a proximity-induced gap in BLG
and its smooth decay at interface

Our simulations show that the presence of a proximity-
induced SC gap in region II is crucial to reproducing the
dome plus peak/dip feature observed in experiments (Fig. 2).
Figure 10 compares two scenarios where �BLG is set to 0
(blue) and 0.2�0 (red), respectively, with the latter corre-
sponding to the circles marked in Fig. 2(a). The red trace
captures very well the curvature change observed in the hole
data shown in Fig. 2(c), which is absent in the blue trace.
The zero-bias conductance of the red trace doubles that of the
normal state due to the absence of any normal backscattering.
The calculated G (E) for the electron regime develops a
corresponding dip at 0.2�0, as shown in Fig. 3(d).

We have also varied the decay length of �BLG at the
superconducting-normal BLG interface and found that a
smooth decay is necessary to capture the zero-bias peak
of the hole data exhibited in Fig. 3. The comparisons are
shown in Fig. 11. An abrupt change of �BLG leads to normal

FIG. 11. (a) The spatial profile of � (x) and μ (x) used in simulations show in (b). (b) plots G (E) computed for Lsc = 0, 10a and 20a,
respectively. LII = 80a, LB = 20a, T = 0, see Fig. 3 for other parameters.
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FIG. 12. (a) The spatial profile of � (x) and μ (x) used in simulations shown in (b). (b) plots the calculated G (E) in the electron doping
regime with selected values of L′ ranging from 0 to 100a. T = 0. See Fig. 3 for other parameters of the simulation. Curves are vertically shifted
by 20 conductance units for clarity.

backscattering and conductance suppression at low energies
due to the chemical potential mismatch present at the p-p
junction [Fig. 11(a)].

3. The location of the chemical potential variation in BLG
and conductance oscillations

In this section, we vary the location of the p-n/p-p junction
with respect to � (x) to illustrate two points. Figure 10(a)
illustrates the setup, where � (x) is fixed while L′ varies
from 0 to 100a. The computed G (E) curves are shown in
Fig. 12(b). A zero-bias conductance dip develops only with
L′ = 80a and 100a, i.e., when the chemical potential variation
occurs at interface B or in the normal BLG region, which
correspond to real device situations shown in Fig. 9. The
physical picture is also intuitive. A p-n junction in the normal
region of the BLG contributes to conductance suppression. In
addition, pronounced conductance oscillations occur outside
the central feature, similar to what is shown in Fig. 3(d). These
oscillations are the Fabry-Perot interference effect occurring
in region L′ between the Andreev reflection at interface A

and the normal reflection at interface B′. It is much less
pronounced in the hole regime due to a much smaller RN at
interface B. Its period in E decreases with increasing L′, as
expected. In experiment, the vertical tunneling between BLG
and NbSe2 can occur at different locations so the interference
effect is absent. In simulations, we average G (E) computed
with varying LII. Conductance oscillations are effectively
suppressed and the averaged results shown in Fig. 3(e) reach
good agreement with data.

4. The finite sample size effect

As discussed in Sec. 1, the finite sample size in our
simulation introduces a quantization energy splitting δE ∼
0.01t . Figures 13(a) and 13(b) show that as the SC gap in
NbSe2�0 approaches this energy scale, the calculated conduc-
tance curves lose the “dome plus peak/dip” feature observed
in experiment. The quantization effect is not important in
experiment due to large device dimensions. Thus, we have
chosen �0 = 0.05t to eliminate the finite sample size effect
in the simulations.

FIG. 13. (a) and (b) plot simulated G (E) in the electron and hole doping regime, respectively, at selected �0 ranging from 0.01t to 0.05t .
T = 0. See Fig. 3 for other parameters. Curves are vertically shifted by 20 units for clarity.
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FIG. 14. Simulated G (E) in the electron (a) and hole (b) regime with varying temperatures as labeled. See Fig. 3 for other parameters.

5. The effect of finite temperature

Finally, we examine the effect of temperature. As
Figs. 14(a) and 14(b) show, the increase of T leads to the
rounding of the sharp features seen in the T = 0 simulations.

In our experiment, kBT is approximately 0.1�0. Indeed, the
kBT = 0.1�0 traces in Figs. 14 resemble measurements in
Figs. 2 and 4 quite well.

[1] G. E. Blonder, M. Tinkham, and T. M. Klapwijk, Transition
from metallic to tunneling regimes in superconducting micro-
constrictions: Excess current, charge imbalance, and supercur-
rent conversion, Phys. Rev. B 25, 4515 (1982).

[2] A. F. Andreev, The thermal conductivity of the intermediate
state in superconductors, Sov. Phys. JETP 19, 1228 (1964).

[3] M. Tinkham, Introduction to Superconductivity, 2nd ed. (Dover,
Mineola, New York, 2004).

[4] S. D. Sarma, M. Freedman, and C. Nayak, Majorana zero modes
and topological quantum computation, Npj Quantum Inf. 1,
15001 (2015).

[5] H. Zhang, C.-X. Liu, S. Gazibegovic, D. Xu, J. A. Logan, G.
Wang, N. van Loo, J. D. S. Bommer, M. W. A. de Moor, D.
Car, R. L. M. Op het Veld, P. J. van Veldhoven, S. Koelling, M.
A. Verheijen, M. Pendharkar, D. J. Pennachio, B. Shojaei, J. S.
Lee, C. J. Palmstrøm, E. P. A. M. Bakkers, S. D. Sarma, and
L. P. Kouwenhoven, Quantized Majorana conductance, Nature
(London) 556, 74 (2018).

[6] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E.
Kaxiras, and P. Jarillo-Herrero, Unconventional superconduc-
tivity in magic-angle graphene superlattices, Nature (London)
556, 43 (2018).

[7] X. Xi, Z. Wang, W. Zhao, J.-H. Park, K. T. Law, H. Berger, L.
Forró, J. Shan, and K. F. Mak, Ising pairing in superconducting
NbSe2 atomic layers, Nat. Phys. 12, 139 (2015).

[8] E. Navarro-Moratalla, J. O. Island, S. Mañas-Valero, E. Pinilla-
Cienfuegos, A. Castellanos-Gomez, J. Quereda, G. Rubio-
Bollinger, L. Chirolli, J. A. Silva-Guillén, N. Agraït, G. A.
Steele, F. Guinea, H. S. J. van der Zant, and E. Coronado,
Enhanced superconductivity in atomically thin TaS2, Nat.
Commun. 7, 11043 (2016).

[9] V. Fatemi, S. Wu, Y. Cao, L. Bretheau, Q. D. Gibson, K.
Watanabe, T. Taniguchi, R. J. Cava, and P. Jarillo-Herrero, Elec-

trically tunable low-density superconductivity in a monolayer
topological insulator, Science 362, 926 (2018).

[10] E. Sajadi, T. Palomaki, Z. Fei, W. Zhao, P. Bement, C. Olsen, S.
Luescher, X. Xu, J. A. Folk, and D. H. Cobden, Gate-induced
superconductivity in a monolayer topological insulator, Science
362, 922 (2018).

[11] S. Wu, V. Fatemi, Q. D. Gibson, K. Watanabe, T. Taniguchi, R.
J. Cava, and P. Jarillo-Herrero, Observation of the quantum spin
Hall effect up to 100 kelvin in a monolayer crystal, Science 359,
76 (2018).

[12] B. Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein, R.
Cheng, K. L. Seyler, D. Zhong, E. Schmidgall, M. A. McGuire,
D. H. Cobden, W. Yao, D. Xiao, P. Jarillo-Herrero, and X. Xu,
Layer-dependent ferromagnetism in a van der Waals crystal
down to the monolayer limit, Nature (London) 546, 270 (2017).

[13] H. B. Heersche, P. Jarillo-Herrero, J. B. Oostinga, L. M. K.
Vandersypen, and A. F. Morpurgo, Bipolar supercurrent in
graphene, Nature (London) 446, 56 (2007).

[14] X. Du, I. Skachko, and E. Y. Andrei, Josephson current and
multiple Andreev reflections in graphene SNS junctions, Phys.
Rev. B 77, 184507 (2008).

[15] C. Ojeda-Aristizabal, M. Ferrier, S. Guéron, and H.
Bouchiat, Tuning the proximity effect in a superconductor-
graphene-superconductor junction, Phys. Rev. B 79, 165436
(2009).

[16] K. Komatsu, C. Li, S. Autier-Laurent, H. Bouchiat, and S.
Guéron, Superconducting proximity effect in long supercon-
ductor/graphene/superconductor junctions: From specular An-
dreev reflection at zero field to the quantum Hall regime, Phys.
Rev. B 86, 115412 (2012).

[17] N. Mizuno, B. Nielsen, and X. Du, Ballistic-like supercurrent
in suspended graphene Josephson weak links, Nat. Commun. 4,
2716 (2013).

195405-12

https://doi.org/10.1103/PhysRevB.25.4515
https://doi.org/10.1103/PhysRevB.25.4515
https://doi.org/10.1103/PhysRevB.25.4515
https://doi.org/10.1103/PhysRevB.25.4515
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/nature26142
https://doi.org/10.1038/nature26142
https://doi.org/10.1038/nature26142
https://doi.org/10.1038/nature26142
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nphys3538
https://doi.org/10.1038/nphys3538
https://doi.org/10.1038/nphys3538
https://doi.org/10.1038/nphys3538
https://doi.org/10.1038/ncomms11043
https://doi.org/10.1038/ncomms11043
https://doi.org/10.1038/ncomms11043
https://doi.org/10.1038/ncomms11043
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4642
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aan6003
https://doi.org/10.1126/science.aan6003
https://doi.org/10.1126/science.aan6003
https://doi.org/10.1126/science.aan6003
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature05555
https://doi.org/10.1038/nature05555
https://doi.org/10.1038/nature05555
https://doi.org/10.1038/nature05555
https://doi.org/10.1103/PhysRevB.77.184507
https://doi.org/10.1103/PhysRevB.77.184507
https://doi.org/10.1103/PhysRevB.77.184507
https://doi.org/10.1103/PhysRevB.77.184507
https://doi.org/10.1103/PhysRevB.79.165436
https://doi.org/10.1103/PhysRevB.79.165436
https://doi.org/10.1103/PhysRevB.79.165436
https://doi.org/10.1103/PhysRevB.79.165436
https://doi.org/10.1103/PhysRevB.86.115412
https://doi.org/10.1103/PhysRevB.86.115412
https://doi.org/10.1103/PhysRevB.86.115412
https://doi.org/10.1103/PhysRevB.86.115412
https://doi.org/10.1038/ncomms3716
https://doi.org/10.1038/ncomms3716
https://doi.org/10.1038/ncomms3716
https://doi.org/10.1038/ncomms3716


SUPERCONDUCTING PROXIMITY EFFECT IN A … PHYSICAL REVIEW B 101, 195405 (2020)

[18] V. E. Calado, S. Goswami, G. Nanda, M. Diez, A. R. Akhmerov,
K. Watanabe, T. Taniguchi, T. M. Klapwijk, and L. M. K.
Vandersypen, Ballistic Josephson junctions in edge-contacted
graphene, Nat. Nanotechnol. 10, 761 (2015).

[19] F. Amet, C. T. Ke, I. V. Borzenets, J. Wang, K. Watanabe, T.
Taniguchi, R. S. Deacon, M. Yamamoto, Y. Bomze, S. Tarucha,
and G. Finkelstein, Supercurrent in the quantum Hall regime,
Science 352, 966 (2016).

[20] M. Ben Shalom, M. J. Zhu, V. I. Falko, A. Mishchenko, A.
V. Kretinin, K. S. Novoselov, C. R. Woods, K. Watanabe, T.
Taniguchi, A. K. Geim, and J. R. Prance, Quantum oscillations
of the critical current and high-field superconducting proximity
in ballistic graphene, Nat. Phys. 12, 318 (2016).

[21] D. K. Efetov, L. Wang, C. Handschin, K. B. Efetov, J. Shuang,
R. Cava, T. Taniguchi, K. Watanabe, J. Hone, C. R. Dean, and P.
Kim, Specular interband Andreev reflections at van der Waals
interfaces between graphene and NbSe2, Nat. Phys. 12, 328
(2016).

[22] M. R. Sahu, P. Raychaudhuri, and A. Das, Andreev reflection
near the Dirac point at the graphene- NbSe2 junction, Phys. Rev.
B 94, 235451 (2016).

[23] L. Bretheau, J. I. J. Wang, R. Pisoni, K. Watanabe, T. Taniguchi,
and P. Jarillo-Herrero, Tunnelling spectroscopy of Andreev
states in graphene, Nat. Phys. 13, 756 (2017).

[24] C. W. J. Beenakker, Specular Andreev Reflection in Graphene,
Phys. Rev. Lett. 97, 067007 (2006).

[25] T. Han, J. Shen, N. F. Q. Yuan, J. Lin, Z. Wu, Y. Wu, S. Xu, L.
An, G. Long, Y. Wang, R. Lortz, and N. Wang, Investigation of
the two-gap superconductivity in a few-layer NbSe2-graphene
heterojunction, Phys. Rev. B 97, 060505 (2018).

[26] G.-H. Lee, S. Kim, S.-H. Jhi, and H.-J. Lee, Ultimately short
ballistic vertical graphene Josephson junctions, Nat. Commun.
6, 6181 (2015).

[27] N. Yabuki, R. Moriya, M. Arai, Y. Sata, S. Morikawa, S.
Masubuchi, and T. Machida, Supercurrent in van der Waals
Josephson junction, Nat. Commun. 7, 10616 (2016).

[28] J. Li, R.-X. Zhang, Z. Yin, J. Zhang, K. Watanabe, T. Taniguchi,
C. Liu, and J. Zhu, A valley valve and electron beam splitter,
Science 362, 1149 (2018).

[29] J. Li, H. Fu, Z. Yin, K. Watanabe, T. Taniguchi, and J. Zhu,
Metallic Phase and Temperature Dependence of the ν = 0
Quantum Hall State in Bilayer Graphene, Phys. Rev. Lett. 122,
097701 (2019).

[30] E. Revolinsky, G. A. Spiering, and D. J. Beerntsen, Supercon-
ductivity in biobium-selenium system, J. Phys. Chem. Solids
26, 1029 (1965).

[31] R. C. Morris and R. V. Coleman, Tunneling measurement of
the superconducting energy gap in NbSe2, Phys. Lett. A 43, 11
(1973).

[32] J. Betouras and R. Joynt, Temperature-dependent gap
anisotropy in Bi2Sr2CaCu2O8+x as evidence for a mixed-
symmetry ground state, Europhys. Lett. (EPL) 31, 119 (1995).

[33] T. Yokoya, T. Kiss, A. Chainani, S. Shin, M. Nohara, and
H. Takagi, Fermi surface sheet-dependent superconductivity in
2-H NbSe2, Science 294, 2518 (2001).

[34] E. Boaknin, M. A. Tanatar, J. Paglione, D. Hawthorn, F.
Ronning, R.W. Hill, M. Sutherland, L. Taillefer, J. Sonier, S. M.
Hayden, and J. W. Brill, Heat Conduction in the Vortex State of
NbSe2: Evidence for Multiband Superconductivity, Phys. Rev.
Lett. 90, 117003 (2003).

[35] M. Zehetmayer and H. W. Weber, Experimental evidence for a
two-band superconducting state of NbSe2 single crystals, Phys.
Rev. B 82, 014524 (2010).

[36] A. F. Morpurgo, J. Kong, C. M. Marcus, and H. Dai, Gate-
controlled superconducting proximity effect in carbon nan-
otubes, Science 286, 263 (1999).

[37] P. Zareapour, A. Hayat, S. Y. F. Zhao, M. Kreshchuk, A. Jain,
D. C. Kwok, N. Lee, S.-W. Cheong, Z. Xu, A. Yang, G. D.
Gu, S. Jia, R. J. Cava, and K. S. Burch, Proximity-induced
high-temperature superconductivity in the topological insula-
tors Bi2Se3 and Bi2Te3, Nat. Commun. 3, 1056 (2012).

[38] M. Popinciuc, V. E. Calado, X. L. Liu, A. R. Akhmerov, T. M.
Klapwijk, and L. M. K. Vandersypen, Zero-bias conductance
peak and Josephson effect in graphene-NbTiN junctions, Phys.
Rev. B 85, 205404 (2012).

[39] C. W. Groth, M. Wimmer, A. R. Akhmerov, and X. Waintal,
KWANT: a software package for quantum transport, New J. Phys.
16, 063065 (2014).

[40] R. Moriya, N. Yabuki, and T. Machida, Superconducting prox-
imity effect in a NbSe2/graphene van der Waals junction, Phys.
Rev. B 101, 054503 (2020).

[41] L. Wang, I. Meric1, P. Y. Huang, Q. Gao, Y. Gao, H. Tran, T.
Taniguchi, K.Watanabe, L. M. Campos, D. A. Muller, J. Guo, P.
Kim, J. Hone, K. L. Shepard, and C. R. Dean, One-dimensional
electrical contact to a two-dimensional material, Science 342,
614 (2013).

195405-13

https://doi.org/10.1038/nnano.2015.156
https://doi.org/10.1038/nnano.2015.156
https://doi.org/10.1038/nnano.2015.156
https://doi.org/10.1038/nnano.2015.156
https://doi.org/10.1126/science.aad6203
https://doi.org/10.1126/science.aad6203
https://doi.org/10.1126/science.aad6203
https://doi.org/10.1126/science.aad6203
https://doi.org/10.1038/nphys3592
https://doi.org/10.1038/nphys3592
https://doi.org/10.1038/nphys3592
https://doi.org/10.1038/nphys3592
https://doi.org/10.1038/nphys3583
https://doi.org/10.1038/nphys3583
https://doi.org/10.1038/nphys3583
https://doi.org/10.1038/nphys3583
https://doi.org/10.1103/PhysRevB.94.235451
https://doi.org/10.1103/PhysRevB.94.235451
https://doi.org/10.1103/PhysRevB.94.235451
https://doi.org/10.1103/PhysRevB.94.235451
https://doi.org/10.1038/nphys4110
https://doi.org/10.1038/nphys4110
https://doi.org/10.1038/nphys4110
https://doi.org/10.1038/nphys4110
https://doi.org/10.1103/PhysRevLett.97.067007
https://doi.org/10.1103/PhysRevLett.97.067007
https://doi.org/10.1103/PhysRevLett.97.067007
https://doi.org/10.1103/PhysRevLett.97.067007
https://doi.org/10.1103/PhysRevB.97.060505
https://doi.org/10.1103/PhysRevB.97.060505
https://doi.org/10.1103/PhysRevB.97.060505
https://doi.org/10.1103/PhysRevB.97.060505
https://doi.org/10.1038/ncomms7181
https://doi.org/10.1038/ncomms7181
https://doi.org/10.1038/ncomms7181
https://doi.org/10.1038/ncomms7181
https://doi.org/10.1038/ncomms10616
https://doi.org/10.1038/ncomms10616
https://doi.org/10.1038/ncomms10616
https://doi.org/10.1038/ncomms10616
https://doi.org/10.1126/science.aao5989
https://doi.org/10.1126/science.aao5989
https://doi.org/10.1126/science.aao5989
https://doi.org/10.1126/science.aao5989
https://doi.org/10.1103/PhysRevLett.122.097701
https://doi.org/10.1103/PhysRevLett.122.097701
https://doi.org/10.1103/PhysRevLett.122.097701
https://doi.org/10.1103/PhysRevLett.122.097701
https://doi.org/10.1016/0022-3697(65)90190-3
https://doi.org/10.1016/0022-3697(65)90190-3
https://doi.org/10.1016/0022-3697(65)90190-3
https://doi.org/10.1016/0022-3697(65)90190-3
https://doi.org/10.1016/0375-9601(73)90521-5
https://doi.org/10.1016/0375-9601(73)90521-5
https://doi.org/10.1016/0375-9601(73)90521-5
https://doi.org/10.1016/0375-9601(73)90521-5
https://doi.org/10.1209/0295-5075/31/2/010
https://doi.org/10.1209/0295-5075/31/2/010
https://doi.org/10.1209/0295-5075/31/2/010
https://doi.org/10.1209/0295-5075/31/2/010
https://doi.org/10.1126/science.1065068
https://doi.org/10.1126/science.1065068
https://doi.org/10.1126/science.1065068
https://doi.org/10.1126/science.1065068
https://doi.org/10.1103/PhysRevLett.90.117003
https://doi.org/10.1103/PhysRevLett.90.117003
https://doi.org/10.1103/PhysRevLett.90.117003
https://doi.org/10.1103/PhysRevLett.90.117003
https://doi.org/10.1103/PhysRevB.82.014524
https://doi.org/10.1103/PhysRevB.82.014524
https://doi.org/10.1103/PhysRevB.82.014524
https://doi.org/10.1103/PhysRevB.82.014524
https://doi.org/10.1126/science.286.5438.263
https://doi.org/10.1126/science.286.5438.263
https://doi.org/10.1126/science.286.5438.263
https://doi.org/10.1126/science.286.5438.263
https://doi.org/10.1038/ncomms2042
https://doi.org/10.1038/ncomms2042
https://doi.org/10.1038/ncomms2042
https://doi.org/10.1038/ncomms2042
https://doi.org/10.1103/PhysRevB.85.205404
https://doi.org/10.1103/PhysRevB.85.205404
https://doi.org/10.1103/PhysRevB.85.205404
https://doi.org/10.1103/PhysRevB.85.205404
https://doi.org/10.1088/1367-2630/16/6/063065
https://doi.org/10.1088/1367-2630/16/6/063065
https://doi.org/10.1088/1367-2630/16/6/063065
https://doi.org/10.1088/1367-2630/16/6/063065
https://doi.org/10.1103/PhysRevB.101.054503
https://doi.org/10.1103/PhysRevB.101.054503
https://doi.org/10.1103/PhysRevB.101.054503
https://doi.org/10.1103/PhysRevB.101.054503
https://doi.org/10.1126/science.1244358
https://doi.org/10.1126/science.1244358
https://doi.org/10.1126/science.1244358
https://doi.org/10.1126/science.1244358

