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ABSTRACT: NbSe, is a remarkable superconductor in which
charge-density order coexists with pairing correlations at low
temperatures. Here, we study the interplay of magnetic
adatoms and their Yu—Shiba—Rusinov (YSR) bound states
with the charge density order. Exploiting the incommensurate
nature of the charge-density wave (CDW), our measurements
provide a thorough picture of how the CDW affects both the
energies and the wave functions of the YSR states. Key
features of the dependence of the YSR states on adsorption
site relative to the CDW are explained by model calculations.
Several properties make NbSe, a promising substrate for

symmetric
to CDW

asymmetric
to CDW

realizing topological nanostructures. Our results will be important in designing such systems.
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bSe, is a fascinating and in part still enigmatic
superconductor. There is evidence for an anisotropic
gap as well as multiband superconductivity' ™ and the spin
physics is highly nontrivial due to strong spin—orbit coupling,
most prominently in monolayers of NbSe,.'”"" Already far
above the superconducting transition, NbSe, undergoes a
transition into a charge-density-wave (CDW) ordered state
(Tcpw = 33 K) which coexists with superconductivity (T, =
7.2K) at low temperatures.'”~>* The precise interplay between
CDW ordering and superconductivity remains only partially
understood at present.'?*7%¢
At the same time, recent experiments suggest that NbSe, has
attractive properties in the context of engineering topological
superconducting phases.””*® Following the seminal work of
Nadj-Perge et al,”” a topological phase and Majorana bound
states can appear in chains of magnetic adatoms on
superconducting substrates. One way to understand these
remarkable phases is based on coupling Yu—Shiba—Rusinov
(YSR) bound states’”*" in the superconducting gap which are
induced by individual adatoms.”*~** Because of its layered
structure, YSR states in NbSe, fall off laterally much more
slowly than in three-dimensional superconductors.”® This
enhances the coupling between the YSR states of neighboring
magnetic impurities,37 potentially increasing the energy scale
and thus the stability of possible topological phases. NbSe, is
also a relatively robust material which may enable one to build
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nontrivial adatom structures from the bottom up by
manipulation using a scanning tunneling microscope tip.

The YSR states of different adatoms hybridize particularly
strongly when the YSR energies of the isolated adatoms are
identical and their wave functions extend sufficiently far along
their connecting line.*’~*' For NbSe,, this is nontrivial to
achieve due to the CDW ordering. Indeed, the CDW is
incommensurate with the underlying atomic lattice so that
adatoms, which are nominally identical in terms of their atomic
adsorption site, will in general be positioned differently with
respect to the CDW. Here, we observe that both the energy
and the wave function of YSR states depend sensitively on the
adatom position relative to the CDW and provide model
calculations to understand these effects qualitatively. The
dependence on the CDW imposes requirements which are
crucial to take into account when designing adatom structures
to realize topological superconducting phases.

To isolate the effect of the CDW on the YSR states, we focus
on adatoms on clean 2H-NbSe, surfaces instead of buried
impurities as used in previous <e)(pe:1‘iments.36’42 This gives us
full control over the adsorption site and allows us to compare
adatoms which differ only in their locations relative to the
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CDW. Indeed, numerous previous studies™™"” on other

substrates have shown that in the absence of CDW ordering,
YSR spectra and wave functions are fully reproducible for a
particular adsorption configuration of the adatom on the
substrate.

A clean 2H-NbSe, surface is prepared by cleaving a bulk
crystal (grown by iodine vapor transport'®) in ultrahigh
vacuum. Scanning tunneling spectroscopy (performed by
standard lock-in techniques at a temperature of 1.1 K) shows
that the superconducting energy gap of the substrate is framed
by characteristic coherence peaks in an energy range of 2.0—
2.7 meV (black dI/dV spectrum in Figure le). The origin of
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Figure 1. (a) Atomic-resolution STM images showing the
incommensurate CDW modulation (constant-current set point: 4
mV, 200 pA) with close-ups of different regions. (b) Unit cell and top
view of 2H-NbSe, with different lattice sites labeled as HC, CC, and
MC. Gray dashed lines indicate mirror axes. (c) Topography of HC
and MC adatoms. (d) Line profiles across the atoms shown in (c). (e

Constant-height dI/dV spectra taken on the substrate (black) and on
the atoms shown in (c) (set point: 4 mV, 200 pA; V., = 1S ueV,
spectra offset by 0.3 uS). 24, is indicated by the shaded area.

this peculiar quasiparticle density of states (DOS) has been
discussed in terms of multiband or anisotropic super-
conductivity.'~” Notice that we use superconducting Pb tips
to improve the energy resolution beyond the Fermi—Dirac
limit. The convolution of the DOS of tip and substrate shifts all
spectral features by the tip’s energy gap A, & 1.35 meV (for
details see Supporting Information (SI)*®).

Scanning tunneling microscopy (STM) images of the clean
surface clearly reveal the modulation of the local DOS induced
by the CDW superimposed on the atomic corrugation (Figure
1a). The CDW has a lattice constant a, > 34, making it
incommensurate with the underlying atomic lattice. Thus, the
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Figure 2. (a) Constant-current STM images (S X $nm?) of several
HC Fe atoms labeled by I-VI. A nonlinear color code is used to
resolve the atomic background (set point: 4mV, 200pA). (b)
Constant-height dI/dV spectra taken at the center of atoms I-VI
(color) and on the substrate (gray). Spectra offset for clarity (set
point: 4 mV, 200 pA; Vs = 15 ueV). (c) Close-ups of the spectra in
(b). YSR resonances are labeled by +a, +f. (d) Superimposed atomic
(gray) and CDW lattices (black) for two CDW structures (HC and
CC). The Se atoms are located at vertices of the atomic grids, so that
the HC (MC) adsorption sites correspond to triangles pointing up
(down). In the CDW lattice, vertices (dots) are maxima (minima) of
the CDW. Colored symbols indicate the positions of atoms I-VI.

phase of the CDW relative to the atomic lattice varies
smoothly across the surface.””*° The close-ups show two
extremal cases for which the maxima coincide either with a Se
atom (chalcogen-centered, CC, red circle in Figure la) or a
hollow site (hollow-centered, HC, green circle in Figure 1a”").

Fe atoms (deposited at temperatures below 12 K into the
STM) appear as two stable species with different apparent
heights (Figure lc,d). By atomic-resolution imaging (for
details see SI*®), we assign adatoms with small and large
apparent height to adsorption in the two inequivalent hollow
sites of the terminating Se layer, identified as hollow-centered
(HC) and metal-centered (MC) sites, respectively (Figure
1b).>* dI/dV spectra taken above the centers of HC and MC
adatoms (blue and orange in Figure le) show several YSR
states inside the superconducting gap as well as in the energy
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Figure 3. (a) Constant-contour dI/dV maps (9.5 X 9.5 nm?) of the YSR (a,8) states of HC atoms (I-VI) (set point: 4 mV, 200 pA; V,,, = 15—
25 ueV; Vi, as indicated). Black dashed circles (diameter 1 nm) outline the atoms’ position. The insets show a 2 X 2 nm? close-up view around the
center of the atoms. (b) Numerical results for YSR states within a phenomenological description of the CDW (field of view: 40a X 40a around
adatom). For details of the model and parameters, see SI,** specifically Figure S2 where these plots are complemented by additional adsorption
sites. Thick (thin) gray lines in the maps indicate presence (absence) of mirror axes. (c) Close-up view around the center of the atoms L, II, IV, and
V with superimposed triangles illustrating the presence (orange circles) and absence (blue circles) of intensity at their vertices. On atom III, states

a and f overlap; on atom VI there is no symmetry.

range of the substrate’s coherence peaks as has been observed
previously for buried impurities.”” The energy and intensity of
the YSR states differ between the two species. Presumably, the
splitting of the adatom d-levels is sensitive to the different local
environments of the adsorption sites, which in turn affects the
potential- and exchange-scattering strengths.*’

To isolate the influence of the CDW, we focus on Fe atoms
which are all sitting in the same atomic adsorption site (HC)
in the following. Six different atoms (labeled by I—VI) are
shown in Figure 2a. The corresponding dI/dV spectra (Figure
2b) reveal that the energy and intensity of their YSR states
differ strongly even though their atomic adsorption sites are
identical with respect to the unperturbed lattice.

YSR states in the energy range of the superconducting
coherence peaks are difficult to disentangle from the
background. To avoid this complication, we focus on deep-
lying YSR states, specifically the two lowest YSR pairs labeled
as +a and +f in the close-up view presented in Figure 2c. dI/
dV maps recorded at the corresponding bias voltages V,, and
Vj are shown in Figure 3a for adatoms I-VI. The main panels
show the extended patterns whereas the insets focus on the
immediate vicinity of the adatom. All extended maps show
patterns with oscillating intensity.”” The overall symmetries of
the patterns clearly differ between adatoms I-VI.

The symmetry of the patterns associated with YSR states is
expected to originate from the anisotropy of the Fermi
surface®™>> and the local crystal field.”> The 3-fold-symmetric
atomic adsorption site together with the 6-fold symmetry of
the Fermi surface should therefore lead to D5 symmetry (3-fold
rotation as well as three mirror axes, cf. dashed lines in Figure
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1b). Interestingly, this Dy symmetry is observed for both YSR
states @ and S of adatoms I and III, which reside at a maximum
and a minimum of the CDW), respectively (Figures 2d and 3a).
However, this symmetry is lost in both, the long-range and the
immediate vicinity of the adatoms for the other atoms shown
in Figure 3a. For adatoms II, IV, and V, the symmetry is
reduced to D, symmetry (single mirror axis) whereas no
symmetry axis can be discerned for adatom VI.

The symmetry reductions of the YSR patterns coincide with
the reductions of the local symmetry of the adsorption sites by
the CDW (Figure 2d). Adatoms I and III are positioned at a
maximum or a minimum of the CDW, so that the CDW
respects the atomic D; symmetry (HC structure of the CDW).
Atoms II, IV, and V are located on one of the three equivalent
symmetry axes connecting the high-symmetry positions but
unlike adatoms I and III do not directly fall on an extremum
(CDW in the CC domain). Thus, the CDW breaks the atomic
D; symmetry, leaving only D, symmetry consistent with the
observed YSR patterns. Finally, the position of adatom VI is
totally asymmetric with respect to the CDW, which is reflected
in the absence of any symmetry in the corresponding dI/dV
maps.

The microscopic physics behind these symmetry reductions
can be understood theoretically within a phenomenological
mean-field description of the CDW combined with a tight-
binding model of the 2H-NbSe, band structure. Foregoing a
realistic description of the Fe d-orbital physics, we model the
adatom as a classical impurity with isotropic potential and
exchange couplings to the substrate (see SI*® for details).
Because of the electron—phonon interaction, the CDW acts on
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Figure 4. (a) Evolution of the a-, /-YSR energy with position relative
to the CDW. Displayed points are obtained from averaging the
energies of various atoms within intervals of x + 0.0S a_g,. Error bars
include standard deviation from the averaging method and
experimental errors (see SI*®). (b) Linecut along the orange-dashed
line through a FFT-filtered constant-height dI/dV map [taken at T =
8K and Vi, = 0 (set point: 4 mV, 200 pA; V,,. = 100 ueV)] shown
as the inset (scale bar is 4 A) representing the variation of the local
DOS (the nonfiltered data can be found in Figure S17a). (c) CDW
potential (blue), local DOS (orange), and YSR energies (black)
obtained from the theoretical model for JS/2 = 360 meV, that is, in
the strong-coupling regime.

the electrons as a weakly incommensurate, static periodic
potential. This potential reduces the symmetry of the YSR
wave functions in a manner consistent with the experimental
results. Corresponding numerical results are shown in Figure
3b for a subset of the adsorption sites investigated
experimentally (see SI*® for the remaining sites and further
details). We find that the wave functions (and the number) of
the YSR states are quite sensitive to details of the band
structure and the neglected d-orbital physics, so that one
expects agreement only for qualitative aspects of symmetry.

So far, the assignments @ and f for the YSR states simply
refer to the two deepest resonances. Analyzing the observed
YSR patterns allows us to track these two YSR states as a
function of position relative to the CDW. For the YSR state +/3
of adatom I, the short-range pattern exhibits a triangular shape
(Figure 3c) with high intensity on its sides and slightly smaller
intensity at its vertices (orange circles). In contrast, the YSR
state +a for adatom I lacks intensity at the vertices (blue
circles) and thus exhibits pronounced nodes. Signatures of this
distinction persist at the lower-symmetry positions II, IV, and
V. Although the intensity distributions change for both states,
we still observe distinct intensities at one of the vertices which
distinguish between the +a and +f resonances (while present,
the distinction is somewhat less pronounced for adatom V, see
also SI**). A similar distinction cannot be made for adatom III.
We attribute this to the fact that in this case, both the +a and
the +f resonances lie very close to the Fermi level. This
prevents us from individually resolving them within our energy
resolution (Figure 2¢, green trace).
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With these characteristics, we can track the resonances as a
function of position relative to the CDW and probe its effect
on the YSR energies. As the CDW transforms smoothly
between HC and CC domains, we can study numerous
positions along its symmetry axis (such as positions II, IV, and
V in Figure 2d but also in between). Altogether, we analyze
approximately 90 adatoms adsorbed close to one of the three
equivalent CDW symmetry axes, combining data from several
samples and Pb tips. For all adatoms, we extract the energies of
the YSR states by deconvolving the dI/dV spectra to remove
the influence of the Pb tip (see SI*®). Figure 4a plots the
energies of both the a- and f-states as a function of adatom
position along a high-symmetry axis of the CDW. Here, we
assume that the energy dependences of both resonances follow
the same trend which implies that the energy of the a-
resonance changes sign and crosses the quantum phase
transition from a screened-spin to a free-spin ground
state*™*°™*% a5 a function of adatom position. Note that
some regions (shaded in Figure 4a) of adatom positions
remain inaccessible for Fe atoms in HC sites, because the
CDW maxima avoid MC domains.”’

A qualitatively similar dependence of the energy of the YSR
states is found in our model calculations (Figure 4c and SI*).
The YSR energies are (anti)correlated with the CDW potential
and the local DOS, with the type of correlation depending on
whether the impurity is in the weak- or strong-coupling regime
and on the strength of potential scattering by the impurity.**
(We find that the CDW potential is anticorrelated with the
local DOS.) Except for very strong potential scattering (see
SI**), our results are consistent with a simple model for the
energy of YSR states” >*

P\
1_(2>

7Sy, 2
1+ (%)

Eygr = A
(1)

Here, A is the superconducting gap, S is the (classical) spin,
] is the exchange coupling, and v, is the local DOS of the
superconductor. This predicts that YSR energies are (anti)-
correlated with the local DOS for impurities in the strong
(weak) coupling limit. Experimentally, we record a constant-
height dI/dV map at zero bias above T, and remove the atomic
corrugation by an FFT filter (cf. inset Figure 4b). The
remaining signal is proportional to the local DOS due to the
CDW at the Fermi level. We find that the YSR energies
correlate with the local DOS as seen in Figure 4ab. This
suggests that for most adsorption sites, the YSR states are in
the strong-coupling regime. Only when the Fe atoms are
located in the minima of the CDW, resonance « undergoes the
quantum phase transition to the free-spin ground state.

In conclusion, we find that the properties of YSR states are
strongly affected by CDW ordering. The CDW shifts the
energy of YSR states and reduces the symmetry of YSR wave
functions both in the immediate vicinity of and further from
the adatoms. These observations impose stringent constraints
on the design of strongly coupled magnetic adatom structures
on NbSe, substrates. Neverthless, NbSe, remains a highly
attractive substrate in this context, owing to the long-range
nature of the YSR states and its suitability for adatom
manipulation. Our results extend to truly two-dimensional
NbSe, substrates with their promise of device applications.
Indeed, single-layer NbSe, also exhibits an incommensurate
CDW.""*" TImportantly, pairing correlations in single-layer
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NbSe, are remarkably robust against in-plane fields as a
consequence of spin-valley locking (Ising superconductivity)."
This may enable measurements of YSR states at magnetic fields
which polarize the adatom spin without suppressing super-
conductivity. The interaction of YSR states with super-
conductivity, charge-density order, and external magnetic
fields entails substantial flexibility to tune into or control a
topologically nontrivial superconducting phase. Finally, our
study suggests that YSR states provide a sensitive probe of
these competing interactions which should extend to other
systems.
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