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The superconducting proximity effect is a long-standing topic of great importance
in condensed matter physics. A crucial but unresolved issue is which interfacial
and material details determine the efficiency of the proximity effect. In this work,
we study an epitaxially grown superconductor (SC)/normal metal (NM)
heterostructure (Pb/Ag) and find a spatially constant superconducting gap
determined by local tunneling spectroscopy and magneto response measurements,
despite the highly mismatched Fermi surfaces between individual Pb and Ag
epitaxial layers, and the large differences in the lattice constants and electronic
density of states in the separate components. The uniform superconducting gap is
in contrast to the spatially varying pair potential with a discontinuity at the
interface theoretically predicted for an ideal SC-NM junction and experimentally
observed previously in several lateral SC-NM junctions. We experimentally
verify that the transmission of electrons across the interface in the vertical Pb/Ag
heterostructure is high enough that a new band structure emerges even at the

single particle level. Our experimental results call for further theoretical work in



order to develop predictive power for the proximity effect starting from realistic,

material relevant microscopic models.

When a superconductor (SC) is electronically coupled to a non-SC, it can induce
superconductivity in the otherwise non-superconducting region within a length scale of the order
of the coherence length [1-12]. This is known as the “proximity effect”. Similarly, a non-SC can
suppress the superconductivity in a SC over a length scale on the order of the coherence length.
The investigation of the proximity (and inverse) effect has been a subject of great interest in
condensed matter physics, with recent effort focused on using the superconducting proximity
effect to create a platform to harbor exotic Majorana states potentially useful in topological
quantum computation [13-21].

As the name “proximity” indicates, this is an induced effect across the SC/non-SC
interface. The interface must play a crucial role in determining the efficiency of such coupling.
Yet, the precise, material-specific details for a strong proximity effect remain experimentally and
theoretically unclear, though conjectures such as Fermi surface alignment have been proposed as
a critical factor [17, 19, 20, 22]. Among different SC/non-SC systems, the
superconductor/normal metal (SC/NM) system is one of the oldest and most thoroughly
investigated. However, the majority of the experimental studies have been carried out using
cryo-condensation thin films [4, 8, 9]. Such cryo-quenched films are highly disordered with
extremely short electron mean free paths. In addition, their granular nature leads to a less well-
defined interface, making it more difficult to understand the role of the interface in the

proximity/inverse effect.



Recent advancements in epitaxial growth of superconducting and non-superconducting
metallic films with atomic precision have opened up new opportunities to investigate the physics
of the interface on the coupling efficiency in the proximity effect (and its inverse). More
specifically, as the Fermi surface of individual layers can be tuned with the thickness, the role of
Fermi surface matching and the individual electronic density of states can be directly assessed.
The SC/NM system that we study in this paper is the Pb/Ag heterostructure grown on Si(111)
using molecular beam epitaxy where the quantum well states (QWS) in Pb and Ag layers can be
individually tuned [23-26]. The superconductivity is probed using a local probe (scanning
tunneling microscopy/spectroscopy) as well as a global probe (double coil mutual inductance)--
both applied in-sifu on the same sample--and they reveal the same superconducting transition
temperature, 7.. Moreover, both Pb/Ag and its reverse Ag/Pb heterostructures are grown so that
the tunneling gaps (A) can be measured on both ends, allowing a rare opportunity to access the
spatial dependence of the gap across the interface. We found that Pb/Ag heterostructures behave
as a single electronic system, rather than a 2-component system. Astonishingly, we found a
uniform gap value persists through the Pb/Ag interface. By contrast, on a /ateral junction formed
from Pb 2D islands and a wetting layer, clear spatial variation of the tunneling gap, A(r), can be
observed with an apparent discontinuity across the interface. Such profoundly different behaviors

are attributed to the nature of the interface.

Shown in Fig. 1(a) is the scanning tunneling microscopy (STM) image of a Ag film of 9
ML epitaxially grown on Si(111) exhibiting a smooth topography containing only monolayer
fluctuations (including such a fluctuation, the average thickness is ~ 9.4 ML for this image). In
such a smooth surface the step structure of the underlying Si substrate is also observed. The

thickness of the Ag film can be determined by using in-situ angled resolved photoemission



(ARPES) to measure the quantum well states (QWS) in the valence band whose energy locations
depend very sensitively on the thickness [27, 28]. Shown in Fig. 1(c) is the result for a 14 ML-
Ag film. On top of atomically smooth Ag films, Pb is grown subsequently (see Fig. 1(b)). On
such Pb films, QWS are readily observable using scanning tunneling spectroscopy (STS) and can
be used to determine the thickness of the Pb film unambiguously (Fig. 1(d)) [29]. The
observation of QWS on Pb films also signifies an atomically sharp Pb/Ag interface. Using these
methods, the thicknesses of Ag and Pb films can each be controlled with single atomic layer
precision. In this work, all layer counts include the interfacial wetting layer on Si substrate. We
ignore the 7, oscillations due to quantum confinement [25, 30] because its oscillation amplitude

is small (~ 0.1 K) when the thickness is larger than 5 ML.

The A values were measured in-situ using STS as a function of temperature. Shown in
Fig. 2(a) is the result for 30 ML-Pb on 10 ML-Ag/Si, exhibiting Bardeen-Cooper-Schrieffer
(BCS) quasiparticle-density-of-states (QP-DOS). The fitted A(7) is shown in Fig. 2(b). The BCS
fit (back dash line) to the experimental data of A(7) at finite temperatures gives three important
values of superconductivity in the sample, such as A at zero temperature, 4y, the transition
temperature of 4, T, 4, and 2A,/kgT,, reflecting the electron-phonon coupling strength. Detailed
discussion of the coupling strength transition is provided in the supplementary information [31],

which had been reported previously by O. Bourgeois et al. [6].

Shown in Figure 2(c) is an in-situ mutual inductance measurement [32] as a function of
temperature on the same 30 ML-Pb on 10 ML-Ag/Si. The mutual inductance is strongly
correlated with the sheet conductance of a SC film of a thickness d, Y = (o; +ioy)d. A

superfluid density (SFD) through the film, ngr « o5, and the penetration depth A is related to the
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sheet conductance as 172 o« g,. From the measured mutual inductance, A is on the order of a few
hundred nm, much greater than the film thickness. It should be noted that the measured SFD
includes the contribution from the whole sample. Due to demagnetization of a SC against a
driving ac-magnetic field, the non-dissipation part of the mutual inductance (blue) rapidly
increases from zero and the dissipation part (red) appears as a tiny spike as the temperature falls
below T, srp [33]. Teskp in Fig. 2(c) is around 5.5 K, which is consistent with 7, 4 in Fig. 2(b). It
signifies that the phase rigidity is well-maintained in the films. The fact that the dissipation
component (i.e. g;) is observed only in a very narrow temperature range near 7. is also

consistent with the assessment that phase fluctuation is negligible [34].

Both microscopic and macroscopic 7.s are consistent for all Pb-thicknesses up to Lp, =
50 ML (Fig. 2(d)), confirming long range order of the SC phase. Similar sequences are then
carried out with different thicknesses of the underlying Ag films, as shown in Fig. 2(e). (Note
that in the case of a zero Ag film thickness, the transition temperature of the Pb film varies as a

function of the Pb film thickness.) Also shown as a solid curve is a theoretical fit with

T(dpp, dag) = Tewe™ /¥, where x = dpp,/dyy. (1)

As shown in Fig. 2(e), a single parameter of w* = 0.87 accounts for all our experimental
observations. We emphasize that Eq.(1) breaks down in the limit where d,4 approaches zero
since this would imply that even a one or two layer Pb film will approach the bulk 7., which is

clearly not the case [26]. In our case, we found that Eq.(1) holds when dyy = SML (1.2 nm).

Note that the exponential scaling of 7, with respect to dg./dp is a well-known phenomenon



for the SC/NM bilayer system in the Cooper limit (when the thicknesses of SC and NM are
smaller than the coherence length) and has been reported in previous studies of SC/NM bi-layer
systems fabricated using the cryo-quenched method, albeit with a much smaller scaling
coefficient in the exponents, with w*ranging from 0.2 to 0.6 [7-9]. A larger w* represents a
higher proximity coupling efficiency between epitaxial Pb and Ag. One might consider that this
higher coupling efficiency is due to the existence of a cleaner interface, but this would imply the
electronic structure of the individual Pb and Ag is unimportant: The Fermi surfaces of individual
Pb and Ag layers are comprised of concentric Fermi rings. If the electronic structures of the Pb
and Ag layers remain the same as before the heterostructure is formed, then there will be an issue
of Fermi surface mismatch between Pb and Ag layers in the thin film regime. However, as we
discuss below, the high transmission coefficient of the electron wavefunction across the interface
makes it necessary to consider the heterostructure as a whole, albeit metallurgically there is a

clear separation between the two.

The STS is applied locally on the “surface” of the Pb-side of the Pb/Ag heterostructure.
On the other hand, the double-coil measures the macroscopic response of the supercurrent for the
whole film, which is important since the gap parameter decays as a function of normal film
thickness. Yet both measurements yield the same T,. One interesting question arises: What is the
spatial dependence of A(r) along the vertical direction? In order to address this question, we
create a reverse heterostructure with the Ag epitaxial layer on top of the epitaxial Pb film.
Shown in Fig. 3(a) is the SFD measurement for a reverse heterostructure with L4, = 7 ML and
Lpy = 21 ML, exhibiting a T, of 5.4 + 0.1 K. Note that this value is very similar to the forward
heterostructure with Lp, = 30 ML and L4, = 10 ML (with a 7. of 5.5 = 0.1 K). Again, this affirms

that the 7. is primarily determined by the thickness ratio of dpsy/d4e. In Fig. 3(b) we show the
6



tunneling spectra of the forward Pb/Ag (30/10) and the reverse Ag/Pb (7/21) heterostructures
acquired at 2.2 K. The 4 can be fitted very well with the standard BCS QP-DOS function with
fitted gap values of 4=1.12 meV and 4= 1.07 meV, respectively. Thus, within the experimental
error bar, the two gap values are essentially identical, indicating that the gap is uniform along the
vertical direction across the interface without any discontinuity. Additional sets of reverse
heterostructures (with dy, ranging from 6 to 10 MLs at dp, = 16 MLs) have been investigated
(see supplementary Fig. S6 [31]). Shown in Figure 3(c) are results for forward vs reverse
heterostructures whose 7, are deduced from measurements of A vs T. In all cases, the conclusion
remains the same — both forward and reverse heterostructures, yield similar A (T) values for the
same dpy/d4g.

This raises another interesting question. According to de Gennes [5], the pairing potential
A(r) is spatially varying and in general contains a discontinuity across the SC-NM interface (see
the schematic shown in Fig. 3(d)). Experimentally, several recent works using STM to visualize
A(r) across the lateral SC/NM heterostructures indeed upheld this prediction [10-12]. In Fig.
3(e) we reproduce a result for a lateral junction comprised of a 5 ML-Pb island and the
surrounding wetting layer on the Si substrate, which is fabricated by depositing Pb on directly Si
and leads to small Pb islands that exhibit a weak proximity effect in the Si (in stark contrast to
the Pb/Ag structure). In addition to a spatially varying A(r), one sees that a discontinuity is
established within ~ 1 nm at the interface, agreeing with the theoretical description shown in Fig.
3(d).

Why does the epitaxial Pb/Ag planar vertical junction exhibit such a distinctly different
behavior? If one treats the SC and NM as two electronically distinctive regions then a self-

consistent solution to the Bogoliubov-de Gennes equation indeed shows a spatial varying A(r)



like the one in Fig. 3(c). The gap in the NM region is “induced” via the proximity effect. Note
that the discontinuity occurs within a length scale < 1 nm. At the single particle level, if one
treats the Pb and Ag regions as two electronically distinct thin films, then the mismatch in Fermi
wave vectors of the QWS in the two regions would significantly impede the electronic coupling
between the two regions. Below we resolve these issues by considering that the two regions are
not electronically distinct even at the single particle level.

Previously, M. K. Brinkley ef al. have used ARPES to show that in the epitaxial Pb/Ag
on Si(111), Ag-like QWS can be observed even with a Pb overlayer as high as 25 ML (much
thicker than the escape depth of photoelectrons) [35]. They argue that this is evidence that the
electrons in the Ag layer maintain their coherence as they traverse through the Pb overlayer
during the photoemission process. Here we take a step further and argue that in the Pb/Ag
heterostructures, one should consider the electronic structures as a single system even at the
single-particle level, leading to the formation of a new set of QWS. Shown in Figures 4(a)-(c)
are QWS observed using ARPES for (i) a 9 ML-Ag film on Si, (i1) with an additional 10 ML-Pb
on top of the 9 ML-Ag, and (iii) a 10 ML-Pb film on Si, respectively. Also shown in Fig. 4(d) are
respective spectra at k = 0 where we also label QWS in individual layers by vertical arrows (in
Ag, surface states is marked as SS). The individual Ag and Pb QWS are consistent with previous
reports, including the observation fringes (marked by “*” in Fig. 4(d)) due to the quantized hole
states of the Si surface resulting from the formation of Schottky barrier). The QWS and their
dispersions in the heterostructure (Fig. 4(b)), however, do not resemble those of Ag QWS (Fig.
4(a)), nor Pb QWS (Fig. 4(c)), nor their superpositions. In Ag and Pb regions the QWS are
regularly spaced. In the heterostructure, the QWS are not evenly distributed and come in pairs.

Moreover, if we compare the QWS #1 in the heterostructure and the QWS #1 in the Pb layer



whose energy locations are close to each other, one finds an entirely different dispersion
relationship. Thus, one can safely say that QWS in the heterostructure have their own identities.
The schematic in Figure 4(e) illustrates that electrons in Pb and Ag layers are not individually
confined. Instead, the quantum confinement is applicable only to the whole heterostructure.
Shown in Fig. 4(f) is a model calculation of the QWS of the composite by using a 20 A/20 A
model heterostructure with free-electron like states of different effective masses for Ag and Pb
(mag = 0.4xmy and mpy, = 1.0xXmy). The result captures the salient features of our observation: the
non-even distribution of QWS whose dispersion also differ from either individual layers. More
details of the model calculation can be found in the supplementary material [31]. We emphasize
that this model calculation is not intended to provide a quantitative match to the experimental
result. A full first-principle calculation would be necessary, which is beyond the scope of this
paper. Nevertheless, the experimental evidence is compelling that the Pb/Ag heterostructure has
one integral single-particle set of electronic states. Thus, it naturally leads to a constant A(r)
across the interface.

In summary, by using epitaxially grown Pb/Ag heterostructures on Si, we show that there
is a spatially constant pairing potential across the interface (in contrast to a lateral SC/NM
heterojunction), consistent with the global superfluid density measurement of superconductivity.
At the single particle level, we show the existence of a single set of QWS for the whole
heterostructure instead of individual QWS for individual layers, removing the restriction of
Fermi surface matching at the interface. Our work illustrates the importance of interface
engineering in designing mesoscopic system for proximity induced superconductivity, and calls
for further theoretical work in order to develop predictive power for the proximity effect starting

from realistic, material relevant microscopic models.
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FIG. 1 (color online) Growth of Pb/Ag heterostructure with an atomically sharp interface. (a), (b)
STM topography of 9 ML-Ag/Si(111)-7%7 and 22 ML-Pb on top of 7 ML-Ag film, taken at 4.3
K with Vsampe = 2 V. (¢) ARPES spectrum on 14 ML-Ag/Si(111) at hv = 21.2 eV, showing
obvious QWS dispersions. (d) Tunneling spectroscopy on 22 ML (blue) and 23 ML (pink) Pb
films grown on 7 ML-Ag/Si. The peak locations of QWS are irrelevant to the thickness of
underlying Ag film. (See supplementary information [31] for details.)
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FIG. 2 (color online) Thickness dependence of superconductor transition temperature. (a) in-situ
STS on 30 ML-Pb/10 ML-Ag/Si(111). (b) Temperature dependence of A(7), deduced from BCS
QP-DOS fit to tunneling spectra in (a). Here, the BCS curve (dash) is drawn using 2A,/kgT, =
4.8. (c) Mutual inductance measurements on 30 ML-Pb/10 ML-Ag/Si(111). (d) On 10 ML-
Ag/Si, Pb-thickness dependence of T, . T sc and T, spp are obtained by STS and SFD,
respectively. (e) Transition temperature as a function of thickness ratio of dp,/d,4for different

_0.87449
thicknesses of underlying Ag films. The black solid line of 7.2 X e %7y is the fit based on an

average pairing model [3].
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FIG. 3 (color online) Inverse heterostructure and lateral SC-NM junction. (a) Mutual inductance
measurement of 7 ML-Ag on 21 ML-Pb/Si(111). (b) Tunneling spectrum of 7 ML-Ag/21 ML-Pb
(green square) at 2.2 K, compared with one of 30 ML-Pb/10 ML-Ag (blue rhombus) and BCS
QP-DOSs (solid lines). Both heterostructures have the same thickness ratio of Lpj,/Lsg = 3. (For
clarity, there is 0.5 offset.) 7, in (a) is consistent with Fig. 2(e). Pb/Ag and its inverse
heterostructures show the same A within the experimental error bar. (c) Comparison of 7. as a
function of dpy/ds, for forward and reverse heterostructure. Here 7. are deduced from
measurements of Avs 7. (d) Schematic of SC-NM junction and tunneling gap profile along z-
axis perpendicular to the interface. (e) Zero bias conductance (ZBC) profile showing the
discontinuous transition at the boundary between 5 ML-Pb island and the surround wetting layer

as the theoretical description (d).
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respectively. (e) Schematic of Pb/Ag heterostructure as a one integral single particle system
crossing Pb/Ag interface. (f) The model calculation of the QWS of (d) by using a 20 A/20 A
model heterostructure with free-electron like states of ma, = 0.4xmg and mp, = 1.0xm, for Ag
and Pb, respectively. This result captures the new QWS formation and pairing feature in (b),
which come from the one single particle electronic state of Pb/Ag heterostructure. Note that in
addition to the QWSs being observed, one can see interference fringes between QWSs and a

downward hole-like dispersive Si states at the interface. Such features have been reported and
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discussed in details by N. J. Speer, et al. [28] for the Ag/Si case. Here we observed such
interference fringes in cases of Pb/Ag/Si and Pb/Si. This provides addition evidence that Pb/Ag
heterostructures form one coherent electronic system which also experience the presence of Si

states at the interface (just like the Ag QWSs).
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