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Spatially dispersing Yu-Shiba-Rusinov states in the
unconventional superconductor FeTeg s5Seq 45

Damianos Chatzopoulos'®, Doohee Cho"?8, Koen M. Bastiaans'®, Gorm O. Steffensen3,

Damian Bouwmeester#, Alireza Akbari>®, Genda Gu’, Jens Paaske3, Brian M. Andersen3 & Milan P. Allan® 1™

By using scanning tunneling microscopy (STM) we find and characterize dispersive, energy-
symmetric in-gap states in the iron-based superconductor FeTegssSeq 45, a material that
exhibits signatures of topological superconductivity, and Majorana bound states at vortex
cores or at impurity locations. We use a superconducting STM tip for enhanced energy
resolution, which enables us to show that impurity states can be tuned through the Fermi
level with varying tip-sample distance. We find that the impurity state is of the Yu-Shiba-
Rusinov (YSR) type, and argue that the energy shift is caused by the low superfluid density in
FeTeos55e0.45 which allows the electric field of the tip to slightly penetrate the sample. We
model the newly introduced tip-gating scenario within the single-impurity Anderson model
and find good agreement to the experimental data.
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because it has a low Fermi energy and an unusually low

and inhomogeneous superfluid density!~7. It has been
predicted to host a topological superfluid and Majorana zero-
mode states®~10. These predictions have been supported by recent
experiments: photoemission has discovered Dirac-like dispersion
of a surface state!! while tunneling experiments have con-
centrated on in-gap states in vortex cores, which have been
interpreted as Majorana bound states!!3 since the low Fermi
energy allows to distinguish them from conventional low-energy
Caroli-Matricon-de Gennes states!.

In-gap states have a long history of shining light into the
properties of different host materials, and have allowed to bring
insight into gap symmetry and structure, symmetry breaking,
or the absence of scattering in topological defects, to name a
few!>-24 Impurity bound states have also been investigated in
chains or arrays of magnetic impurities on superconducting
surfaces where they can lead to Majorana edge-states?>~28. In the
case of FeTe, 555€¢ 45, zero-bias in-gap resonances have become a
primary way to identify Majorana bound states at magnetic
impurity sites or in vortex cores. At impurity sites, robust zero-
bias peaks have been reported at interstitial iron locations which
suggest the presence of Majorana physics?®. In addition, very
recently STM experiments reported signatures of reversibility
between magnetic impurity bound states and Majorana zero
modes by varying the tip-sample distance on magnetic adatoms3C.
Interestingly, there have also been signatures of spatially varying
in-gap impurity states?132 which are not yet understood.

Here we report the detection of in-gap states at sub-surface
impurities, which are spatially dispersing, i.e., they change
energy when moving away from the impurity site by a distance
of Ay. The energy can also be tuned by changing the tip-sample
distance (Ad). We argue that the most likely explanation of our
observations involves a magnetic impurity state of the YSR type
affected by the electric field of the tip. We show good agreement
between our experimental findings and the single impurity
Anderson model.

The putative s, superconductor FeTejssSeq4s is peculiar
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Results

Detection of a particle-hole symmetric in-gap state in
FeTe 555€9.45. We use FeTessSeqqs samples with a critical
temperature of Tc = 14.5K. They are cleaved at ~30K in ultra-
high vacuum, and immediately inserted into a modified Unisoku
STM at a base temperature of 2.2K, for preventing surface
reconstruction and contamination. To increase the energy reso-
lution, we perform all tunneling experiments using a super-
conducting tip, made by indenting mechanically ground Pt-Ir tips
into a clean Pb(111) surface. With the superconducting tip and to
leading order in the tunnel coupling, the current-voltage (I — V)
characteristic curves are proportional to the convolution of the
density of states of Bogoliubov quasiparticles in the tip and the
sample

It V) ~ / Dy(w + eV)D,(r, 0)[f (@, T) — f(w + eV, T)]dw,
(1)

where Dy, is the density of states of the quasiparticles in the
sample (tip), flw, T) is the Fermi-Dirac distribution at tempera-
ture T and e is the electron charge. In such a superconducting
tunnel junction the coherence peaks in the conductance spectra,
dl/dV(r, V), appear at energies: £ (A, + A,), where Ay is the
quasiparticle excitation gap of the sample (tip). In addition, the
energy resolution is far better than the conventional thermal
broadening of ~3.5kgT (kg is the Boltzmann constant) since it is
enhanced by the sharpness of the coherence peaks of D33-3%, To
obtain the intrinsic local density of states (LDOS) of the sample,
Dy(r, w), we numerically deconvolute our measured dI/dV(r, V)
spectra while retaining the enhanced energy resolution (for more
details see Supplementary Note 1). For this, we use our knowl-
edge of the density of states of the tip with a gap of A, =1.3 meV
from test experiments on the Pb(111) surface using the same tip.

Figure la shows a topography of the cleaved surface of
FeTeg 555€0 45 obtained with a Pb coated tip (see inset). Brighter
(darker) regions correspond to Te (Se) terminated areas of the
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Fig. 1 Scanning Tunneling Microscopy on FeTeg 555€0 45 With a superconducting tip. a Atomically resolved topographic image (z-height map, 25 x 25
nm2) of FeTeqs55e0.45 cleaved surface acquired with a Pb coated Pt/Ir tip (see inset) at 2.2 K in ultra-high vacuum. Setup condition: Vet = —8mV,

lset = —100 pA. b, d, f Spatially averaged differential conductance spectra in the areas (ry, ¥, r3) marked by the black circles in a. ¥y: no in-gap states. r,: two
in-gap resonances at = 1.3 meV. rs: two sets of peaks symmetric in energy around the Fermi level. ¢, e, g Deconvolution of the spectra shown in b, d, f,
respectively, provide information about the intrinsic LDOS of the sample in the indicated areas. In ¥, a zero-bias impurity state is recovered and in rs two in-
gap states are observed. Setup conditions: b Vet =6 mV, lset =1.2nA, d, f Vet =5mV, lset = 2 nA. Lock-in modulation is V.4 = 30 uV peak-to-peak for

all measured spectra.
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Fig. 2 X-shaped spatial dispersion of impurity resonances in FeTeg 555€0.45. @ Topographic image at the impurity location (rg indicates the impurity

center). No clear signature of the impurity is observed. Setup conditions: Vet = —8 mV, et = —100 pA. b-d Spatially resolved LDOS maps at different
energies obtained by deconvolution of a dl/dV (r, V) map in the same field-of-view as in a. The energy of each LDOS map is indicated at the bottom right
corner. e Measured differential conductance intensity plot of a vertical linecut passing through the impurity center ro (Ay =0 nm). The linecut was taken
along the red dashed line in b. A crossing of the in-gap resonances at the impurity center is observed. Setup conditions: Vet = —8 mV, lset = —1.6 nA. Lock-
in modulation is V.4 = 100 uV peak-to-peak, f Deconvolution of the measured spectra in e shows an X-shaped dispersion of the sub-gap states crossing
the Fermi level at the impurity center. The blue arrows indicate the energy of the maps in b-d. g Series of LDOS spectra depicting the X-shaped spatial

dispersion shown in f.

cleaved surface which has a tetragonal crystal structure. Our
samples exhibit no excess Fe atoms or clusters on the cleaved
surface. Spatially resolved scanning tunneling spectroscopy shows
that most locations have a flat gap, as shown in Fig. 1b, c.
However, when we acquire spectra at specific points indicated by
black circles (r, and r3) in Fig. 1a, we find sharp in-gap states.
Figure 1d-e and f-g shows such states, both in the raw data as
well as in the deconvoluted results. The measured in-gap state is
symmetric in energy, i.e., it is visible at + E;; (Fig. 1g), or at the
Fermi level, Ej; =0 (Fig. le). In the raw data (before numerical
deconvolution) the states are located at energies + (A, + E;5) (see
arrows in Fig. 1d and f) due to the use of the superconducting tip.

Spatial dispersion of the in-gap state. In order to characterize
the impurity in more detail we acquire a spatially resolved dI/dV
(r, V) map in the area shown in Fig. 2a. Three energy layers of the
deconvoluted map depicting the LDOS variations are shown in
Fig. 2b-d. The impurity exhibits a clear ring-shaped feature which
eventually becomes a disk with smaller radius at the Fermi level.
A spatial line cut profile along the red dashed line shown in
Fig. 2b reveals two symmetric resonances around zero energy that
extend over ~10 nm in space (Fig. 2e). Importantly, the energies
of the in-gap states vary spatially as shown in the spatial cuts
(Fig. 2e-g) obtained from the same conductance map. The dis-
persion of the in-gap states shows an X-shaped profile where the
crossing point is indicated with r, (Fig. 2a). In more detail, the
state is at zero energy at ry, and then moves away from the Fermi
level, before fading out slightly below the gap edge. We will show
later that the character of this dispersion is dependent on the tip-
sample distance, and that there can also be zero or two crossing
points. By inspecting the topography at r, we find no signature of

irregularities, which points towards a sub-surface impurity defect
as the cause of the observed in-gap peaks in the spectra. We note
that these impurities are sparse; we found a total of 5 in a 45 x 45
nm? field-of-view. These all show the same characteristic dis-
persions, but the X point is estimated at different tip heights. For
details, see Supplementary Note 7. Similar observations have been
reported previously on FeTegssSeq 45, but without a clear energy
cross at the Fermi level31:32,

YSR impurity states. Our observations are reminiscent of YSR
states caused by magnetic impurities in conventional super-
conductors®>~3°. When a single magnetic impurity is coupled to a
superconductor with energy gap A via an exchange coupling J then
the ground state of the many-body system depends on the
interplay between superconductivity and the Kondo effect
(described by the Kondo temperature Ty). For A2 kgTxk the
superconducting ground state prevails (unscreened impurity)
whereas for A < kT the Kondo ground state dominates (screened
impurity). In each case, quasiparticle excitations above the ground
state give rise to resonances symmetrically around the Fermi level
inside the superconducting gap. In an STM experiment, this
results in peaks in the conductance spectrum at the energy of the
two YSR excitations which is determined by the product vgJS,
where § is the impurity spin and vg the normal state density of
states in the superconducting host (FeTey s5S€g.45 in our case).

It is important to note that the s. symmetry of the order
parameter in FeTejss5Sep45 can lead to a very similar phenom-
enology between magnetic and potential scatterers. While in
conventional s-wave superconductors, magnetic impurities are
required to create in-gap (YSR) states, in s, superconductors, sub-
gap resonances can also occur for non-magnetic scattering
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Fig. 3 Energy dispersion of the sub-gap resonances as a function of the tip-sample distance. a Conductance intensity plot for varying tip-sample distance
(Ad) normalized by the normal state resistance Ry. The in-gap states disperse and cross at the Fermi level. b Same as in a for the deconvoluted LDOS data.
Inset: schematic representation of the tip movement when we vary the tip-sample distance (Ad) and when the tip scans laterally (Ay and Ax) at a constant
height. ¢, d Azimuthally-averaged radial profiles at different tip-sample distances indicated by blue arrows in b. Ar, indicates the radial offset y/Ax? + Ay?
from the impurity center (Ar=0). e Energy of the impurity bound state for varying tip-sample distance, extracted by fitting a lorentzian curve in 5 intensity

plots (see Supplementary Note 3) similar to ¢, d.

centers. This can be shown using different theoretical techniques,
including T-matrix method®®*!, Bogoliubov-de Gennes
equations*>%3 and Green’s functions*4~4¢ applied to multiband
systems with s, symmetry. The similarity of magnetic and
potential scatterers makes a distinction between these cases more
challenging (but possible, with an external magnetic field3?). In
either case, theory predicts energy-symmetric in-gap states with
particle-hole asymmetric intensities.

The X-shaped phenomenology of the in-gap states shown
above shares also similarities with bound-states that have been
observed in Pb/Co/Si(111) stacks®’, where they have been
interpreted as topological?’-48. However, as we will show here,
in our experiments the single point of zero bias is just one
particular case of a manifold of dispersions that depend on the
tip-sample distance.

Tuning the energy of the in-gap state with the tip. Figure 3a
shows an intensity plot of a series of spectra above ry, the location
showing the zero-bias impurity state, with changing tip-sample
distance (see inset for a schematic). We normalized each spec-
trum by the normal state resistance Ry = Viei/Lier. In order to
reduce the distance, we control the tip in constant current feed-
back and increase the set-point for the current while keeping the
voltage bias constant. In addition, we measure the tip-sample
distance relative to the set-point: Vi =5mV, I, =0.4nA.
Strikingly, we observe a shift in the energy of the in-gap state with
varying the tip-sample distance Ad. When the tip is brought
closer to the sample surface, the sub-gap resonances shift towards
the Fermi energy (Fig. 3b) where they cross and split again. We
also point out that there is a strong particle-hole asymmetry in
the intensity of the in-gap resonances. It can be clearly seen in
Fig. 3b that the relative intensity between the positive (p) and
negative (n) resonances (I, — I,,) changes sign after the cross at
the Fermi level. Further, we note that the energy shift for varying
Ad is stronger than the spatial dispersion. This can likely be
explained by the tip shape, which can be approximated as a
sphere of roughly 20nm. As the tunneling current falls off
exponentially with distance, one always tunnels to the point

closest to the surface. However, the field is algebraic in the dis-
tance, and thus a change horizontally has less of an effect than a
change vertically, as shown in Supplementary Note 5.

To obtain a more complete picture of the tuning of the in-gap
states as we vary Ad, we measured five dI/dV(r, V) maps (each at
different tip-sample distance) and analyzed azimuthally-averaged
radial profiles through the impurity center (Fig. 3c-d shows two
of these profiles. See Supplementary Note 3 for the other 3). We
extract the energy of the resonances by Lorentzian fits (Fig. 3e), to
observe that they cross the Fermi level at the impurity center
when being close to the sample. This is the first time that such a
crossing has been observed in an unconventional superconductor.

Microscopic origin. The important question that arises is: what
tunes the impurity resonances that we observe? In previous
experiments with magnetic ad-atoms or ad-molecules on con-
ventional superconductors*>°?, it has been shown that the force of
the tip changes the coupling between moment and substrate, and
that the coupling J and the YSR energy could be tuned in this way.
In this case, when the energy crosses the Fermi level at the critical
coupling Jc, a first-order quantum phase transition between the
singlet (screened) and the doublet (unscreened) ground state is
expected¥°1. Very recently, a similar force-based scenario has
been reported in different systems involving magnetic ad-atoms
on top of superconductors!?, including Fe(Te,Se)*C. As discussed
in Supplementary Note 2, a similar scenario can in principle
explain the sub-gap dispersion discovered here. However, as the
impurity is not loosely bound on top of the surface in the present
case, a movement between a sub-surface impurity and the
superconductor due to the tip force as the cause for the tuning,
seems unlikely. Therefore, we pursue alternative mechanisms.
Motivated by the phenomenology of semiconductors®® or Mott
insulators®3, where the tip can act as a local gate electrode
(mediated by the poor screening), we propose a similar gating
scenario for YSR states in the present case: the electric field of the
tip can tune the energy of the impurity state and thus lead to a
dispersing YSR state.
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Fig. 4 Anderson impurity model for Yu-Shiba-Rusinov bound states. a Local density of states as a function of level energy eo. The impurity spectral
function was calculated within the zero-bandwidth approximation using the Lehmann spectral representation for the retarded Green's function (see
Supplementary Note 2). Red and blue lines indicate the two different eq sweeps plotted in b and ¢, respectively. b, ¢ Relaxation dominated tunneling
conductance calculated to leading order in the tip-impurity tunneling rate I'y. Labels in b refer to processes in d. The dashed line in € shows the turning point
of the blue line in a. d Guide to the eye for different conductance contributions in b and ¢. Processes 2-3 require a finite population of the excited state, in
this case supplied by temperature. For all panels we use U=20, I';=3, I1=0.04, y=T,=0.035 and kg7 = 0.2, all in units of A,.

First, we note that there can be a significant difference between
the work functions of the tip and the sample. Typical work
functions are in the range of a few electronvolts, and differences
between chemically different materials of the order of an
electronvolt are common (see Supplementary Note 5). Hence, it
is possible to have a voltage drop between them that is larger than
the applied bias. Secondly, the low carrier density in FeTe, 555e 45
leads to a non-zero screening length giving rise to penetration of
the electric field of the tip inside the sample. An estimation of the
penetration depth in the sample can be made in the Thomas-
Fermi approximation (cf. e.g.>%). In this framework, the screening

length is given by Az = (ma,/ 4kF)1/ ?, where aj is the Bohr radius
and kp the Fermi wave-vector. Using reported parameters!!:12,
this yields Arp= 0.5 nm, which is comparable to the inter-layer
distance®. This implies that in principle, an impurity residing
between the topmost layers can be affected by the electric field of
the tip. In Supplementary Note 6 we further test this possibility by
performing an estimate of the potential shift in the impurity,
when the tip-sample distance is varied using a simple model for
screening (image charges method) to estimate that the shift is
comparable to the charging energy of the impurity. We note that
this estimate is approximative, as some key parameters are
unknown for FeTeQ.Ssse()Ag,.

Based on these considerations, we conclude that it is possible that
the tip acts as a local gate electrode that influences the energy levels
of the impurity, which in turn influences the energy of the in-gap
states, as we will demonstrate in the modelling carried out below. By
adjusting the tip-sample distance the field penetration is modulated
leading to an energy shift of the in-gap resonances. The spatial
dependence can be explained similarly: when moving the tip over
the impurity location, we change the local electric field, which is at a
maximum when the tip is right above the impurity. We emphasize
that, similar to experiments on semiconductors and Mott insulators,
we expect that the details of the gating process depend on the tip
shape Supplementary Note 5.

Gate-tunable single impurity Anderson model. We model the
sub-gap state as a YSR state arising from the magnetic moment of
a sub-surface impurity level, whose energy is effectively gated by
the tip-induced electric field. It should be noted that the sub-gap
states arising in an s.-wave superconductor from a simple non-
magnetic impurity can produce a dispersive cross in the in-gap
energies as a function of the impurity potential. However, this is
only true for a particular range of potentials, and will not gen-
erally trace out a single dispersive cross as a function of the
impurity strength4244, Therefore, we are led to conclude that the
impurity at hand involves a finite magnetic moment. Local
impurity-induced magnetic moments may indeed be particularly
prominent in correlated systems like FeSe where even non-
magnetic disorder, in conjunction with electron interactions, can
generate local moments®. Because of the magnetic nature of the
impurity site, the results of our calculations are qualitatively
independent on whether we treat the system as an s or s.-wave
superconductor. For simplicity, we perform our calculations
assuming standard s-wave pairing.

The superconducting single impurity Anderson model®”
involves an impurity level e, with charging energy U coupled
via a tunneling rate Iy to a superconducting bath with energy
gap AS8-%0 We represent the sample by a simple s-wave
Bardeen-Cooper—Schrieffer (BCS) superconductor, and use the
zero-bandwidth approximation, including only a single spin-
degenerate pair of quasiparticles at energy A%%1. We further
assume that the gating from the tip changes the impurity level ¢,
linearly with distance. We then obtain the YSR states by
calculating the local impurity spectral function, Di(w, €), as a
function of ¢, (and thus of gating) using the Lehmann
representation (see Supplementary Note 2 for details). The result
is plotted in Fig. 4a, where the observed crossing of the sub-gap
states indicates a change between singlet, and a doublet ground
state®2, From the spectral function we can determine the current
using leading-order perturbation theory in the tunnel coupling
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connecting the impurity to the tip, #:

1(v) = %/ Dy(w+ eV, Ay y)Dy(w, ) (0, T) — f(@ + eV, T)do,
(2)

here Dy(w, A, y,) is the spectral function of the superconducting
tip with a finite quasiparticle broadening incorporated as a Dynes
parameter®, y, and % the reduced Planck’s constant. A
phenomenological relaxation rate, T, is incorporated into the
Lehmann representation, (see Supplementary Note 2), to
construct Dy(w, €p). This parameter accounts for quasiparticle
relaxation of the YSR resonances at w = + E;;. The validity of the
expansion in T, = mvg|t;|%, which captures only single electron
transport and omits Andreev reflections, rests on the assumption
that the sub-gap state thermalizes with rate I, between each
tunneling event. In the opposite limit, I';>> T, transport takes
place via resonant Andreev reflections, and the sub-gap
conductance peaks at eV =+ (A, + Ejg) display a bias asymmetry
that is reversed compared to the bias asymmetry of the single
electron transport regime3®. In principle, these two regimes can
be differentiated by varying T, since the conductance peaks
increase linearly with I in the single electron regime, and
sublinearly in the resonant Andreev regime3*% The experi-
mental data shown in Fig. 3 display a marked asymmetry,
consistent with our assumption of relaxation dominated transport
where conductance asymmetry will follow the asymmetry of the
underlying spectral function.

Next, we investigate the situations where the tip moves over the
impurity along the surface, or towards the impurity as a function
of tip-sample distance Ad. These situations are marked with blue
and red arrows in Fig. 4a, respectively. In Fig. 4b, ¢ we then plot
sub-gap conductance as a function of level position, ¢,
corresponding to the red/blue traces, assuming a linear
dependence of €, with tip-sample distance. The agreement
between our model and the data is good, both in terms of the
energy dispersion and the asymmetry. Also, in both experiment
and theory, additional conductance peaks at eV = + (A — Ejg) are
visible close to the singlet-doublet phase transition. We interpret
these lines as the additional single electron processes shown in
Fig. 4d, which arise from thermal population of the excited state
close to the phase transition where Ei; SkgT. The conductance
peaks at A, + Ej; meet at the point where the YSR states cross zero
energy, signaling the change between singlet, and doublet ground
states, and the asymmetry in intensity between the conductance
peaks at eV =+ (A + Eyg) switches around.

The good agreement between this simple model (Fig. 4b, ¢) and
the data presented in Fig. 2e and a, supports our interpretation
that the tip exerts an effective gating of the impurity. We discuss
alternative scenarios further in Supplementary Note 2, but the
fact that our impurity is below the surface and the excellent
agreement between the model and the data lead us to conclude
that the gating scenario is most likely in the present case.

In summary, we have reported on the properties of energy
symmetric in-gap states in FeTeqssSeq4s that can be tuned
through the Fermi level. These states extend over a large (~10
nm) area around the center locations. Our data point towards a
sub-surface magnetic impurity embedded in a low-density
superfluid with large screening length that leads to YSR-like in-
gap states. We propose a novel tip-gating mechanism for the
dispersion and perform calculations within the single impurity
Anderson model that show excellent agreement with the data.
Such a mechanism could also play a role in previous experiments
on elemental superconductors or heterostructures. How such
states are related to the topological superconductivity in
FeTeg 555€0 45 remains an open question. Our work further shows

that one needs to be careful when interpreting zero-bias peaks in
putative topological states, and junction resistance dependent
experiments are a necessary—ideally combinded with other
techniques such as noise spectroscopy®>=¢7 (see also Supplemen-
tary Note 4), spin-polarized STM®, or photon-assisted tunnel-
ing® will allow for better understanding. Independent of this,
tunable impurity states like the one we report here could offer a
platform to study quantum phase transitions, impurity scattering,
and the screening behavior of superfluids.

Methods

Sample preparation. The FeTe, 555¢) 45 single crystal samples were grown using the
Bridgman method and show a critical temperature of Tc = 14.5 K. We cleave them at
ultra-high vacuum (Pygee ~ 1 X 1019 mbar) and low temperature (~30 K) and
immediately insert them to our pre-cooled STM (USM-1500, Unisoku Co., Ltd). The
STM tips used in this work are mechanically sharpened Pt-Ir wires. They are Pb-
coated by indenting them on a Pb(111) surface which was first cleaned by repetitive
cycles of Ar sputtering (Pyqse ~ 5 X 107> mbar) followed by thermal annealing.

Measurement. Standard lock-in technique is employed for the tunnelling con-
ductance measurements at 887 Hz. All measurements were performed at 2.2 K.

Data availability

The data of this work are available from the corresponding author upon request.

Code availability

The code used in this work is available from the corresponding author upon request.
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