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Quantum technologies require a new generation of superconducting electronic devices and circuitry. However,
the superconducting materials used to construct them are restricted to a class of bulk superconductors. Gold films
grown in contact with superconducting materials can exhibit superconducting correlations through the proximity
effect, with various possible implementations in quantum technology. Here we study the growth of flat Au films
on various surfaces of the elemental superconductors vanadium and niobium through a combination of low-
temperature scanning tunneling microscopy and x-ray photoelectron spectroscopy. In particular, we investigate
the growth morphology and composition as a function of temperature and coverage. We find that gold films can
grow flat and oxygen-free when annealed to sufficiently high temperatures; however, they are also susceptible to
partial intermixing with the substrate elements. Low-temperature scanning tunneling spectroscopy measurements
elucidate the emergence of a proximitized superconducting gap at the gold surface. Additionally, we demonstrate
the survival of the magnetic state of FeTPP-CI molecules on the surface of these gold films, proving that they
behave as a good support for probing molecular magnetism. We found that the exchange interaction between
the molecular spin and the superconducting condensate can be inferred by the measurement of subgap Yu-
Shiva-Rusinov states. Our paper shows that proximitized Au films constitute a promising platform to explore
on-superconducting-surface synthesis and the interaction between superconductivity and magnetism in a large

spin-orbit coupling environment.
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I. INTRODUCTION

Superconducting materials are nowadays in the spotlight
for the accelerating development of quantum information
technology [1,2]. Superconductors not only play a key role
in the manufacturing of quantum bits (qubits) but also in
probing their quantum state [3], minimizing decoherence [4]
and mediating their intercoupling [5]. Taking a step toward
this approach, the superconducting proximity effect [6-8] can
serve as a tool to improve the current status quo. First, at the
single qubit level, proximitized superconducting substrates
are useful in decreasing sources of noise and dissipation,
increasing spin relaxation (T1) and coherence (T2) lifetimes
[4,9]. In agreement with this, it was shown that induced
superconducting pairing effects in gold (Au) thin films signifi-
cantly increase T1 of molecular spins lying on their atomically
clean surface compared to direct deposition on an elemen-
tal superconductor such as Pb [10]. Second, the intrinsic
large spin-orbit coupling [11] makes proximitized Au sur-
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faces a very good model system for studying topological
superconductivity [12—-15]. On these platforms, Majorana
bound states, key to topological quantum computation [16],
are predicted to exist upon further hybridization with mag-
netic insulators [17—19] or by engineering chains of magnetic
atoms [20-22]. Finally, due to its catalytic properties, the Au
surface can serve as a playground to engineer molecules with
customized magnetic properties, e.g., graphene nanoribbons,
via on-surface-synthesis (OSS) strategies [23-25].

The surfaces of most elemental superconductors under
investigation generally contain a significant amount of bulk
impurities, including oxygen atoms that contribute to surface
reconstructions. Such heterogeneous surfaces can hinder OSS
processes. Therefore, using Au as a passivating overlayer
provides us with an additional motivation to achieve OSS on
a superconducting substrate. To advance toward the afore-
mentioned applications of the proximitized Au films, it is
necessary to study the growth mechanisms at various tem-
peratures and pinpoint the optimal conditions for achieving
atomically flat metallic films. Previous studies of metallic thin
films grown on elemental superconductors focused on the
chemical composition analysis by x-ray photoelectron spec-
troscopy (XPS), where an alloy-phase formation was reported
above certain annealing temperatures [26—30]. The growth of
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a thin Au film on superconductors such as V(110) [17,31] and
Nb(110) [32] has only recently been reported. In such cases,
real-space imaging under various growth conditions as well as
characterization of the electronic density of states, such as the
proximitized superconducting gap, have yet to be explored.

In this paper, we investigate the epitaxial growth of Au
thin films on V(100), Nb(110), and Nb(100) single crystals by
means of scanning tunneling microscopy (STM). We explore
the key parameters for achieving flat thin films on all sub-
strates, such as Au coverage and postannealing temperatures.
Interestingly, for Au on V(100), we find that the postanneal-
ing temperature required to create flat films increases as the
Au coverage increases. Additionally, to address the chemical
composition of the Au films, we performed XPS experiments
for various thicknesses and postannealing temperatures. Over-
all, we conclude three main points: (1) It is possible to achieve
flat Au films on V and Nb substrates. (2) Upon annealing at
the temperatures required to obtain flat films, the atoms of
the substrate material diffuse and mix with the gold layer.
The amount of bulk atoms on the surface depends on the
film thickness and temperature. (3) While all the Au films
under study are superconducting, only on some surface phases
molecules maintain their integrity upon adsorption. Our re-
sults elucidate that flat proximitized Au thin films on top of
bulk V and Nb crystals is a promising platform to methodi-
cally study the interaction between molecular magnetism and
superconductivity.

The paper is organized as follows. In Sec. II, we describe
the growth of Au films on V and Nb single crystals. We in-
clude results about the Au film topography and XPS chemical
analysis on V(100) and film growth on Nb(110) and Nb(100)
surfaces. The electronic properties of Au film measured by
STS are presented in Sec. III, where we demonstrate that the
films exhibit superconductivity due to the proximity effect
and characterize their dependence on magnetic field and film
thickness. Finally, we evaluate the chemical reactivity of Au
films grown on Nb(110) by depositing a magnetic metallo-
porhyrin molecule, namely, FeTPP-CI. This reveals magnetic
coupling between the molecule and the substrate by the pres-
ence of Yu-Shiba-Rusinov [33-35] (YSR) subgap resonances.

II. GROWTH OF Au ON BULK SUPERCONDUCTORS

As mentioned before, bulk vanadium and niobium crystals
contain a high amount of impurities, with the most common
being oxygen, nitrogen, carbon, and sulfur. While the impurity
concentration in these crystals does not affect their usual bulk
superconducting properties, their surface preparation seems
to be nontrivial. Typical surface reconstructions appear for
V(100), Nb(100), and Nb(110) due to the presence of large
amounts of oxygen in the bulk and the high affinity of these
transition metals to form stable oxides [28]. According to
previous reports [36—38], removing the bulk impurities re-
quires very high temperatures, close to the crystal’s melting
point, which were not always successful [39]. Based on the
above, we chose to grow gold thin films on top of the flat but
reconstructed surfaces of V and Nb. For Ag films grown on top
of V and Nb, it has been shown [40,41] that pseudomorphic
monolayers of Ag are created at the interface, allowing for
an ordered Ag structure to develop upon further deposition.

However, for Au, the question of how the high miscibility of
the underlying transition metals affects the epitaxially grown
Au films remains unresolved.

Since gold is our working hose, we chose to work with
different surface terminations of the underling bulk metals
to pinpoint the diverse advantages of the thin film growth
and the resulting surface orientations. For example, the unre-
constructed Au(100) surface was primarily used as a catalyst
in on-surface electrochemical reactions, while its affinity
with vanadium atoms has been proven useful in studies of
single-site catalysts [42]. Therefore, we first attempted to
use a V(100) single crystal as a substrate for the growth of
gold films. We prepared the vanadium surface via sputtering-
annealing cycles followed by several high-temperature flashes
(see Sec. V). This resulted in atomically clean and flat ter-
races of the typical V-(5x1)-O reconstruction [Figs. 1(a)
and 1(b)]. Figure 1(b) shows the atomically resolved re-
construction whose atomic model is given in Fig. S1(a) in
Supplemental Material [43]. The bright protrusions can be
identified as oxygen vacancies, consistent with findings re-
ported in previous studies [39,44]. The oxygen reconstruction
is ubiquitous on this surface and its removal requires extensive
high-temperature cleaning procedures [45,46].

We grew gold films directly on the V-(5x1)-O surface at
room temperature and under ultrahigh vacuum (UHV). Under
these conditions, no epitaxial growth was observed. Instead,
the sample appeared decorated with gold clusters, regardless
of the gold coverage (Fig. S2 in Supplemental Material [43]).
To induce the recrystallization of the gold films, we performed
subsequent postannealing steps (more details can be found in
Sec. V). The STM images of Au films with varying thick-
nesses from 0.5 monolayers (MLs) to 9 MLs are shown in
Figs. 1(c)-1(j). Annealing to ~450 °C suffices to form flat
epitaxial films for lower gold coverages, e.g., for 0.5 MLs or
3.5 MLs [Figs. 1(c) and 1(e)], but for larger film thicknesses
results in recrystallization with large corrugation [e.g., 9 MLs
in Figs. 1(g) and 1(h)]. These thicker films exhibit a 3D
structure formed by small terraces decorated with a surface
reconstruction with periodicity near 1.3 nm, resembling the
1.4 nm periodic striped surface reconstruction of Au(100)
[47-49]. However, establishing a direct link with the canon-
ical Au(100) reconstruction is difficult due to the small size
of the terraces in the 3D structures. With further annealing
to 550 °C, the 9-ML-thick Au films become atomically flat
[Fig. 1()].

In Figs. 1(d), 1(f), and 1(j), we show small-scale STM
images of the flat Au films with increasing thicknesses after
high-temperature annealing. For 0.5 ML Au coverage, no
atomic-resolved image could be obtained, probably due to
disorder. However, for coverages above 2.5 MLs, the sur-
face exhibits periodic atomic structure [Figs. 1(f) and 1()].
The lattice constant extracted from these images decreases
with the coverage, i.e., 306 pm, 292 pm, and 286 pm
for 2.5 MLs, 3.5 MLs, and 9 MLs, respectively. These
values are in agreement with the gradual transition from
a V(100) surface with lattice constant of 303 pm to an
Au(100) surface with lattice constant of 288 pm. Although
the gold films appear to be flat, the atomically resolved
images reveal local surface inhomogeneities, manifested as
black depressions and white protrusions. To further study
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FIG. 1. Au films grown on V(100). (a), (c), (e), (g), (i) Large-scale STM image of clean V(100) surface with V-(5x1)-O reconstruction
(a), with 0.5-ML-thick Au film under 450 °C postannealing (c), with 3.5-ML-thick Au films under 460 °C postannealing (e), with 9-ML-thick
Au films under 450 °C postannealing, (g) and with 9-ML-thick Au films under 550 °C postannealing (i). (b), (d), (f), (h), (j) Small-scale STM
images corresponding to the Au films shown in (a), (c), (e), (g), and (f). The insets in (f), (h), (j) show the fast Fourier transform (FFT) images.
(k), (1) XPS data of the V 2p,,», V 2p3/2, Au 4f5/», and Au 4f;, peaks for a 1.5 ML Au film (k) and 9 ML Au film (1) before and after annealing
at a certain temperature. The inset of (k) shows the enlarged XPS data of the O s peak before and after annealing. Tunneling parameters: (a)
V=1V, I=100pA, (b) V=10mV,[=50nA, (c) V=0.5V,1 =400 pA, (d) V=10mV, I =400 pA, (e) top V=1V, 1 =100 pA, ()
V =80mV,I=50nA, (g), (h) V=500mV,I=400pA, (i) V=1V, 1=400pA, and (j) V=20 mV, I =40 nA.

the origin of these inhomogenious features, we performed
coverage-dependent XPS experiments on Au/V(100) to iden-
tify all the atomic species residing in the topmost layers of the
Au films.

We first focused on the changes in the XPS peaks for vana-
dium (V 2p;,, and V 2p;3,,) and gold (Au 4f5;, and Au 4f7)5),
specifically in terms of intensity and energy, as a function of
temperature and thickness. Deposition of 1.5 ML Au at room
temperature leads to a decrease in the intensity for the two
characteristic V 2p peaks compared to clean V(100), as can
be seen in the left panel of Fig. 1(k). At the same time, the
Au peaks appear in the spectra at the corresponding binding
energies for pure Au [right panel of Fig. 1(k)]. However,
upon annealing to 520 °C, we observe an increase in the
intensity of the vanadium peaks with respect to the spectra
taken before annealing the sample [red arrows in Fig. 1(k)
left panel]. Similarly, a shift in the position of the Au peaks
toward higher binding energies is indicated by the red arrows
in Fig. 1(k) right panel. The latter indicates a chemical change
in the coordination of gold present on the surface. Therefore,

we can attribute this behavior to the formation of a Au-V
inter-metallic alloy on the surface, which is in agreement
with Ref. [26]. Our XPS spectra also reveal that the oxygen
peak, characteristic of the V-(5x1)-O reconstruction, disap-
pears upon annealing [inset of Fig. 1(k)]. The carbon peak,
which is also a common bulk impurity, follows a similar trend
(Fig. S3 in Supplemental Material [43]). This fact discards any
implication of oxygen or carbon in the chemical shifts of the
Au film.

We also measured XPS on thicker Au films grown on top
of the vanadium surface [Fig. 1(1)]. In this case, the deposition
of nine MLs of gold totally suppresses the substrate signal of
V, and low-temperature annealing at 300 °C does not induce
any changes, contrary to the thin film case. In Fig. 1(1), left
panel, we can observe the two V XPS peaks re-emerge in the
spectra after annealing at higher temperatures, i.e., 600 °C.
This coincides with the temperature required for flattening of
the Au films seen in the STM images [Fig. 1(i)]. Accordingly,
the Au XPS peaks of the thick film first appear at the value
of bulk gold both for the as-deposited film and after annealing
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The Nb(110) Substrate Thick film 6.5 MLs

(a)

FIG. 2. Au films grown on Nb(110). (a), (b) Large scale (a) and
enlarged (b) STM images of Nb(110) surface after high-temperature
treatment. NbO nanocrystals are clearly shown in (b). (c) Large scale
STM images of 6.5-ML-thick Au film at a postannealing temperature
650 °C. (d) Enlarged STM image showing the three Au surface ter-
minations R1-R3 with different reconstruction structures. Tunneling
parameters: (a), (b): V=0.6 V, I = 200 pA; (c), (d) V = 100 mV,
1=200 pA.

to 300 °C. Upon annealing at 600 °C, the peaks shift again
at higher binding energies, similarly to the 1.5 ML film case
[Fig. 1(1), right panel].

Based on all the aforementioned observations, we can con-
clude that for the case of Au on V(100), there is a critical
temperature, which varies depending on the Au thickness,
where flat Au films are formed. An important aftermath of the
regular surface is the diffusion of V atoms from the interface
toward the surface. Diffused vanadium atoms appear as local
inhomogeneities in STM images of this mixed-metallic phase,
as shown in Fig. 1(j). Our XPS analysis confirms that pure
gold films can be grown on V(100) after annealing to mild
temperatures, though they appear highly corrugated, probably
owing to the minor lattice mismatch between Au(100) and
V(100). However, at postannealing temperatures near 600 °C,
the Au film becomes flatter as shown in Fig. 1(i) while an
Au-V intermetallic alloy is created.

It has been shown before that this intermixing can be
avoided by the formation of a pseudomorphic buffer layer
between the metal and the superconductor. In the case of Ag
on top of Nb(110), its particular surface reconstruction can
facilitate the growth of a bulk-like metallic surface which fully
preserves the superconducting gap of the underlying substrate
[25,40,50]. For this reason, we move our attention to the bulk
Nb(110) superconducting crystal and we investigate the case
of Au and how the preparation parameters, i.e., temperature
and thickness, can affect the growth of the thin films.

A (110)-terminated Nb substrate with NbO nanocrystals is
formed on the topmost layer, which can be seen in Figs. 2(a)
and 2(b), and the corresponding model is shown in Fig. S1(b)

in Supplemental Material [43]. The appearance of the surface
matches with previous reports [51-54]. It is worth mentioning
that a clean Nb(110) surface without oxygen is possible to
obtain by flashing to its melting point [32,38]. Nevertheless,
in this experiment, we studied the growth of Au films on the
oxygen-reconstructed surface.

Similar to V(100), we aimed to create a flat, well-formed
surface of gold on top of the Nb(110) substrate. We started
by depositing submonolayer coverage of Au to identify its
growth mechanism on Nb(110). As shown in Figs. S2(b) and
S2(c) in Supplemental Material [43], deposition at room tem-
perature as well as heat treatment at moderate temperatures
did not result in a layer-by-layer (Frank—van der Merwe)
growth mode [55], characteristic of a 2D thin film for the
formation of the pseudomorphic layer. Therefore, we con-
tinued by evaporating 6.5 MLs of Au on the Nb(110) and
postannealing the sample to higher temperatures similar to the
case of thick Au films on V(100), i.e., at 650 °C. The resulting
6.5-ML-thick Au films exhibit a more 3D topography with
multidomains as shown in Fig. 2(c). Nonetheless, the flat Au
terraces exceeding 100 nm, visible in the image, are sufficient
for our purposes. Three different surface terminations were
identified, labeled as R1, R2, and R3 correspondingly in the
enlarged STM image Fig. 2(d). The R1 region is flatter com-
pared to the other two, and we identify its atomic structure
[see also Fig. 4(c)] with lattice vectors’ constant 260 pm
and 280 pm, which are very close to Au(111) with lattice
constant 288.3 pm. However, the R1 surface seems inhomo-
geneous from the atomically resolved image, very similar to
the Au/V(100) case shown previously. Earlier works [28,30]
showed that annealing a gold film on Nb(110) above 427 °C
induces diffusion of Nb atoms into the film, detected in the
XPS signal, as our previous results on V(100). Thus, it is
very probable that the flat film we obtained is also alloyed, as
indicated by the inhomogeneous atomic resolved image of R1.
The R2 and R3 regions both show a one-dimensional periodic
structure with lattice constants 0.75 nm and 1.13 nm, respec-
tively. We attribute region R2 to the Au(110) 1x2 missing
row reconstruction with typical lattice constant 0.8 nm and
region R3 to its 3D roughening transition reconstruction with
a typical lattice constant 1.2 nm [56].

Finally, we present the growth of gold thin films on
Nb(100). To investigate the effect of the different oxygen-
reconstructed surfaces on the growth of the Au thin films, we
also tested the deposition on the Nb(100) surface reconstruc-
tion [Figs. 3(a) and 3(b)]. This type of surface topography
has been reported before [57,58] and was attributed to a
Nb-(3x1)-O reconstruction, with the atomic model shown in
Fig. S1(c) in Supplemental Material [43].

Au films with thicknesses ranging from submonolayer
to 3.5 MLs were grown on top of the Nb(100) surface.
Figure S2(d) in Supplemental Material [43] shows that after
deposition of 2ML of Au and annealing at temperatures near
400 °C does not result in an organized surface. Similarly to
the case of Nb(110), annealing the thin Au films at tempera-
tures above 550 °C is necessary to acquire a flat surface. For
submonolayer coverage, Au atoms self-organize into wires or
rectangular nanostructures following the pattern of Nb-(3x 1)-
O reconstruction, as seen in Figa. 3(c) and 3(d). This is an
indication that the growth mode of the Au film on Nb(100)

066201-4



EPITAXTIAL GROWTH OF GOLD FILMS ON THE ...

PHYSICAL REVIEW MATERIALS 9, 066201 (2025)

The Nb(100) Substrate
Nb(100)

0.27 ML Au film

Nb=(8X1):0

1 ML Au film 3.5 MLs Au film

FIG. 3. Au films grown on Nb(100). (a), (¢), (e), (g) Large-scale STM images of Nb(100) surface with Nb-(3x 1)-O surface reconstructions
(a), with 0.27 ML Au after 550 °C postannealing (c), with 1 ML Au after 650 °C postannealing (e) and with 3.5 MLs Au after 550 °C postan-
nealing (g). (b), (d), (f), (h) Enlarged STM images of the regions shown in (a), (c), (¢), and (g). Tunneling parameters: (a), (b) V = 500 mV,

1= 100 pA; (c)—~(h) V =340 mV, I = 200 pA.

is of the Volmer—Weber (3D) type even at such low coverage
[55]. Next, we investigate the growth of near 1 ML coverage
of Au and subsequent annealing at 650 °C. In Fig. 3(e), we
demonstrate the possibility of obtaining a flat surface upon
annealing at this temperature, although it remains rather dis-
ordered [Fig. 3(f)] while no atomic-resolution images could
be obtained. For Au films with a thickness of 3.5 MLs and
550 °C postannealing, the surface is characterized by rect-
angular and three-dimensional facets which are separated by
one-dimensional domain wall structures, as shown in Figs.
3(g) and 3(h). The growth mode of Au film from sub-ML to
3.5 MLs is similar to the growth reported for iron films grown
on W(100), where a transition from pseudomorphic growth to
strain relief was observed when increasing the Fe film thick-
ness [59,60]. Additionally, the fact that the growth of Au on
Nb(100) is highly directional, especially for the submonolayer
coverage, can prove very useful for studying the interaction
between self-organised atomic chains and superconductivity
[61].

III. PROXIMITY-INDUCED SUPERCONDUCTIVITY
IN Au FILMS

The Au films grown on bulk superconductors are a promis-
ing platform for combining the pairing correlations of the bulk
material with the catalytic properties of gold. The proximiti-
zation of the thin film depends on the relation between the
coherence length and the film thickness and can persist for
tens of nanometers in the ballistic regime. In this regime,
quasiparticle scattering is negligible because film thickness
is smaller than the quasiparticle mean free path, and a hard

proximity-induced gap, i.e., with a total absence of density of
states (DOS), is expected on the film, similar to the bulk su-
perconducting gap. In contrast, if the film has many scattering
centers, the superconducting proximitization would follow a
diffusive model. In this case, one would expect a reduced gap
with a finite density of states, i.e., the so-called dirty super-
conducting regime [62]. In this section, we characterize the
proximity effect on these films by performing high-resolution
differential conductance spectra (dI/dV) at low temperatures
(1.5 K). We explore the evolution of the proximitized su-
perconducting gap with respect to the thickness of the Au
films up to a few nanometers. Finally, to further study the
pair correlations in the gold film, we use a magnetic molecule
as a probe system and explore the appearance of YSR states
[33-35] in the low energy spectra.

The study of film growth on V(100) and Nb sur-
faces revealed that obtaining epitaxial layers requires high-
temperature annealing after room-temperature deposition.
Consequently, the formation of flat Au terraces is accompa-
nied by a small intermetallic mixture, where a small amount
of V or Nb adatoms can diffuse into the film. Our XPS results
confirmed that this is the case for the Au/V(100) system,
and their atomically resolved STM images confirm that this
appears as a growing amount of atomic sites with different ap-
parent heights [Fig. 4(a)]. High-resolution STM images of an-
nealed Au films on niobium crystals [e.g., as in Fig. 4(c)] also
show a growing amount of defects attributed to the diffusion of
Nb into the film. While this can be problematic for molecular
adsorption experiments due to the increased reactivity of the
Nb/V-doped Au films, here we analyze whether the supercon-
ducting properties of the bulk superconductor persist.

066201-5



DONGEFEI WANG et al.

PHYSICAL REVIEW MATERIALS 9, 066201 (2025)

(@ 2.5MLAufilmonV(100) (C) 6.5ML Au film on Nb(110)

—
o
—

(b) Au/V(100) — OT Au/Nb(110) —  OT
300 — 01T 401 — 02T
— 02T — 03T
- — 04T ” ™ — 05T
= — 06T = 30
= c
> 200} — 08T 3
_E Keo)
s & 20
= >
2 2
< 100r L = 10
: Ve or
0 1 i i]J I L 1 i 1 I i
-2 A 0 Ao 2 -4 2 A 0 A 2 4

Sample Bias (mV) Sample Bias (mV)

FIG. 4. Superconducting gap measurements for Au films on
V(100) and Nb(110). (a) Atomic resolved constant current STM
image of 2.5 MLs flat Au film on V(100) prepared with 450 °C
postannealing. (b) STS on the surface of 2.5-ML-thick Au film
under different magnetic fields using a superconducting vanadium
tip. (c) Atomic resolved constant height STM image of 6.5 ML flat
Au film on Nb(110) prepared with 650 °C postannealing. (d) STS on
the surface of 6.5-ML-thick Au film under different magnetic field
using a superconducting niobium tip. The dI/dV spectra shown in
(b) and (d) were taken at 1.3 K. Tunneling parameters: (a) V=5 mV,
I = 300 pA; (b) Vg =5 mV, Ly =400 pA; (c) V=05V,
Z = —102.618 nm; and (d) Vb = 5 mV, Ly, = 400 pA.

Figure 4 compares the low-bias dI/dV spectrum of an-
nealed Au films on V(100) and Nb(110). In both cases, we
use superconducting tips to enhance the energy resolution
and resolve the subgap DOS. These tips were obtained by
hard indentations into the corresponding bulk superconduct-
ing substrate prior to thin-film deposition [63,64]. In both
cases, the proximitized superconducting gap at zero magnetic
field has zero dI/dV signal (it is a hard gap) and is surrounded
by two sharp peaks. These peaks are subgap de Gennes—Saint
James (dGSJ) resonances, which are Andreev-like quasiparti-
cle states confined between the superconducting/normal metal
interface and the vacuum [65-67]. The equation for finding
the number of dGSJ resonances that lie inside the supercon-
ducting gap reads

2L € €
— — = nm + arccos ~) (1)

£ A
where L is the length of the normal metal, £ is the coher-
ence length of the superconductor, € is the energy of the
dGS]J resonance, and A the value of the superconducting gap
[66]. Due to the thickness of our films, L <« &, we expect
only one resonant state within the energy range of the super-
conducting gap for our thickest experimentally grown film.
Therefore, we can treat the pair of dGSJ resonances inside the

intrinsic superconducting gap of the underlying superconduc-
tor as the quasiparticle excitation spectrum of our proximi-
tized substrates [10,68].

In both proximitized films, the application of the magnetic
field causes the disappearance of the dGSJ states and gradual
closing of the superconducting gap until a smaller gap, at-
tributed to the STM tip’s density of states, appears. Due to the
zero in-gap DOS and low measurement temperatures in our
setup, the gap of the tip can only be indirectly observed given
that no thermal excitations can take place. From the set of
spectra shown in Figs. 4(b) and 4(d), we can estimate that the
critical field of the proximitized films amounts to ~0.4 T and
~0.5 T for Au films on V(100) and on Nb(110), respectively.
Beyond these values, the spectra reflect the superconducting
gap of the tip, measured at A; = (.76 meV for the V tip and
~0.96 meV for the Nb tip, as shown in Figs. 4(b) and 4(d)
(see also Fig. S4 in the Supplemental Material [43]). Using
these values, we find that the dGSJ states lie at £0.73 meV
and £1.22 meV inside the V and Nb gaps, corresponding to
about 96% of the bulk gap’s value of V(100) (0.76 meV [44])
and 80% of the bulk gap’s value of Nb(110) (1.53 meV [38]).
We also observed there is no gap value difference between
surface terminations R1, R2, and R3 for Au/Nb(110) with
similar apparent height (Fig. S5 in Supplemental Material
[43]). Hence, we conclude that the thin films of epitaxial Au
on V and Nb surfaces, despite being partially doped with
material from the bulk supporting substrate, maintain super-
conducting properties similar to the bulk. These properties are
revealed in the spectra by an absolute gap, highlighting the
underlying correlated pairs, and a pair of dGSJ peaks at the
relative pairing energies.

Having resolved the properties of films just a few layers
thick, we note that the diffusion of bulk atoms into the Au
film might weaken the presence of correlated pairs in thicker
films. For crystalline films, we expect that the proximity effect
extends for thicknesses of the order of the coherence length
scales, that is, tens of nanometers. However, here the bulk
atoms diffused into the Au film can induce new quasiparticle
scattering processes that reduce the electronic mean free path
and, hence, the extension of the pair correlations.

We have probed the dependence of the proximitized gap
on the thickness of the metal films by studying spectra on Au
layers with large corrugations. In Fig. 5(a), we show an STM
image of a 6.7 ML gold film grown on Nb(100) and annealed
to 550 °C. This annealing temperature for such thick layers re-
sults in highly corrugated surfaces with terraces about ~10 nm
wide. In fact, in the region of Fig. 5(a), the topographic height
changes more than 6 nm, as shown in the height line profile
measured between positions 1 and 6 in the inset of Fig. 5(c).
Such film corrugation is much larger than the bulk substrates
underneath, which always appear with extensive flat regions
in STM images [e.g., see Fig. 3(a)]. Therefore, we attribute
the stacked terraces to regions of the gold film with varying
thicknesses.

This corrugated system permitted us to study the thickness
dependence of the superconducting gap by comparing spectra
measured on the six positions indicated in Fig. 5(b) using a
normal tip this time. At the lowest terrace, the superconduct-
ing gap of the substrate is close to the bulk value and decreases
monotonously in every higher terrace explored, with a rate
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FIG. 5. Thickness-dependent superconducting gap for Au film on Nb(100). (a) Large-scale STM image of 6.7 ML Au film on Nb(100).
The positions where STS were taken are labeled 1-6. (b) STS measured at positions shown in (a) (circles) with a Dynes’ fit (solid lines). A
normal-metal tip was used for spectroscopy. (c) The dependence of the normalized superconducting gap (Ay,) values on the relative Au film
apparent height. Blue circles: Gap values measured at positions shown in (a). Red crosses: Gap values for Au on V(100) taken from Ref. [10].
Inset: Line profile along the lines between point 1 and point 6 shown in (a). Tunneling parameters: (a) V=1V, I =200 pA; (b) Vgupb = 5 mV,

L = 2 NA.

of about 10% of gap reduction per nanometer [blue circles
in Fig. 5(c)]. Still, this gap closing with thickness is slower
than the one reported for flat annealed Au films on V(100)
[10], shown with crosses in Fig. 5(c). The faster decay of
proximitized superconductivity in the case of V(100) can be
attributed to the higher alloying with bulk atoms for these
flatter films. Consequently, the fact that superconductivity
extends for larger film thickness on the corrugated films on
Nb(100) in Fig. 5(c) is probably due to less diffusion of Nb
atoms into this film, concluded from its three-dimensional
shape. This is further supported by the recent finding [40]
that pure silver islands on Nb(110) exhibit a proximitized
superconducting gap close to the bulk Nb value for heights
of tens of nanometers. From our experiments, we conclude
that the diffusion of bulk metal atoms into the grown film
occurring at higher temperatures unequivocally reduces the
ballistic proximity effect in the films.

Proximitized gold films as a support for magnetic molecules

A key concern in molecular nanoscience is whether the
magnetic properties of spin-hosting organic species survive
in contact with the metal substrate. On several substrates, the
spin states in adsorbed molecules disappear due to strong hy-
bridization with the metal, charge transfer, or conformational
changes in the magnetic molecules. In our recent publi-
cations [10,68], we demonstrated that magnetic molecules
adsorbed on epitaxial Au films on V(100) maintain their
characteristic spin state. Here we investigate the behavior of
the annealed gold films on niobium when hosting magnetic
species on its surface. For this purpose, we use the magnetic
molecule tetraphenyl porphyrin iron(IIT) chloride (FeTPP-Cl)
[Fig. 6(c)]. Previous studies of FeTPP-CI on various substrates
revealed that it maintains a § = 5/2 spin ground state in the
adsorbed state, with a characteristic axial magnetic anisotropy
that depends strongly on the molecular conformation
[10,69-72]. Additionally, the molecule may undergo dechlori-
nation on the metal substrate, exposing its central Fe metal ion

to the substrate, resulting in a characteristic YSR fingerprint
[73,74].

We deposited FeTPP-CI molecules on annealed Au films
on Nb(110) as those shown in Fig. 2(d). We chose this sub-
strate orientation because the films have a lower corrugation
than on the Nb(100) orientation. Additionally, they exhibit
different reconstructions with the same superconducting prop-
erties (deposition of the same molecular species on annealed
gold films on V(100) was reported elsewhere [10,68]). The
adsorption conformation of the molecular species depends on
the distinct gold reconstructions, as revealed by STM images
like in Fig. 6(a). Region R1 is the area mostly populated
with FeTPP-CI molecules, whereas in regions R2 and R3, the
molecules are either decomposed or significantly distorted.
These last two phases exhibit characteristic row reconstruc-
tion with large atomic corrugation, which usually results in
higher reactivity, while phase R1 appears flatter in STM
images. We, therefore, remained on the first type of recon-
struction for inspecting the molecular magnetic state.

As indicated in Fig. 6(b), region R1 hosts various co-
existing FeTPP-Cl species, with two types of dechlorinated
molecules: one of them, FeTPP(2), with a characteristic sad-
dle shape and the other, FeTPP(1), with a chiral structure. The
intact species, FeTPP-Cl, is recognized by a central protru-
sion attributed to the CI ligand. Both dechlorinated species
appear with a nodal plane at the center and are expected
to have an integer spin ground state, most probably S = 1
[75-78]. The chiral shape in FeTPP(1) is probably caused
by their adsorption configuration with a slight angle with
respect to the substrate lattice directions [79]. In Fig. 6(d),
we compare the spectra on the three species with that on the
bare substrate. The spectrum on FeTPP-Cl shows two differ-
ential conductance (dI/dV) peaks outside the gap attributed
to an inelastic excitation from S = 5/2 to the S = 3/2 spin
state. The inelastic event appears at £1.0 meV above the
superconducting gap, as a replica of the DOS of the coher-
ence peaks. The corresponding value of the axial magnetic
anisotropy constant, D = 0.5 meV, is smaller on this substrate
than for the same molecules on Au(100)/V(100) [10]. While
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FIG. 6. Magnetic molecule FeTPP on Au/Nb(110). (a) STM image including all three Au film domains R1 (black square), R2 (green
square), and R3 (pink square) on 6.5 ML of Au on Nb(110) after sub-ML FeTPP-CI deposition. (b) Enlarged STM image of the FeTPP-Cl
and FeTPP molecules in the R1 region in (a). (c) Structure model of FeTPP-CI. Enlarged STM image of the FeTPP molecule marked by black
circle in the R1 region in (b). The arrows indicate where the STS were taken in (d). (d) Low energy range STS taken at the different molecular
species indicated by the colored arrows in (b) measured by a Nb tip with a superconducting gap Ay,. The STS taken on the Au film with
position away from the molecules is also shown (black curve) for comparison. (a), (b) V = 100 mV, I = 200 pA; (d) Vyu = 5 mV, I = 20 pA.

this suggests a greater distortion of FeTPP-CI molecules on
the Au/Nb(110) surface, it also demonstrates that the molecule
remains intact. Spectrum on the FeTPP(1) species shows two
subgap peaks attributed to YSR states on a proximitized
gold substrate [67]. This spectral fingerprint certifies that
the molecule retains its magnetic moment. In contrast, the
FeTPP(2) molecule exhibits no magnetic fingerprint, similar
to the bare substrate, suggesting that in this case, the molecu-
lar spin is quenched by a strong interaction with the substrate.
These results confirm that the flat proximitized substrates can
host magnetic molecules and show many-body states (i.e.,
YSR states) associated with the interaction between their spin
and correlated pairs of the underlying substrate. However,
the molecule-surface interaction is larger than on gold single
crystal surfaces, probably caused by the intermixing of gold
and Nb adatoms at higher annealing temperatures.

Intriguingly, the slight difference in the adsorption geome-
try of both dechlorinated species has such an impact on their
subgap energy spectrum. Such variations could be caused by
the different sites of the Fe ion on the gold lattice, although we
cannot discard that any of the two FeTPP species corresponds
to the case of adsorption over a Nb defect. In Fig. 7, we closely
study the subgap fingerprint of the chiral FeTPP molecule.
The pair of YSR resonances appears at the value of the tip
gap (Agp), which is the zero energy position in the spec-
tral function of the surface [Fig. 7(b)]. Such YSR alignment
indicates that chiral FeTPP molecules are at the transition
from the strong to weak coupling regime [64], where the
two possible superconducting ground states, a singlet or a
doublet, are degenerate. However, the YSR resonances appear
at different biases at the molecular edges. This is an indica-
tion of variations in molecule-substrate exchange caused by
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FIG. 7. (a) Close-up STM image of FeTPP(1). (b) Low energy range STS taken at the center (red curve) and edge (blue curve) of the
FeTPP molecule measured by a Nb tip with a superconducting gap A,. A reference spectrum on the Au film, away from the molecule, is also
shown (grey curve) for comparison. YSR bound state with higher and lower intensities are labeled with «_ (8_) and a (B.) correspondingly.
(c) Stacked dI/dV spectra taken along the molecular axis indicated in (a). Tunneling parameters: (a) V=10 mV, [ = 10 pA; (¢) Vb = S mV,

1= 20 pA.
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the force exerted by the STM tip [68,80]. To confirm this,
the dI/dV map of Fig. 7(c) shows the spectral evolution as
the STM tip is moved across the molecular axis indicated in
Fig. 7(a). As the tip laterally moves over the molecule, it
exerts an increasingly attractive force, resulting in a grad-
ual reduction of the molecular interaction with the substrate
[68,71]. This leads to a shift of the YSR resonances toward
zero energy (here at eA, bias). This evolution indicates that
the molecule initially lies in a regime of strong coupling
with the superconductor, where the ground state consists of
a quasiparticle bound to the molecular spin. When the tip
is positioned over the center of the molecule, the central Fe
atom is maximally pulled away from the surface and the YSR
energy reaches zero (again at eA, bias), indicating that the
system has reached the quantum phase transition to a weaker
coupling regime, with a BCS-like pair bound to the molecular
spin, although it does not apparently cross this point. Thus, we
can conclude that these species also lie in a strong interaction
regime on this metal substrate.

IV. CONCLUSION

In conclusion, we have succeeded in growing flat Au films
on three different superconducting surfaces, namely, V(100),
Nb(110), and Nb(100). XPS experiments revealed that the
surface of the Au films grown on V(100) is oxygen-free. How-
ever, an alloyed Au-V surface is found when postannealing at
temperatures above 500 °C. In a similar way, flat gold films
were grown on Nb(110) after annealing to temperatures above
600 °C. Here, we found three surface terminations, but only
one of them was able to preserve adsorbed molecules intact.
Epitaxial films with significant corrugation were also grown
on Nb(100), but they exhibited considerable surface disorder.
The Au films on both V and Nb developed a proximitized
superconducting gap. For gold films thinner than 10 MLs,
the superconducting gap value was greater than half that of
the substrate, which permitted us to use them as supercon-
ducting platforms. Magnetic molecules deposited on top of
the proximitized Au films on Nb(110) maintained their spin
and molecular structure intact, as we deduced by the anal-
ysis of their low-energy spectra. Depending on the type of
species, we found fingerprints associated to spin excitations
or in-gap magnetic bound states. However, in every case, a
larger molecule-substrate interaction than on the bare gold
substrate was found, indicating that these films are more
chemically reactive than the bulk case. Nevertheless, these
results show that superconducting gold films can be grown
on various bulk superconductor materials without the need of
extensively cleaning their surface and they are a promising
platform to study superconductivity-related phenomena in a
relatively large spin-orbit interaction background [25,81].

V. METHODS

Substrate cleaning: All single crystals, namely, Nb(100),
Nb(110), and V(100), were first sputtered with Ar™ ions for 20
minutes with typical ion current 20 uA, followed by degassing
to 1000 °C to remove all oxides formed by exposure to air.
Then, the samples were treated with repeated sputtering and
annealing up to 1000 °C to acquire a flat and clean recon-

structed surface. Higher temperature flashes (1600 °C) were
employed to achieve longer range flat terraces. An EFM-3
evaporator loaded with a Mo crucible was used to deposit
gold on the cleaned substrates under an ultrahigh vacuum. The
Au deposition rate was monitored by measuring residual ion
currents and using a quartz microbalance. The final Au cover-
age was confirmed and calibrated by STM images. During the
deposition, the sample was kept at room temperature and the
chamber pressure was better than 1x 10~° mbar. After the de-
position, the substrate was annealed and the temperature was
monitored with a pyrometer. After the growth, the sample was
immediately transferred to the low-temperature STM stage for
final inspection.

STM and STS measurements were performed in ultrahigh
vacuum. Spectra were recorded at a temperature of 1.1 K
using a lock-in amplifier with a typical frequency of 980 Hz
and oscillation amplitude of 0.1 mV. Before switching off
the feedback to record the spectra, the tip was stabilized at
tunneling conductances on the order of 10~ x2¢?/h. We used
bulk W tip indented on the superconducting substrate to cover
them with the bulk superconducting material, vanadium or
niobium, to turn them superconducting. The magnetic fields
applied is perpendicular to the sample surface.

The XPS measurements were carried out using a Phoibos-
100 electron analyzer (SPECS GmbH), using a nonmonochro-
matic Al Ko photon source of 1486.6 eV. The spectra were
calibrated to the substrate’s main core level (V 2p).
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