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ABSTRACT

We present an unexpectedly strong influence of the proximity effect between the bulk Ru(0001) superconductor and atomically thin layers of
Co on the crystal structure of the latter. The Co monolayer grows in two different modifications, such as hcp stacking and a reconstructed
e-like phase. While hcp islands show a weak proximity effect on Co and a little suppression of superconductivity in the substrate next to it,
the more complex e-like stacking becomes almost fully superconducting. We explain the weak proximity effect between Ru and hcp Co and
the rather abrupt jump of the superconducting order parameter by a low transparency of the interface. In contrast, the strong proximity
effect without a jump of the order parameter in the e-like phase indicates a highly transparent interface. This work highlights that the
proximity effect between a superconductor and a normal metal strongly depends on the crystal structure of the interface, which allows to
engineer the proximity effect in hybrid structures.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0130313

The superconducting proximity or Holm–Meissner effect is a
phenomenon that arises when a normal metal is placed in contact
with a superconductor1 and can be used to engineer p-junctions in
Josephson contacts for quantum devices.2–4 While the normal metal
can be described in the framework of Fermi liquid theory, in the super-
conductor, a gap appears in the single particle spectrum near the
Fermi level and electrons condense in Cooper pairs.5 In conventional
superconductors, the pairing energy is a consequence of an attractive
interaction between electrons mediated by virtual phonon exchange.6

The Cooper pairs form a condensate, whose density reflects the super-
conducting order parameter. Lateral variations of the Cooper pair den-
sity inside the superconductor arise on the length scale of the

superconducting coherence length n ¼ �hvf
pD, with vf being the Fermi

velocity andD being the superconducting gap.

When bringing a superconductor in contact with a normal metal,
Cooper pairs may be scattered into the normal conductor and
unpaired electrons may be scattered into the superconductor. In the
normal metal, the attractive interaction between electrons is absent
and Cooper pairs decay into single electrons after traveling a charac-

teristic coherence length nn ¼
ffiffiffiffiffiffi
D
2pT

q
6¼ 0, where D is the electron dif-

fusion coefficient and T is the temperature. If the normal metal is
magnetically ordered,7 the exchange interaction of size Eex effectively
scatters electrons (and Cooper pairs), resulting in shorter coherence

lengths of the order of nf ¼
ffiffiffiffiffiffi
�hDF
Eex

q
. For Co nf is about 3 nm,2–4 as

deduced from Josephson junctions with intermediate Co layers. As a
consequence, when approaching the interface, the superconducting
order parameter continuously decays from its bulk value far inside the
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superconductor, leaks into the normal metal, and finally vanishes far
inside the normal metal. The superconducting properties are, thus,
transferred over some distance into the normal metal, and the order
parameter in the superconductor is lowered near the interface.7–9

Based on this, we expect a strong proximity effect in single monolayers
of Co on Ru.

In studies of the superconducting proximity, the nature of the
interface between the two materials is often neglected. When extend-
ing our considerations to an interface with limited transmission of
electrons and Cooper pairs, a discontinuous jump in the order param-
eter arises at the interface.10–12 For example, a fully reflective interface
(zero transparency) leads to complete decoupling of both materials, a
suppression of the proximity effect, and an abrupt change of the
Cooper pair density. A fully transparent interface (unity transmission)
would result in a smooth variation of the order parameter across the
interface. A limited transmission of electrons due to band mismatch
between the two materials is the general case, where the interface has a
transparency below 1. In this case, on top of gradual changes inside
both materials, an abrupt jump of the order parameter arises at the
interface.10–12

In this work, we consider a crystalline superconductor–normal
(SN) interface and show that the proximity effect can be changed dras-
tically, depending on the interface to the normal metal. Our model sys-
tem is Co on Ru(0001),13–15 in which Co can grow either in the hcp
phase, in registry with the crystal structure of Ru or in a e-like phase
with a broad reconstruction which breaks the local translational
invariance of the interface.

Co/Ru(0001) samples were prepared under ultra-high vacuum
(UHV) at a base pressure of 4� 10�11 mbar. The Ru(0001) single
crystal was cleaned by cycles of annealing in oxygen and argon-ion
sputtering followed by thermal annealing.14 On the atomically flat and
clean surfaces, Co films were deposited from an e-beam evaporator
followed by a transfer to a scanning tunneling microscope (STM)
under UHV. STM measurements were performed at 30 mK with a
home-built microscope.16

In our previous work, we reported on the magnetic ground state
of hcp Co on Ru(0001), which is a Bloch-type spin spiral.14 Here, we
show that, depending on the deposition parameters, two differently
stacked phases appear. In addition to the hcp stacking of the Co layer,
which forms triangular islands [see Fig. 1(a)], islands with opposite
step edge orientation (reversed triangles) can be found [see Fig. 1(b)].
These islands appear about 50 pm lower in the STM images. Figure
1(c) shows a zoomed area with atomic resolution containing both
phases. It was recorded near a Ru upward step edge (green arrows)
with a narrow strip of hcp stacked Co surrounding it, which appears
slightly darker. The crystal lattice going from Co to Ru shows no lat-
eral shifts, confirming an identical hcp stacking (yellow lines). Next to
the hcp Co, the second phase is visible that shows a different crystal
structure. It is separated by a phase boundary (light blue arrows). The
phase shows a large unit cell in the form of a

ffiffiffiffiffi
10
p
�

ffiffiffiffiffi
10
p� �

-recon-
struction. The basis vectors are indicated by red arrows and have a
length of 939 pm. This unit cell agrees well with the 2d unit cell of the
rather open (111) surface of bulk e-Co of 860 pm (Ref. 17) as shown in
an atomic model (gray spheres represent Co atoms) in Fig. 1(d). The
positions of the atoms exposed to the vacuum in that unit cell are
marked by green dots and agree qualitatively with the STM image [see
the replica of position in Fig. 1(c)]. Note that the binary phase diagram

of Co and Ru contains a phase designated as e,18 but it differs from the
phase we observe here. The e-phase we observe was also found for
pure Co in small clusters and was shown to order ferromagnetically
similar to hcp Co.17,19 The Co atoms in the unit cell are less densely
packed than in the hcp lattice. Furthermore, the e-islands display a
brighter, i.e., higher, border, as can be seen in Fig. 1(b). Atomically
resolved images (not shown) identify this rim as hcp stacked Co.

Ru has a superconducting critical temperature of Tc ¼ 470mK,20

i.e., it is superconducting at the measurement temperature of 30 mK.
To investigate the proximity effect between Ru and the Co islands, we
recorded local tunneling spectra. Figures 2(a) and 2(d) show individual
dI/dU spectra recorded in three positions as indicated by the color
code. The insets of Figs. 2(b) and 2(e) show the individual hcp and
e-islands as well as the line sections on which the spectra were taken.

Next to both islands and on the Ru substrate, the spectra (blue
lines) show a superconducting gap of D ¼ 60:76 0:7leV, which is
slightly lower than our previous measurements on bare Ru(0001).16

As expected, superconductivity of the bulk Ru sample is not quenched
by the monolayer islands of Co. Additionally, the gap is incomplete,
i.e., the differential conductance does not vanish at zero bias. This can
be easily explained by the estimated coherence length for Ru is

n ¼ �hvf
pD ¼ 3:4 lm. This is much larger than the average Co island size

and their separation. Thus, the effect of the islands on superconductiv-
ity of the bulk substrate is spatially averaged and the gap on the free
Ru surface is consistently reduced by a small amount on the whole
surface due to the proximity effect.

Placing the tip on the island edge, the behavior of hcp and
e-islands is similar (green lines). The zero-bias conductance is

FIG. 1. Topographic images of two triangular Co islands of one atom thickness with
different stackings on the Ru(0001) surface: (a) hcp and (b) e (U ¼ 1 V, I ¼ 1 nA).
(c) dI/dz image of the different stackings of Co near a Ru(0001) step edge
(U ¼ 100mV, I ¼ 1 nA, and zmod ¼ 20 pm). The green and light blue arrows
denote step edges and domain boundaries of the stacking, respectively (see the
text) and the yellow lines highlight rows of Co and Ru atoms visible on the hcp Ru
and Co surface. (d) (111) cut of e-Co phase. The red diamond shows the unit cell.
The green dots show the positions of the surface Co atoms. The positions are
repeated in (c) for comparison.
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drastically increased, i.e., the Cooper pair density is significantly
decreased, although the spectra were recorded on only a single atom
thick Co layer. Measuring inside the islands (red lines), however, the
spectra differ dramatically. While on the e-island the spectrum is
almost identical to that of the bare Ru, on the hcp island, we find a
reduction in the gap intensity, much stronger than expected from the
coherence length nf � 3nm reported in the literature for Co.2–4

Furthermore, inside the gap states evolve that are slightly asymmetric
with a peak structure above and below the Fermi energy. Such a

behavior is often attributed to Yu–Rusinov–Shiba (YRS) states,21–24

when a magnetic metal or impurity is brought into contact with a
superconductor. Note that due to the islands size of many thousands
of Co atoms, no single YRS states but a continuum is expected that
also may depend on the magnetic configuration inside the island such
that systematic study of this goes beyond the scope of this paper.

Figures 2(b) and 2(e) show color coded dI/dU spectra as a func-
tion of lateral displacement when going from the island (left) over the
edge to the bare substrate (right). First, we note that the reduced gap

FIG. 2. dI/dU scans of the Co monolayers on Ru. Left panels: hcp-Co. Right panels: e-Co. (a) and (d) Individual dI/dU spectra recorded on free Ru (blue), edge of the island
(green), and on the bulk of the island (red). The line profiles are extracted from the dI/dU spectra visible on (b) and (e). (b) and (e) Color coded dI/dU spectra plotted against
lateral position of the tip crossing the island edge. The left halves of the spectra are recorded on the island, while the right halves are recorded on free Ru. The insets show
the topographic images of the islands on which the spectra were recorded. The red line shows the scan trajectory of the tip. (c) and (f) The dI/dU value at the Fermi energy
plotted against the position of the tip. All dI/dU-data were normalized to the differential conductance at an energy of 300 leV.
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on the edge of the e-island coincides with the bright rim observed in
the STM topography and coincide with the hcp rim of the island. This
explains the similar spectra for the two island edges.

Figures 2(b) and 2(e) give a more detailed view of the tunneling
spectra as a function of position. In both contour plots, the spectra
evolve continuously when going from the substrate over the edge and
into the island. Notably, the positions of the coherence peaks shift to
slightly lower energies when coming close to the islands. At the same
time, the dI/dU signal at zero bias increases gradually over a distance
of a few nm. To analyze this, we plot dI/dU at zero bias as a function
of position [see Figs. 2(c) and 2(f)].

For the magnetic hcp island, the quasi-particle density starts a
gradual increase about � 15 nm before the island edge, then abruptly
jumps at the edge and is essentially constant on the island. The first
effect can be simply explained by the dimensionality n of the problem.
In general, the proximity effect leads to variations of the Cooper pair
density in a superconductor with the function jwj2 � r�ðn�1Þe�r=n,
i.e., for a one-dimensional problem, the usual exponential decay is
found, while for higher dimensions, the scattering geometry has to be
considered. For a three-dimensional situation, the 1=r2 factor simply
represents particle conservation. We do not attempt to fit the depen-
dence: first of all, n is so large that no meaningful number can be fit on
sections of a length of only a few nm; and second, the dimensionality
of the problem near an island should display a crossover from two to
three-dimensional. Essentially, the same behavior is found for the hcp
rim of the e-island.

The second effect, i.e., the sudden jump, however, calls for
another explanation. As discussed in the introduction, for a fully trans-
parent interface, the order parameter varies smoothly, which is at odds
with the observation. Instead, it jumps abruptly when going from the
substrate to the Co monolayer. Assuming that the order parameter in
Ru below the island varies smoothly on the characteristic length scale
implies that it needs to jump to the much reduced value observed on
the Co monolayer at the Ru/Co interface indicating a partial transmis-
sion of electrons at the interface. The interface, thus, largely decouples
the two regions. Note that a fully transparent interface would either
lead to a strong reduction of the superconducting order parameter in
Ru (below and near the island) or a stronger proximity effect in the Co
island, as observed in p-junctions of Nb and Co.3,4

In contrast, the e-island shows only slightly higher differential
conductance at zero bias than the bare substrate. This indicates a
strong proximity effect and nearly the same order parameter as the
substrate. The interface must be highly transparent.

In conclusion, we have shown that Co grows in two different
stackings on a Ru(0001) substrate. Co in the pseudomorphic hcp
stacking shows strongly suppressed superconductivity while the e-
phase exhibits a similar Cooper pair density as the substrate. This
behavior is explained by a reflective interface for hcp Co limiting the
proximity effect while the e-phase with its almost full gap hints for a
large transparency. The influence of the crystal interface can be used
to engineer proximity effect in hybrid structures12 to tune hybridiza-
tion of the states, for example, in superconducting spin valves and p-
junctions.7 The transparency effect is expected to be of paramount
importance especially for crystalline interfaces.
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