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Multifaceted impact of a surface step on superconductivity in atomically thin films
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Recent experiments show that an atomic step on the surface of atomically thin metallic films can strongly
affect electronic transport. Here we reveal multiple and versatile effects that such a surface step can have on
superconductivity in ultrathin films. By solving the Bogoliubov-de Gennes equations self-consistently in this
regime, where quantum confinement dominates the emergent physics, we show that the electronic structure is
profoundly modified on the two sides of the step, as is the spatial distribution of the superconducting order
parameter and its dependence on temperature and electronic gating. Furthermore, the surface step changes
nontrivially the transport properties both in the proximity-induced superconducting pair correlations and the
Josephson effect, depending on the step height. These results offer a new route to tailor superconducting circuits
and design atomically thin heterojunctions made of one same material.
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I. INTRODUCTION

Over the past decade, atomically thin films were found to
exhibit rich superconducting phenomena, often not achievable
in their bulk counterparts [1-5]. This field of research was
opened by discovery that Pb, In, and Ga films can retain
superconductivity down to thickness of few atomic monolay-
ers [6-10], in spite of expected detrimental effects of thermal
and/or quantum fluctuations [11,12]. More recent discoveries
include a strong enhancement of critical temperature 7, in
the one-unit-cell-thick FeSe films on SrTiOs, above 100K
compared to 8 K of the bulk FeSe [13]; the monolayers of
NbSe; exhibit spin-momentum locking effect leading to a very
high in-plane critical magnetic field [14]; the monolayer T1-Pb
compound hosts giant Rashba spin-split states, potentially
useful for superconducting spintronics. In all such crystalline
and atomically thin materials, superconductivity is known to be
strongly affected by quantum confinement, leading to observ-
able thickness-dependent quantum size effects [6,15-22] and
distinctly different electronic properties. Understanding and
controlling these is the key to engineering electronic devices
with novel functionalities.

Recently, a step on the surface of atomically thin films,
even if just one atom high, was found to strongly influence
the electronic transport. Such surface steps not only change
the overall electronic structure of the film, but also affect the
range of proximity-induced superconducting correlations and
the interplay of superconducting currents. References [23,24]
have demonstrated that an atomic surface step disrupts super-
conductivity, blocks supercurrents, pins Josephson vortices,
and works as an intrinsic Josephson junction. Furthermore, the
surface step was recently found to terminate the propagation of
the proximity-induced superconducting pair correlations [25].
Therefore, engineering the atomic steps on the surface of crys-
talline films is a definite new route to optimize and manipulate
the superconducting properties or device performance at and
below nanoscale.
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In this paper, we show that above-mentioned effects are only
some particular examples, as a surface step actually exhibits
a multifaceted influence on the electronic, superconducting,
and transport properties of atomically thin films. Due to the
interplay between the quantum confinement effects and the
scattering induced by the surface step, we find that physical
properties on two sides of the step can be qualitatively and
quantitatively different for both normal and superconducting
state of the film. In addition, the transport is also affected
by quantum resonances related to film thickness, with perfor-
mance characteristics tunable by the height of the step on the
surface. Our findings not only improve the understanding of
the role of surface steps in superconductivity but also facilitate
the further design of atomic-scale superconducting quantum
devices.

The paper is organized as follows. Our theoretical formal-
ism is outlined in Sec. II. Section III comprises the results
of our numerical simulations of both stationary and transport
properties of the superconducting films with nanoengineered
surface steps and ideas on local manipulation and fabrication of
versatile junctions using surface steps. Section IV is devoted
to the discussion on possible refinements of the model and
where and to which extent those refinements are expected to
affect the main results of our calculations. The summary and
a brief outlook are given in Sec. V.

II. THEORETICAL FORMALISM

We employ the Bogoliubov-de Gennes (BdG) formalism,
proven effective to study the interplay between superconduct-
ing phase and the quantum confinement effect in nanoscale
samples [15,16,26,27]. Disorder, with its known scattering
effects [28,29], was not considered in this study, based on the
experimentally shown robustness of the quantum-size effects
in ultrathin Pb films [30,31]. The BAG equations are written
as

[Ko — EF]un(;) + A(F)vn(’?) = 5n”11(7)a (D

AFY up(F) — [Kg — EFlva(F) = Eua (), @)
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FIG. 1. (a) The oblique view of a film with surface step. The
thicknesses of two sides of the step are labeled as D and d. The
lateral dimensions of the film are taken large enough in the simulations
and do not affect the presented results. (b) Normal-state electronic
structure for D /d = 10/7. The top panel shows the spatial average of
LDOS on two sides of the step. The color coding indicates the three
classes of states (denoted /—1 I 1) and their portion in the total density.
(c) The electronic probability density distributions for typical states
I-I11.

where Ko = —(AV)?/2m + U(7) is the kinetic energy with
U being the one-particle potential and Ep the Fermi
energy, u,(v,) are electron(hole)-like quasiparticle eigen-
wavefunctions, and E, are the quasiparticle eigen energies.
The pair potential A(¥) is determined self-consistently from
the eigen wave functions and eigen energies as

AF) =g Y un(P)oiI1 = 2f(Ep)], 3

E,<E.

where g is the coupling constant, £, the Debye cutoff energy,
and f(E,) =[1+exp(E,/kgT)]~' the Fermi distribution
function at temperature 7.

We consider a laterally extended film with a surface step,
schematically depicted in Fig. 1(a). The thicknesses of the left
and right side of the step are labeled D and d, respectively. We
require that the wave functions u, (¥) and v, (¥) decay exponen-
tially in the vacuum outside the film, by setting the potential
to a large value; e.g., U(F) = 20Ef. Under this condition,
we solve the BAdG Egs. (1)-(3) self-consistently by expanding
u, and v, in terms of plane waves. Then, periodic boundary
conditions are automatically used in all (x, y, and z) directions.
It means that, in the x direction, there will be another step
on both sides of the film. To overcome the influence of the
periodic images of the step, we consider a very long sample
(>100 BCS coherence lengths &), so the interaction between
the periodically repeated steps is negligible. In the y direction,
the very high on-site potential U () prevents any interaction
with periodic images of the sample.
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Since there exist by now a large variety of ultrathin
superconducting structures, e.g., made of Pb, In, Ga, NbSe,,
we chose to keep the calculations generic and not include
the specific band-structure of each material. Instead, we
considered an isotropic quadratic dispersion and confirmed
that the shown features remain robust for a wide range of
parameters, i.e., kp§y = 2Ep/m Ag & 10-60, where kF is the
Fermi wave vector, & and A are the coherence length and
the bulk superconducting gap at T = 0, respectively. Thus,
without loss of generality, we set the parameters to: effective
mass m = 1.5m, (m, is the electron mass), kr&y ~ 30, and
E./Ag =~ 10.

III. RESULTS

A. Effect of the surface step on normal-state properties

Since any effect of the surface step on electron wave func-
tions may further manifest in the superconducting order pa-
rameter, we first examine the normal-state electronic structure,
obtained by solving the single-electron Schrodinger equation;
i.e., Kogy(r) = E;¢(¥). We found that the normal-state elec-
tronic structure is well characterized by the spatial average of
the local density of states (DOS) over D and d sides of the step.
As an exemplary case, Fig. 1(b) shows the DOS of both sides
for D/d = 10/7. The film exhibits the standard 2D DOS of
quantum wells on either side of the surface step, but with differ-
ent characteristic energies, i.e., a staircase in DOS is observed
at energies E; and E; on the corresponding side of the step.
Note that E; — h*(zj/D)*/2m* and E', — I(rtj'/d)? |2m*
when the on-site potential U — oo outside of the sample.
The calculated 2D DOS structure proves that our sample is
sufficiently long, so the interaction between the periodically
repeated steps is negligible, since no resonance peaks in DOS
are observed. To understand what causes the staircase behavior
in DOS at energies E; and E },, we examine also the normal
state wave functions. We find that the resulting normal states
can be grouped into three classes [exemplified in Fig. 1(b)]:
with probability density concentrated on thicker side (class I),
on thinner side (I), or densities mixed across the step (III).

The states of class I (II) are similar to the quantum-well
states. They emerge abruptly at threshold energies E; (E },),
and are responsible for the staircase rise of DOS [cf. the
color coding in DOS in Fig. 1(b)]. As a result, the electronic
properties on one side of the step on the surface can be very
different from those on the other, especially when the Fermi
energy is close to E; or E; At higher energy, the states of
class I and Il increasingly mix, and states of class III dominate
the DOS. Therefore, the difference in DOS at the surface
step becomes negligible for j,j’ — oo, and homogeneous
electronic properties in the film are recovered. In other words,
the surface step is particularly important for atomically thin
films, and the peculiar electronic structure in that case is
the consequence of the interplay between different quantum
confinement effect on two sides of the step and the electron
scattering at the surface step.

B. Superconducting properties and tunability of the system

After understanding fundamental normal state properties of
the system, we turn to the analysis of the superconducting state.
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FIG. 2. Superconducting properties. Panel (a) shows the spatial
average of |A(x,z)| over two sides of the step, as a function of d
for D = 1.7Ap. Panel (b) shows the same but as a function of E
for D = 1.7Ar and d = 1.4Af. (c) The spatial profiles of the order
parameter for the selected cases 1-3. (d) The chart for tuning the
system into S-S’, S-N’, and N-S’ junctions by changing temperature
T and/or chemical potential 1.

x/€, 1

We first calculated the spatial average of the superconducting
order parameter on two sides of the step, namely, Ap and
A,. Figure 2(a) plots those quantities as a function of d for
fixed D = 1.7AF, and reveals that A does not change with
d while A, exhibits d-dependent oscillations due to quantum
size effect. As a consequence, |A| on one side of the step
on the surface can be very different from that on the other
side, depending on the thicknesses D and d (relatively easily
realized between 2 and 20 monolayers, e.g., Pb [7]). For
example, for D = 1.7AF, |A| in the D side is higher than
on the other side when d = 0.9A r, while situation is reversed
for d = 1.4AF [see cases 1 and 2 marked in Fig. 2(a)].

The order parameter is not only sensitive to thickness D and
d, but can also be broadly tuned by the shift of Fermi energy
Ep, via, e.g., field effect ionic gating [32] (note, however, that
the effect of ionic gating in reality could be more diverse than
amere change of E [33,34]). Figure 2(b) shows the evolution
of Ap and A, with varied Ep, for D = 1.7Ap andd = 1.4Ap.
As seen, Ap and Ay alternately dominate each other with
changing Ef, as a consequence of normal state DOS being
composed of staircase functions. Compared to the case 2 at
E = Er where Ap < Ay, in the case 3 at E = 0.9E; we
realize Ap > Ay. This feature is clearly seen in the contour
plots of |A(x,y)| in Fig. 2(c) for the three selected cases. The
noticeable Friedel-like oscillations on the scale of Ag in the
vicinity of the step are due to the redistribution of charges, as
discussed in Refs. [35-37]. Note that the spatial distribution
of the order parameter, | A(x,y)|, can be strongly affected by
the microscopic inhomogeneities such as the atomic structure,
disorder and other. However, the described effect of the surface
step will remain present and distinct. In other words, the
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difference between the |A(x,y)| before and after the surface
step would remain instructive, even though the details would
change.

Employing the above features, one can realize S-S’, S-N’,
and N-§’ junctions (S, S’ denote different superconductors,
N and N’ denote normal metals) in one same film with
atomically defined step in thickness, nearly at will. In Fig. 2(d)
we provide a schematic diagram for such tuning, done
by changing chemical potential and/or temperature. Due to
different Andreev reflection and proximity effect in these three
types of junctions, different electrical conductance can be
realized, or used in thermal or electronic sensors. Additional
functionalities of the device can be achieved in case of two
(or more) steps on the film surface, in close proximity to each
other. Although similar tuning is feasible via proximity effect
in SS bilayer structures [38], our findings enable realization of
multifunctional devices made of one same film, at the ultimate
minimization of scale.

C. Effect on transport properties—proximity
and Josephson phenomena

To reveal more facets of the influence of surface step
on superconductivity in ultrathin films, we studied transport
properties in the system. Motivated by the recent experiment
of Ref. [25], we study how the proximity-induced supercon-
ducting pair correlations change when crossing the step in
thickness. Since this is a system comprising superconducting
and normal metal part, it is more convenient to express Eq. (3)
as

AGF) = g)CE) = ¢(7) Y, uaPIviEI — 2f(E], (4)

E.<E.

where C(r) are the superconducting pair correlations. The
coupling constant g(r) is now spatially dependent, since it
falls to zero in the normal metal part. The results are presented
in Fig. 3, for the case where the step itself is in the normal
state, and superconducting correlations originate from distance
0.6&, away from the step [i.e., g(x > —0.6&;) = 0]. We find
that superconducting transport from thicker to the thinner
side of the film (D > d) strongly differs from the opposite
case (D < d), due to different scattering induced by the
surface step. Figure 3(a) shows comparatively the contour
plots of order parameter near the step for cases D > d,
D =d,and D < d. The normal state region is at x > —0.6&,
and pair correlations is expected to decay with increasing
x. However, when D > d, the pair correlations are locally
enhanced by reflection from the surface step and exhibit
pronounced oscillations in the film between the S-N interface
and the surface step—notably different from the case D = d.
Surprisingly, the pair correlations beyond the surface step
(x > 0) are also enhanced compared to the D = d case. This is
different from the observations in Ref. [25], where the surface
step terminated the propagation of the proximity-induced
pair correlations. On the other hand, for D < d, the pair
correlations seem to decrease strongly beyond the surface
step. To visualize these features more clearly, we plot in
Fig. 3(b) the pair correlations integrated over the thickness
[F(x) = f A(x,z)dz] as well as the maximal local value of
A(x,z) [P(x)] for each x, for the three cases considered in
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PHYSICAL REVIEW B 96, 104509 (2017)

© 4,

]
208
0.6
0.4
0.2L£

F/F,

. 1
a° 0.8
a 0.6
0.4
0.2

x/€, 0

0 x/€,

FIG. 3. The effect of a surface step on the proximity-induced superconducting pair correlations (PC). (a) The spatial PC profile near the
surface step for d/Ar = 0.6, 1.3, and 2, for fixed D = 1.31r. C is the bulk expectation value of the PC at T = 0. The S-N interface is located
at x = —0.6&, as depicted in the top cartoon. (b) F(x), the total PC (integrated over z), and P(x), the maximum of the PC over z, as a function
of x for the three cases shown in panel (a). (¢) F/Fp—, and P/P,—p at x = & as a function of d/D for D/Ar = 0.6, 1.3, and 2.6. The shaded
area highlights the different behavior for d < D compared to d > D case.

Fig. 3(a). We find that F(x) is abruptly suppressed when
crossing the surface step for D > d, whereas it does not change
for D < d, compared to the case of D = d. The behavior of
P(x) is opposite from F(x) as seen also in Fig. 3(a), where
P(x) is enhanced when crossing the surface step for D > d
whereas it is suppressed for D < d, compared to the case of
D = d. Note that oscillations in F(x) and P(x) are not due
to the numerical accuracy but appear due to scattering at the
interface and are pronounced in the thicker part of the sample.

In Fig. 3(c) we plot F(x) and P(x) at x = & as a function
of d, for different selected D values, to devise the general
trend with respect to the role of the surface step. When d <
D, the step blocks the propagation of the Cooper pairs and
F(x = &) increases linearly as d — D. When d > D, the
surface step does not block the propagation and F' (&) weakly
increases with d until saturation for d > &y. F (&) still shows
thickness-dependent oscillatory quantized behavior, especially
for d < D. Due to quantum confinement, the local density of
the order parameter [ P(&y)] can be in resonant situation and
thus enhanced for some d when d > D. When d > D, P(x)
on d side is always proportional to 1/d so pair correlation
density decreases fast when crossing the step on the film.

Our results show that the effect of the surface step on the
proximity-induced order parameter is more diverse than the
bare termination observed by scanning tunneling microscopy
in Ref. [25]. The latter pertinent observation is suggestive
of additional scattering at the experimentally realized surface
step compared to our considerations. We therefore introduce
an additional potential barrier at the surface step [shown in
Fig. 4(a)], because the surface step breaks the lattice translation
symmetry, which can significantly modify the electronic struc-
ture and shift the chemical potential. Such a potential barrier
always has a detrimental effect on the proximity-induced pair
correlations at the surface step. However, in that case we have
additional new physics stemming from the fact that potential
barrier at the step can be considered as a weak link. To capture
those effects, we study DC Josephson tunneling by imposing
a phase difference 6 between the two sides of the step on
the surface [39]. In practice, we set A(x < —&p) = |A| and
A(x > &) = |Ale® on the weak link of width 2&, where

additional potential barrier is applied [see Fig. 4(a)]. Then,
the resulting supercurrent density is calculated as

- . h R R
J@) = 3= 3 U ENGE T un(F)

E,<E,
+[(1 = f(E)wa(F) v v,(F) —He}. ()

The potential barrier U’ is chosen such that the critical Joseph-
son current /., can always be found for 0 < 6 < 7, as seen
from the I — 6 relation in Fig. 4(b). In this work, the Gaussian

potential barrier U’ is used, i.e., U'(x) = erxp(—%), where
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FIG. 4. (a) Schematic picture of a Josephson junction in an
ultrathin film with a step, with additional potential barrier U. (b) The
current-phase relation for D = 2.6Af and d/Ar =1, 1.7, and 2.3.
(c) Critical current /. as a function of d/D (scaled to I. for d = D),
for D/Ar =1, 1.3, and 2.6. The shading highlights the very different
behavior observed for d < D versus the case of d > D. (d) and (e)
show the supercurrent flow through the junction for d /A = 1.7 and
2.6, respectively, for D = 1.31p.
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Uy =2EF and 0 = 0.1&;. Figure 4(c) summarizes the effect
of the surface step on the Josephson effect, where I, was
plotted as a function of d for different D. Similarly to the
proximity-induced order parameter, the effect on Josephson
current is profoundly different for d < D and d > D. For
d < D, I, increases nearly linearly with d. For d > D, I.
oscillates with d due to quantum-size effect, until convergence.
These oscillations in I, indicate significant change in tunneling
between two sides of the step. This change is due to the
mismatch of Fermi velocities, and more importantly in this
case, due to details of the coupling between the subbands
and the interband scattering. Figures 4(d) and 4(e) show the
streamlines of the supercurrent inside the junction, for two
thicknesses d, both larger than D. Both considered cases
exhibit very inhomogeneous flow of current, due to quantum
confinement. In Fig. 4(d), the main current channel shifts
from the center/bottom of the film to the top when passing
the step on surface. In contrast, Fig. 4(e) shows the case
where main current channel remains in the bottom half of
the film before and beyond the step. For that reason, the latter
case exhibits facilitated tunneling, leading to higher critical
current. This is yet another example of a useful property in
superconducting devices that can be tuned to very different
regimes by atomically small steps in ultrathin films.

IV. DISCUSSION

Arguably, the main result of this paper is that supercon-
ductivity is strongly and diversely modified on two sides
of the surface step, enabling realization of multifunctional
superconducting heterojunctions. This fundamentally depends
only on the manner in which superconductivity is thickness
dependent—microscopic details do not change the generic
picture, although some features may become weaker in cases
of very small atomic steps and, e.g., presence of considerable
disorder.

All our results are obtained by using a simplified model
for superconducting thin films, where we considered only
the quantum confinement effect on electrons, leading to the
quantization of electron spectrum into different subbands [40].
We also assumed the pairing interaction to be the same
as in the bulk material, defined by a local interaction with
a constant pairing strength Vp, i.e., V(r,r') = Vod(r — r').
Finally, we used a high surface potential barrier to confine
the electronic motion in the film. Each of these assumptions
can be improved so that the model becomes more realistic.
For example, electron-phonon pairing interaction in thin films
is known to deviate from the bulk behavior [41,42] as was
experimentally reported for Pb atomic thin films [43]. In what
follows, we discuss how this and other refinements in the
model affect the main results of our work.

First, the pairing interaction deviates from the bulk when
electrons are confined in a film. In BCS theory the pairing
interaction Hamiltonian is Hiw = —3_, CLTCL ' VyaCalCats

with cLT and ¢,y the usual quasiparticle creation and

annihilation operators. The interaction matrix element is
‘7,,,(, = Vo [ d*F|W,(F)]*| ¥, (F)|* with ¥,(F) the eigen wave
functions. Therefore, the pairing interaction matrix elements
depend not only on the interaction strength V; but also on
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the eigen wave functions \I/p(17). In a film with thickness
L., W,(F) « e'kx+hysin(pz /L), so that Vp,q = Vo/VA +
%8 pq) in the system with volume V. Using this model,
Thompson and Blatt obtained the saw-tooth pattern in 7, as
thickness was varied [44]. Since their pairing interaction is
stronger than ours, i.e., Vp,q = Vy/V, the T, is expected to be
higher and the saw-tooth oscillations in 7, are expected to be
more pronounced. As a result, the thickness dependence of
superconductivity is more significant. It is worth mentioning
that Ref. [45,46] also take the energy dependence of the density
of states into account, and find the saw-tooth pattern in 7, with
film thickness is suppressed. However, that would not change
our results because this effect has been included automatically
in our BdG calculation.

Second, the pairing interaction also depends on the quanti-
zation of the phonon spectrum due to the quantum confinement
effect. Reference [47] took this into account by setting a
cutoff in the number of phonon modes. Then, only the phonon
modes / = 1,...,Im.x contribute to the pairing interaction, and
the I, the maximal allowed value of [, is proportional to
the film thickness d and the Debye cutoff energy /iwp. As a
result, superconductivity is suppressed due to the less effective
number of phonon modes. However, the saw-tooth oscillations
in T, are not affected. In addition, resonance features appear
more frequently with the variation of the film thickness.
Therefore, the thickness dependence of superconductivity
remains significant, hence all our findings qualitatively
hold.

Third, Ref. [48] considered the effect of quantum confine-
ment on the electron-phonon coupling strength. In contrast
to the studies mentioned previously, the authors derived
the phonon-mediated pairing interaction beyond the contact
potential approximation in the frame of the Green’s function
approach. They found the pairing interaction depends on two
effects: (1) the screened Coulomb interaction; and (2) the
number of phonon modes. The former one drops remarkably
when the number of occupied electron subbands increases
by one, leading to the suppression in 7. On the other hand,
the latter one rises when the number of phonon modes
increases by one. Thus, those two effects compete with
each other and lead to more pronounced 7, oscillations with
varying film thickness. Therefore, the thickness dependence
of superconductivity is still present and is pronounced, though
details may be strongly changed.

Finally, a very high surface potential barrier is used in our
model to create the quantum confinement effect on electrons.
For that reason, our results do not exhibit essentially different
behavior from the results obtained if an infinite potential
barrier is used [16,44]. However, a relatively low potential is
likely a more realistic choice, being set by the work function of
the material. In films, the work function is usually suppressed
compared to the bulk due to the finite size effect [49].
References [18,46,50] already studied superconductivity in
thin films with a relatively low surface potential barrier and
found that the shape resonances of A and T, are still significant
but the envelope curve exhibits a reduction with decreasing
film thickness. This reduction is induced by the leakage of the
electronic wave function across the film surface. Therefore,
the thickness dependence of superconductivity will remain
evident, though less significant.
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When all the aspects are taken into account, we render our
main results qualitatively robust against above improvements
in the model, albeit fine details may change and some effects
can be weaker.

One of the other important results of our work is that
the transport ability (e.g., in the propagation of the super-
conducting pair correlations or the supercurrent) across the
surface step increases linearly as d — D, with a quantized
oscillatory background. This feature depends mainly on the
ratio between the thicknesses of two sides of the surface step
and also depends on whether there is a momentum mismatch
at the interface where the step is located. As long as the
step exists, both these conditions are satisfied. Therefore, the
above refinements of the model would not affect the reported
transport behavior, characteristic of ultrathin films with a
surface step.

V. CONCLUSION

In summary, we showed that surface steps in atomically thin
films can lead to a multitude of pronounced and diverse effects
on superconductivity. Even if small, such steps strongly modify
the effects of quantum confinement in ultrathin films, while
also causing significant electronic scattering. We reveal how
these effects are tuned by the thickness, temperature, and/or
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electronic gating, thus enabling the engineering of S-S’, S-N’,
and N-S junctions at the step, nearly at will. The transport
properties and the proximity effect across the step(s) also
exhibit versatile behavior, even opposite regimes, depending
on the thickness. In applied magnetic field, the discussed
features will directly affect the properties of vortices (in the
film [8], near the S-S’ step [23,24], or in an S-N-S’ junction
between the adjacent steps [51]), and their behavior in applied
current. Further rich physics can be stimulated in these systems
by tuning the spin-orbit coupling and applying an in-plane
magnetic field [14].

The needed crystalline thin films are readily experimentally
available, and that for a range of different materials. Our find-
ings thus present a first step toward ultrathin superconducting
circuitry with functionality locally and broadly crafted by 3D
atomistic engineering and quantum effects.
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