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PHYSICS

Boosting spatial and energy resolution in STM with a

double-functionalized probe

Artem Odobesko'*, Raffael L. Klees??, Felix Friedrich', Ewelina M. Hankiewicz?, Matthias Bode'*

The scattering of superconducting pairs by magnetic impurities on a superconducting surface leads to pairs of
sharp in-gap resonances known as Yu-Shiba-Rusinov (YSR) bound states. Similar to the interference of itinerant
electrons scattered by defects in normal metals, these resonances reveal a periodic texture around the magnetic
impurity. The wavelength of these resonances is, however, often too short to be resolved even by methods capa-
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ble of atomic resolution, i.e., scanning tunneling microscopy (STM). We combine a CO molecule with a supercon-
ducting cluster pre-attached to an STM tip to maximize both spatial and energy resolution, thus demonstrating
the superior properties of such double-functionalized probes by imaging the spatial distribution of YSR states.
Our approach reveals rich interference patterns of the hybridized YSR states of two Fe atoms on Nb(110), previ-
ously inaccessible with conventional STM probes. This advancement extends the capabilities of STM techniques,
providing insights into superconducting phenomena at the atomic scale.

INTRODUCTION

The invention of the scanning tunneling microscope has revolution-
ized our understanding of materials and their properties (I). This
progress was made possible by the capability of correlating topo-
graphic data of the sample structure being obtained by constant-
current or constant-height scanning tunneling microscopy (STM)
(2) with the data being measured by scanning tunneling spectros-
copy (STS) or spin-polarized (SP)-STM. While the former is sensi-
tive to the local density of states (LDOS) (3), the latter grants access
to the atomic scale spin structure (4). However, when performed
with normal metal tips, all these methods have their specific limita-
tions, which can be overcome by purposive functionalization. The
spatial resolution of topographic STM measurements can be en-
hanced by attaching a CO molecule to the apex of the STM probe (5,
6); see red circle in Fig. 1. A superconducting (SC) probe boosts the
energy resolution in STS beyond the thermal broadening limit (blue
circle) (7), and a magnetic atom at the probe apex acts as a spin sen-
sor in SP-STM measurements (green circle) (8). In particular, the ad-
vantages in the probe functionalization are not only in the improved
STM and STS performance but also the fact that the probe can be
sequentially prepared in a single experimental run by dressing the
apex in situ for specific needs (9).

Enhancing probe functionalization methods can yield further
advancements. The depicted intersection areas a-b-c in Fig. 1 illus-
trate the potential of double functionalization in harnessing multi-
ple advantages simultaneously. For example, Schneider et al. (10)
and Kister et al. (11) demonstrated the efficacy of combining a mag-
netic atom with an SC probe, considerably enhancing spin contrast
at the atomic level (intersection b in Fig. 1) compared to bulk mag-
netic tips. Similarly, region ¢ involves combinations with magnetic
moment-bearing molecules like nickelocene (12, 13), resulting in
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nearly 100% spin polarization and improved spatial resolution. Yet,
the successful double functionalization to cover intersection area a
remains elusive. To address this gap, we use a combination of an SC
probe and a CO molecule creating a double-functionalized CO-SC
probe. Leveraging improved spectroscopic and spatial resolution,
we explore previously inaccessible details in the LDOS around mag-
netic Fe atoms on an SC Nb(110) surface. A single magnetic impu-
rity results in a pair of particle-hole-symmetric sub-gap resonances,
known as Yu-Shiba-Rusinov (YSR) bound states. The wave function
of these YSR states (i) reflects the shape of the atomic orbital respon-
sible for magnetic scattering, (ii) oscillates with the Fermi wave vec-
tor kg, and (iii) decays with the distance r from the impurity (14-16).
The decay involves two length scales: an exponential term ce™""%
governed b% the SC coherence length &, and an algebraic term

r)37P2 that depends on the dimension D of the system.
In three dimensional materials, the wave function diminishes rap-
idly primarily due to the algebraic term. This challenge persists for
most elemental superconductors as the coherence length & is much
larger than the Fermi wavelength k', thereby impeding direct ob-
servation of YSR wave function oscillations. Although, some obser-
vations have been successful in lower-dimensional systems or those
exhibiting a strong Fermi surface nesting effect (17-21), it still re-
mains elusive in many cases. Moreover, in the case of magnetic di-
mers, where more pronounced interference of YSR wave functions
from individual magnetic atoms can be expected (22, 23), numerous
STS experiments on various SC substrates reveal only broadened
initial peaks of odd and even combinations of YSR wave functions
(9, 24-32). The challenge of achieving simultaneous high spatial
and spectroscopic resolution remains a limiting factor for accessing
long-range oscillatory YSR interference patterns.

In this work, by using an innovative double-functionalized CO-SC
probe, we detected unique interference patterns in spatially resolved
differential conductance maps of the hybridized YSR states of Fe
dimers. Comparing data obtained with and without additional func-
tionalization with a CO molecule, we demonstrate a simultaneous en-
hancement in spatial and energy resolutions. The distinctive features
in the interference maps reveal information about the anisotropy of the
Fermi surface of Nb(110), which are exclusively observed when using
the double-functionalized CO-SC probe. An analytical model with an
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Fig. 1. Diagram displaying the three basic methods of STM, STS, and SP-
STM. Their sensitivity can be enhanced by functionalization with a CO molecule, a
superconducting (SC) cluster, or a magnetic atom, resulting in higher spatial resolu-
tion in topography, improved energy resolution in spectroscopy, and increased
magnetic sensitivity in SP measurements, respectively. The intersection between
these areas represents double-functionalization approaches.

anisotropic Fermi contour reproduces the observed interference pat-

terns by introducing a Fermi wave vector kg = (9.4 + 1.5) nm L.

RESULTS

Figure 2A shows a constant-current STM image of Fe atoms depos-
ited on a clean Nb(110) surface, taken with the double-functionalized
CO-SC probe at T = 1.4 K. The Nb(110) surface with its lattice con-
stant of anp, = 3.3A is atomically resolved. The dark areas in Fig. 2A
are contaminated with hydrogen or oxygen. Fe adatoms, visible as
bright protrusions, adsorb in fourfold hollow sites of the Nb(110)
lattice (33, 34). Some Fe atoms spontaneously form dimers. We will
focus on those Fe dimers with the shortest interatomic distance, ori-
ented roughly along the [1 1 1] and [1 1 1] directions, equivalent due to
surface mirror symmetry. These Fe dimers exhibit energy-split YSR
states, as demonstrated in previous studies (9).

Figure 2B shows dI/dU spectra obtained with a CO-SC probe on
both the clean Nb(110) surface (dashed line) and at the central posi-
tion of the Fe dimer (solid line). Tunneling from an SC probe in-
duces a shift of all spectral features by Ay, ~ 1.2 meV, marked with
vertical dotted lines (35). Three pairs of distinct peaks are visible
in the spectrum of the dimer, located at U = +2.5, +2.1, and
+1.3 mV. The inner peaks at +2.1 and +1.3 mV correspond to YSR
resonances that are split within the Fe-Fe dimer due to the hybrid-
ization of single YSR states from individual Fe atoms, as extensively
discussed in (9). The outer peaks at +2.5 mV partially overlap with
the Nb BCS coherence peaks observed in spectrum of the clean
Nb positioned at Agp + Anp. Their presence on the Fe dimer
suggests a second tunneling channel that directly accesses the SC
substrate, bypassing YSR states within the gap (36). Furthermore,
weak resonances at U & +5.3 mV are observed, which are absent
without a CO molecule at the probe apex. They correspond to the
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first vibrational mode of the CO molecule, which, for resonant tun-
neling in SC tunnel junctions, appears as peaks rather than steps in
the dI/dU signal, as is the case for normal-metallic tips (37).

High-resolution STM imaging with CO-functionalized probes is
achieved by leveraging the bending of the molecule at the probe
apex due to Pauli repulsion (6, 38, 39). At close probe-sample dis-
tances, the molecule at the apex undergoes relaxation toward local
minima in the interaction potential. The relaxation causes disconti-
nuities in both the frequency shift and tunneling current signal and
becomes observable in atomic force microscopy (AFM) and STM
images as sharp contrast features.

In Fig. 2 (D to I), we present two sets of data measured with the
CO-SC probe in a constant-current mode at various probe-sample
distances above the Fe dimer. The top row represents the noncontact
regime at low I = 0.4 nA, while the bottom row illustrates the
soft-contact regime at higher I = 1 nA.

In case of the noncontact tunneling regime, a close-up of the to-
pography in Fig. 2D reveals the Fe dimer in the [1 1 1] direction. The
dimer appears as a single protrusion with a subtle elongation along
its axis, while the atomic structure of the Nb(110) surface remains
elusive, thus suggesting a low-resolution regime. The black dots
mark the positions of the Fe atoms. Figure 2 (E and F) showcases
simultaneously measured differential tunneling conductance maps,
at tunneling energies aligned with the positions of high- and low-
energy hybridized YSR states, respectively. In the noncontact re-
gime, the resolution enhancement in dI/dU maps is minimal and
comparable to data obtained with a single-functionalized SC-probe,
as presented in (9). In particular, any long-range oscillatory YSR in-
terference pattern is absent. Confirming previous observations, the
high-energy YSR state at U= —2.1 mV displays an even symmetry,
with the strongest signal centered around the dimer. Conversely, the
low-energy YSR state at U = —1.3 mV exhibits an odd symmetry,
featuring two lobes offset from the dimer center. The replicas at pos-
itive tunneling voltages are identical (see fig. S4).

The topography of the same area at a closer tip-sample distance is
shown in Fig. 2G. A direct comparison between the two datasets re-
veals a notable improvement in spatial resolution, as the atomic reso-
lution of the Nb surface now becomes visible, and individual Fe atoms
forming the dimer are distinguishable. Notably, a similar enhance-
ment of the spatial resolution is observed in the differential tunneling
conductance maps. Even a superficial inspection of the experimental
dl/dU maps reveals interference patterns that carry a much higher
degree of detail compared to the data presented in Fig. 2 (E and F).

The dI/dU map of the high-energy YSR state in Fig. 2H reveals
four distinguishable maxima periodically arranged in a direction
perpendicular to the dimer axis. These maxima exhibit an elongat-
ed shape with the two central ones partially overlapping. This spa-
tial arrangement aligns with the expected even symmetry shown in
Fig. 2E. A very different interference pattern is observed for the
low-energy YSR state, shown in Fig. 21, revealing a sequence of arc-
shaped maxima arranged along the dimer axis. Up to three maxima
are observable on each side, and their intensity rapidly attenuates
with increasing distance from the dimer. The arrangement of these
maxima strongly suggests an odd symmetry, with a notable excep-
tion: the maximum in the center. In the case of an antisymmetric
combination of the wave functions, one would anticipate a zero sig-
nal at the center of the dimer. However, the data reveal a sharp peak
along the nodal plane of the dimer, in contrast to the data presented
in Fig. 2F.
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Fig. 2. Topography and density-of-states maps of Fe atoms on Nb surface. (A) STM topography of Fe atoms (bright protrusions) deposited on Nb(110) captured with
a CO-SC probe. Two dimers along the [1m (left) and the [171] (right), highlighted with dashed ellipses, can be seen. Uset = 10 mV, lset = 2 nA. (B) Single-point dl/dU spectra
measured on clean Nb(110) (dashed line) and at the center of Fe dimer (solid line). The tip gap is indicated with vertical doted lines. Uset = 7 mV, lset = 0.4 nA. (C) The
sketches represent a CO-SC probe scanning over a magnetic Fe dimer in both noncontact tunneling regime and soft-contact tunneling regime, undergoing Pauli repul-
sion. (D) STM topography of Fe dimer along the [1m, scale of 3 nm by 3 nm measured in noncontact tunneling regime. Uset = 7 mV, lset = 0.4 nA. (E) Simultaneously
measured spatial dI/dU map at the tunneling bias corresponding to the high-energy YSR state with even symmetry. (F) dI/dU map at the tunneling bias corresponding to
the low-energy YSR state with odd symmetry. (G to I) Same as in (D) to (F) but with CO-SC probe in a soft-contact mode. Uset = 7 mV, lset = 1 NA.

The unexpected positioning of the central maximum in the
dI/dU map of Fig. 21 arises from the intricate interdependence of
the tunneling conductance, which is not solely determined by the
convolution of the LDOS of the tip and sample but is also influ-
enced by the tunneling matrix elements between different orbitals.
Hence, the significance of the tip tunneling orbital cannot be over-
stated. An accurate representation of the intrinsic spatial distribu-
tion of the sample’s wave function in dI/dU maps is only achieved
when using an STM tip governed by either s- or p,-like frontier
orbital, thereby maintaining an even s-type symmetry. Neverthe-
less, it is essential to acknowledge that CO-terminated tips, espe-
cially when the CO molecule is bent, thus inducing tunneling
through the p, and p, orbitals as well. These orbitals carry odd p-
type symmetry (40). As discussed in (41-43) and later shown here
in the context of high-resolution imaging with CO-functionalized
probe (44), these frontier p-type orbitals result in so-called deriva-
tive rules of the tunneling conductance maps, resulting in a con-
trast inversion of the intrinsic surface LDOS. Hence, both effects
contribute to the measurable spatial dI/dU maps and should be
appropriately taken into account.

In addition, closer inspection of the data furthermore presented
in Fig. 21 (see also fig. S4 for a mirror symmetric dimer in [111] di-
rection) indicates that the intensity along the arcs is not uniform but
more concentrated along the direction marked by the arrows, where
it experiences a weaker attenuation with distance. Comparison with
the crystallographic axes reveals that, irrespective of the dimer ori-
entation, this direction is aligned with the Nb <1T0> axis. This ob-
servation strongly suggests the presence of a Fermi surface nesting
with parallel flat segments of the constant-energy contour along
[110], which provide multiple scattering vectors, resulting in the so-
called “focusing effect” with a longer propagation of the YSR along
this specific direction (19-21).

Odobesko et al., Sci. Adv. 10, eadq6975 (2024) 28 August 2024

DISCUSSION

To rationalize our results, we model the experimental data with a
simplified two-dimensional continuous model of a bare SC surface
with an anisotropic stadium-shaped Fermi surface, as shown in
Fig. 3A. A lattice model with a similar Fermi surface was already
successfully used in (45). We introduce a parameter a € [0, kg] that
defines the length of the flat segments of the Fermi contour, where
a = 0 corresponds to a circular shape with the Fermi wave vector
kg. Because the Fermi velocity points always perpendicular to the
Fermi surface contour, a > 0 generates a focusing of the hybridized
YSR-state propagation along the [1 10] direction in real space, whose
strength increases with increasing a. In the following, we focus our
analysis on the LDOS of the impurity-dressed substrate, keeping in
mind that the experimental data obtained from STS are actually a
convolution of the LDOS of the substrate and the tip. The influence
of the tip orbital will be discussed further.

Following the Green’s function approach described in (21), we
model the Fe dimer by adding two magnetic impurities at an inter-
impurity distance d on the bare SC substrate. We fix d = (2.66 +
0.18) A to the average between the two extremes Fe and Nb with
nearest-neighbor distances of 2.48 and 2.85 A, as discussed in the
Supplementary Materials. We also account for the epitaxial strain
between the Fe dimer and the Nb(110) substrate, where the axis of
the Fe dimer is rotated clockwise by an angle of 4° with respect to
the [1 1 1] direction. For simplicity, these impurities are assumed to be
identical and described by a semiclassical Shiba model (15) with an
onsite energy U and an exchange coupling J.

The Fermi momentum kg is chosen to match the oscillation pat-
tern in the experimental data. We find a good match between our
theoretical model with a simplified shape of the Fermi contour and
the experimental data for ky = 2 ~ (9.4 + 1.5) nm™, see fig. S6.
Unexpectedly, this value for kg estimated for Fe impurities on
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Nb(110) is almost two times larger than the one obtained for Mn on
Nb(110) (46). It is important to note that kg for Fe atoms is esti-
mated for YSR states, which correspond to scattering channels re-
lated to the d.: orbital, whereas for Mn kg is obtained for the d,.
orbital (46). We speculate that the relatively large difference in the
effective Fermi wave length kg for screening magnetic impurities is
caused by the fact that the d,, states of Mn and the d.: states of Fe
hybridize with very different bands of the Nb Fermi surface. Further
ab initio calculations would be desirable to clarify this issue.

In Fig. 3B, we show the resulting LDOS at one of the impurity
sites, which shows two pairs of hybridized YSR bound states at
the energies Es ,, (n = 1,2,3, and 4) with Eg4 = —Eg; ~ 0.69 Axp and
Es3=—Es, =~ 0.15 Anp. The parameters U and J are chosen such that
the energy difference of the positive and negative pair is AE = |Eg 4|
— |Es3| = 0.54 Anp, which corresponds to the experimentally ob-
served value ~0.8 meV.

In the first row in Fig. 3C, we show the spatial behavior of the
LDOS, i.e., the wave function |y,|* of the four YSR bound states.
While the high-energy pair of YSR states shows even symmetry
with a finite value at the origin, the low-energy pair shows odd sym-
metry and vanishes at the origin. The calculated LDOS maps are in
good agreement with the tunneling conductance maps observed
experimentally. In particular, the LDOS map at the energy Eg; (Es )
qualitatively reproduces the high (low) LDOS in the nodal plane for

A Ty AN B E. Es: Es;: E
o E=E ~ TSNS
£
2 1- £
* e
o) 2
8o LA g
-1 0 1 =
E/A,, 0

—10 10 —10 10 —10

10 —10 ]{‘]E)T 10

lqol kgx k](r)m
Fig. 3. Fermi surface model and resulting density of state. (A) Sketch of the
stadium-shaped Fermi surface at the Fermi energy E¢ = 0. a € [0, k¢] and the angle
B = arccos (a/ke) define the regions with flat segments, where a = 0 corresponds to
a circular Fermi surface with radius kg > 0 and = n/2. (B) LDOS at the impurity
position r = r; normalized to its large-energy value at £ = 10° Ay, for a pair of mag-
netic impurities located at ry ;. There are two pairs of YSR states with energies Es 4 =
—Es1 ~ +£0.69 Anp and Es3 = —Esy =~ +0.15 Ayp. (C) Surface LDOS |\|1,,|2 (first row),
gradient |Vy,|? (second row). The plots are normalized to their maximal value.
Black dots represent the locations of the individual magnetic impurities. Data were
rotated to fit the orientation in Fig. 2. Parameters for (B) and (C): a = 0.6 kg, &y =
100/kg, kg = 2.5/d, J = —0.82/No, and U = 0.70/No, where Ny is the normal-state den-
sity of states at the Fermi energy.
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the even-symmetric (odd-symmetric) YSR state at U= —2.1 mV (U
= —1.3 mV). Furthermore, the model reproduces the focusing
effectalong the [ IIO] direction, marked with arrows in Fig. 3C. Because
the theoretical model is two-dimensional, the attenuation of YSR
wave function is strongly reduced, and an additional set of maxima
in the other direction is also observed. They arise from the remain-
ing circular segment of the Fermi contour and their direction ro-
tates with the orientation of the dimer, whereas the “focusing”
direction is independent of the dimer orientation and always di-
rected along [1 10]. However, the experimental measurement data in
Fig. 2I show a peak at the origin, which we attribute to tunneling
through p,, orbitals of the CO molecule at the tip apex. To model
the measurement of the differential conductance using STM tips
with non-isotropic orbitals, i.e., beyond the s orbital, one needs to
take into account the shape of the tip orbital wave functions and
their spatial overlap with the substrate YSR bound state wave func-
tion. This results in different transition matrix elements for tunnel
processes through different orbitals, which result in so-called de-
rivative rules (41-43). In particular, tunneling through p, orbitals
(o = x, y, and z) leads to transition matrix elements proportional
to |0ws|>. Because of the uncertain and probably stochastically
fluctuating azimuthal alignment of the p, and p, orbitals of the
CO molecule with respect to the Fe dimer in a soft-contact re-
gime, we assume that tunneling occurs equally through both or-
bitals. Consequently, the only measurable quantity becomes the
gradient of the wave function in the xy plane, represented as |Vyy,|*
and as depicted in the second row of Fig. 3C. Here, the gradients of
the odd YSR states show a peak in the center (more pronounced in
the second plot), while the gradients of the YSR states with even
symmetry vanish at the origin.

Moreover, as detailed in the Supplementary Materials, our theo-
retical framework anticipates an energy-dependent phase shift be-
tween electron-like and hole-like YSR states, arising from the counter
movement of electrons and holes, observed in (17). This phenome-
non is distinctly evident in Fig. 3C, illustrating the difference in spa-
tial distribution between YSR states with positive and negative
energies. However, our observed tunneling conductance maps do
not show such a phase variation, likely due to the combined influ-
ence of p, and py,, orbitals, which mixes and obscures these effects.

In conclusion, our findings demonstrate the advantages of double-
functionalized STM tips, comprising an SC cluster and an additional
CO molecule attached to it, simultaneously maximizing energy reso-
lution and substantially enhancing spatial resolution. We have shown
that, in the soft-contact tunneling regime, the bending of the CO mol-
ecule at the tip apex leads to an increase in spatial contrast in spectros-
copy, which is akin to effects observed in high-resolution STM/AFM
topography. This also results in additional tunneling through p,,
orbitals, thus yielding a signal proportional to the square of the sam-
ple wave function gradient. This further enhances spatial resolution
but introduces symmetry alterations in observed features. An STM
equipped with such a double-functionalized probe tips affords unique
access to the fast attenuating wave functions of YSR bound states in
bulk three-dimensional superconductor. Furthermore, the CO-SC
probe’s potential in exploring unconventional superconductivity such
as odd frequency and triplet pairing (e.g., p-wave), as discussed in
(47), paves the way for future research, amplifying its capability to in-
vestigating magnetic chains with Majorana end states and other
atomic-scale quantum phenomena.
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METHODS

The experiments are performed in a homebuilt low-temperature
STM at a base temperature of 1.4 K. The Nb(110) surface is cleaned
by a series of high-temperature flashes (48). Fe atoms are deposited
in situ onto the Nb substrate at a temperature of 4.2 K. To get an SC
probe, an electrochemically etched W tip was brought in contact
with the Nb crystal, thus creating a Nb cluster on the tip apex. CO
molecules were picked up from a clean Cu(001) surface using the
procedure described in (9). The resulting double-functionalized tips
exhibit an SC gap Agp, which corresponds to about 70 to 90% of
the bulk Nb value (49). The presence of an SC gap in the LDOS
of the tip causes a corresponding shift of the sample’s LDOS fea-
tures in the conductance spectra by Ay;p,. The experimental data are
obtained within the tunneling regime, where tunnel resistances
Reun > 10° ohms. This ensures that the tunneling current is predom-
inantly governed by single-electron tunneling event rather than
Andreev reflections, observed in both noncontact and contact re-
gimes (50-53). All spectroscopic measurements are performed with
a modulation voltage of 0.1 mV at a frequency of 890 Hz.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1to S6
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