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Yu-Shiba-Rusinov (YSR) bound states appear when a magnetic atom interacts with a supercon-
ductor. Here, we report on spin-resolved spectroscopic studies of YSR states related with Fe atoms
deposited on the surface of the topological superconductor FeTeg 555€0.45 using a spin-polarized
scanning tunneling microscope. We clearly identify the spin signature of pairs of YSR bound states
at finite energies within the superconducting gap having opposite spin polarization as theoretically
predicted. In addition, we also observe zero-energy bound states for some of the adsorbed Fe atoms.
In this case, a spin signature is found to be absent indicating the absence of Majorana bound states

associated with Fe adatoms on FeTeg 555€e0.45.
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When a magnetic atom is interacting with a super-
conductor having an energy gap A and the tempera-
ture is sufficiently low(kpT < A), Yu-Shiba-Rusinov
state(YSRs) will appear inside the superconducting gap
[1-4]. Since the first observation of YSR states by
low-temperature scanning tunneling spectroscopy (STS)
more than twenty years ago [5], numerous studies on var-
ious aspects of YSR states have been reported, including
improvements of the energy resolution by using super-
conducting STS probe tips [6, 7], the spatial extension
of YSR states [8-11], their orbital nature [12, 13|, cou-
pling of the impurity spin to the superconductor sub-
strate [14-16], coupling between YSR impurities [17, 18|,
and the formation of YSR chains [19-21]. However, the
spin polarization of YSR states has rarely been explored
experimentally [20, 22, 23]. On the other hand, the inves-
tigation of the spin nature of impurity bound states has
become increasingly important because it allows distin-
guishing topologically non-trivial Majorana bound states
from trivial YSR states which accidentally appear very
close to zero energy [23, 24]. Indeed, such very low-energy
YSR states were shown to exist for individual Fe adatoms
adsorbed on the hep-sites of a superconducting Re(0001)
substrate where the YSR bound state energy was deter-
mined to be on the order of tens of peV only [21, 25].

For magnetic atoms interacting with Fe-based super-
conductors, such as FeTeg 555¢q.45, it has been theoreti-
cally predicted [26] and experimentally observed [27, 28]
that zero-energy states exist which might be related with
Majorana bound states. However, the spin nature of the
bound states induced by magnetic atoms on Fe-based su-
perconductors has not been investigated so far.

Here, by using low-temperature spin-polarized scan-
ning tunneling microscopy (SP-STM) [29] and STS, we
successfully observe finite-energy YSR bound states of Fe
atoms deposited on a FeTeq 555¢eq.45 surface and demon-
strate that these states are spin-polarized as predicted
by theory [30, 31]. SP-STS measurements of zero-energy
bound states, which are found to coexist in this sample

system, reveal the absence of spin polarization, in agree-
ment with the existence of a pair of YSR states being
very close to the Fermi level, but in contrast to the in-
terpretation as Majorana bound states.
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FIG. 1. (a) STM topography image of the cleaved

FeTeo.555€0.45 surface with deposited Fe atoms(yellow spots).
Scale bar: 5 nm. (b) Two STS curves taken on clean
FeTeo.555e0.45 surface regions. (c-d) STS data taken above
two different Fe adatoms exhibiting either YSR states at fi-
nite energies (c) or a zero-bias peak (d). Tunneling parame-
ters: (a) V=-10 mV, I=200 pA; (b) Vstap=5 mV, Ls1,=100
pA(black spectrum), Vsiap=-10 mV I:4=200 pA(pink spec-
trum); (¢) Vstap=-10 mV, I51a6=400 pA; (d) Vsiep=-10 mV,
Istab:600 pA

All STM/STS measurements were performed in ultra-
high vacuum at a temperature of 1.1 K and in mag-
netic fields up to 3 T applied perpendicular to the sam-
ple surface. Differential tunneling conductance(dI/dV)
spectra were recorded using a lock-in technique with a
bias modulation of 0.03 mV and a frequency of 893 Hz.
Before switching off the feedback to record the spectra,



the tip is stabilized at a current(Is:,p) and a sample bias
voltage(Vpiqs) using a tunneling conductance on the or-
der of 107%2¢%/h. Bulk Cr tips were used for SP-STM
measurements. To enhance the spin contrast, sometimes
Fe atoms were picked up by the STM tip. Details about
tip and sample preparation can be found in ref. [32].
Individual Fe atoms were deposited in-situ on clean sur-
faces of freshly cleaved FeTeq 555¢¢ 45 single-crystal sub-
strates with a coverage of less than one percent as can be
seen in Figure 1(a). The adsorbed Fe atoms appear with
a mean apparent height of 120 pm in constant-current
STM images (see Supplemental Material, Figure S1(b)).
Two representative dI/dV spectra, measured on surface
regions without Fe adatoms, are shown in Figure 1(b),
reveal superconducting multi-gap features characteristic
for the iron based superconductor FeTeg 555€0.45 [33].
The coherence peaks at 2.4 mV can be identified clearly
in both tunneling spectra, while the coherence peaks at
+1.48 mV only appear as shoulders in the black spec-
trum. The two sets of coherence peaks reflect the elec-
tron pairing within the o' and [ bands at the I' point.
Another pair of peaks at +3.7 mV appears in some tun-
neling spectra (see pink curve in Figure 1(b)) which may
originate from the pairing within the v band. Our ob-
servations on the clean FeTeg 555¢.45 surface are quite
consistent with recent reports on FeTeg 55Se0.45 [34] and
reflects its s-wave like, multi-band pairing nature.

In contrast, the dI/dV spectra measured on top of the
deposited Fe atoms on FeTeq 555€g.45 show clear in-gap
states. Two different types of characteristic tunneling
spectra are presented in Figure 1(c-d). In Figure 1(c) we
can clearly identify a pair of in-gap bound states at +0.55
mV with particle-hole symmetry both with respect to the
energy positions as well as the peak heights reminiscent
of YSR states. Besides, we can also see sharp peaks at
+1.2 mV with particle-hole symmetry but strong peak
height asymmetry. These peaks result from a reduction
of the superconducting gap due to the effective magnetic
field induced by the magnetic Fe adatoms as discussed in
the following section, very similar to the reduced gap in
the center of superconducting vortices in FeTeq 555€0.45
[28]. We also find Fe adatoms exhibiting a zero-bias peak
(ZBP) with a full width at half maximum (FWHM) of
0.63 mV as shown in Figure 1(d). The observed FWHM
reflects the energy resolution of our STM instrument at
the measurement temperature of 1.1 K, rather than an
intrinsic peak width, and corresponds to the total super-
conducting gap edge broadening in the tunneling spectra
of Figure 1(b). We measured in total 46 Fe adatoms
where 19 of them (41%) exhibit a YSR-state and 14 of
them (30%) show a ZBP. Such ZBPs in tunneling spectra
have also previously been reported for Fe atoms interact-
ing with superconducting FeTeq 555¢( .45 and assigned to
Majorana bound states associated with the topologically
non-trivial surface states of FeTeq 555€0.45 [26, 27]. How-
ever, the spin-polarization of such ZBPs, which can lead

to more insight into the nature of such states, has not
been explored so far.
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FIG. 2. (a) Atomic-resolution STM topography image of the
FeTeo.555€0.45 surface including an Fe adatom (bright spot)
exhibiting finite-energy YSR states. The white dashed arrow
indicates the line with a length of 8.45 nm along which dI/dV
spectra in (b) have been taken and the green lines are on top
of the Se/Te atoms in two different directions. Scale bar: 1
nm. (b) From the bottom to top, a total of 66 dI/dV spectra
are presented taken along the line shown in Fig. 2(a). The
black spectrum has been recorded above the center of the
Fe atom. The black dashed vertical lines at £0.5 meV indi-
cate the energy position of the YSR+ and YSR— peaks. (c)
The peak amplitudes of YSR+(circle) and YSR—(triangle)
states extracted from the dI/dV spectra shown in Fig. 2(b).
The black dashed vertical line indicates the center position of
the Fe atom. Tunneling parameters in (a-b): Vgsiap=-10 mV,
Tstab=400 pA.

In the following, we first focus on the spatial distri-
bution of the YSR states which we investigated by tak-
ing dI/dV spectra along a line-cut through an Fe atom
as illustrated in Figure 2(a). The corresponding results
are displayed in Figure 2(b). From the STM topography
image of Figure 2(a) we can see that the Fe atom is lo-
cated at the center position of the Se/Te square lattice
as indicated by the solid green lines. Right above the Fe
atom, the dI/dV spectrum(black curve in Figure 2(b))
shows two YSR states(YSR+ and YSR—) with particle-
hole symmetry. As our tunnel junction conductance is
on the order of 10742¢2/h, Andreev reflection processes
[7] can be ruled out. Hence the in-gap states we observe
here should reflect the intrinsic scattering of Cooper pairs
by the Fe atom. We also notice a considerable asymme-
try regarding the peak heights of the YSR states. Due
to the weak tunneling conditions in our experiment, this
asymmetry can either be attributed to the particle-hole



asymmetry of the bands near the Fermi energy or to the
spin-independent Coulomb potential scattering processes
[30, 35]. We can see this asymmetry more clearly in Fig-
ure 2(c) where the observed peak height values of the
YSR+ and YSR— states as a function of distance from
the Fe atom are extracted.

Another important characteristic feature of YSR states
is their spatial decay behavior. From Figure 2(c) we can
see that both bound states at +0.5 meV exhibit a decay
length of about 4 nm. If we use the model for 3D case
[35], the decay length r3q ~ & /v 1 — €2 where & is the
coherence length and € is defined as ratio between the
YSRs state energy Fysr and the superconducting gap
A. In our case, 734 results in a value of 2.08 nm, if we
take & = 2 nm [26], Eysg = 0.5 meV and A = 1.8
meV. This theoretical value is smaller than the experi-
mentally observed one. A possible reason could be that
the Fe impurity primarily interacts with the surface state
of FeTeq 555¢e0.45 which would mean that we have to con-
sider the 2D case. While the YSR states exhibit a 1/72
decay for the 3D case, a 1/r decay is expected for the
2D case [8]. Therefore, considering an effective 2D sys-
tem, we can expect a decay length roy = ng = 4.3 nm,
which is in good agreement with our experimental value
of 4 nm. In contrast, the decay length of the peaks at
+1.2 mV is only about 0.5 nm which is much smaller
than for the YSR state at 0.5 mV. This fast decay be-
havior can be attributed to the influence of a magnetic
dipole field induced by the Fe atom. A previous study
showed that an Fe atom can have a dipole moment of
m = 5.4 p when placed on the MgO surface exhibiting a
1/r3 decay behavior [36]. If we substitute such value into
the dipole field equation B(r) = pom/4nr3, we will get a
field strength of 320 mT at 0.25 nm and 40 mT at 0.5nm.
This is comparable to our experimentally observed decay
length of 0.5 nm beyond which the dipole magnetic field
will not strongly affect superconductivity.

After making sure that the observed in-gap states at
4+0.5 mV are YSR bound states, we performed spin-
resolved tunneling spectroscopy measurements in order
to probe their spin-dependent properties. As illustrated
in Figure 3(a-b), the magnetization direction of an Fe-
decorated Cr tip is controlled by applying a sufficiently
large external magnetic field of £1.5 T following the pro-
cedure as described in ref. [22]|. Details about the charac-
terization of the spin sensitivity of the SP-STM probe tip
can be found in the Supplemental Material(Figure S2).
After preparing the SP-STM tip in a well defined magne-
tization state, we polarized the Fe atom in two opposite
directions by applying a small external magnetic field of
420 mT. Such a small magnetic filed does not affect the
magnetization state of the SP-STM tip as demonstrated
in ref. [22]. The results of the spin polarized tunneling
experiments are displayed in Figure 3(c) and (d). We
first focus on the magnetic field response of the YSR+
peak at +0.5 mV. In the case of the upward magnetized
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FIG. 3. (a-b)Ilustration of the spin-polarized tunneling ex-
periment on individual Fe adatoms on a FeTeg 555€0.45 sur-
face. The SP-STM tip is magnetized up in (a) and down
in (b) as indicated by the blue and red arrows, respectively.
The magnetic moment orientation of the Fe atom is controlled
by a very small external magnetic field of £20 mT. The tip
magnetization orientation remains unchanged in such a small
external field. (c-d) The spin-resolved dI/dV spectra taken at
an external field of 20 mT, when the tip magnetization has
been prepared up (c) or down (d). All spectra were recorded
above the center of the Fe atom. Tunneling parameters in
(a-b): Vstap=-10 mV, Is14=400 pA.

probe tip(previously polarized at +1.5 T), the dI/dV sig-
nal above the Fe atom polarized at +20 mT is higher than
that for the Fe atom being polarized at —20 mT as shown
in Figure 3(c). However, the behavior of the dI/dV signal
reverses when the tip has been downward magnetized at
—1.5 T(see Figure 3(d)). The fact that a different mag-
nitude of the dI/dV signal is always obtained when tip
and sample are polarized in the same direction as com-
pared to the case where they are polarized in opposite
direction provides clear evidence for the observation of
spin-polarized tunneling. On the other hand, according
to theory [31], the sign of the spin polarization of the
YSR— state should be opposite to the one of the YSR+
state. Therefore, we can expect that the dI/dV signal of
the YSR— state exhibits an inverse response to a change
of the magnetization direction of the SP-STM probe tip
compared to that of the YSR+ state. This is indeed ob-
served in Figure 3(c), where the YSR— peak is higher for
the Fe atom being polarized in a field of —20 mT, while
the YSR+ peak is higher for an applied field of +20 mT.
Similar behaviour is also found for the data displayed in
Figure 3(d).

Finally, by using the same spin-polarized probe tip, we
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FIG. 4. (a) STM topography image of the FeTeq.555e0.45 sur-
face including an Fe atom exhibiting a zero-bias peak (ZBP).
The white dashed arrow indicates the line with a length of
8.34 nm along which the dI/dV spectra in (b) have been taken.
Scale bar: 1 nm. (b) From the bottom to top, a total of 66
dI/dV spectra are displayed taken along the line shown in Fig.
4(a). The black spectrum was measured above the center of
the Fe atom. (c) Magnetic field dependent measurements of
the dI/dV spectrum exhibiting a ZBP. The SP-STM tip has
been polarized up or down in an external magnetic field of
+1.5 T. The orientation of the Fe atom’s magnetic moment
is controlled by a small external magnetic field of £20 mT
which does not affect the magnetization direction of the SP-
STM probe tip. All tunneling spectra were measured above
the center of the Fe atom. Tunneling parameters in (a-b):
Vstab:—lo IIlV, Istab:600 pA

examined the magnetic field response of the ZBP which
is frequently observed for individual Fe atoms interact-
ing with the FeTeg 555€p 45 surface. Figure 4(a) shows an
STM topography image including an Fe adatom exhibit-
ing such a ZBP. Tunneling spectroscopic data has been
obtained along the line indicated in that figure. The cor-
responding results are displayed in Figure 4(b). From the
set of 66 dI/dV spectra we can see that this ZBP does
not shift in energy over quite a very large distance from
the Fe atom. We then performed spin-resolved tunneling
spectroscopy measurements in a similar way as described
before for the finite-energy YSR bound states at +0.5
mV. From the experimental data shown in Figure 4(c)
we can see that within the experimental error, the dI/dV
signal at zero bias does not respond to a change of polar-
ization of the Fe atom nor to a change of the tip magne-
tization state. This obvious absence of a measurable spin

polarization can be understood if the ZBP would result
from a pair of YSR states being very close in energy and
very near the Fermi level such that spin-up quasiparticles
mix with spin-down quasiparticles. Recently, ZBPs ob-
served for such Fe atoms interacting with FeTeq 555€0.45
have been interpreted as Majorana bound states(MBS)
induced by quantum anomalous vortices [26]. In that
case, however, spin-selective Andreev reflection processes
should be observable as in the case of MBS inside real
vortices [37, 38]. However, the absence of a spin signa-
ture of the ZBPs as observed in our experiments indicate
that they most likely originate from YSR states being
accidentally located very close to the Fermi level, such as
reported before for Fe adatoms on hep-sites of a Re(0001)
surface [21, 25], rather than from a MBS.

In conclusion, using spin-polarized STM/STS, we re-
vealed the spin nature of YSR states of Fe atoms on a su-
perconducting FeTeq 555¢eq.45 substrate. Our experimen-
tal results obtained for finite-energy YSR states are con-
sistent with the theoretical prediction of opposite signs of
spin polarization for the electron- and hole-like compo-
nents. We also investigated the spin nature of the ZBP
and found no spin-dependent response, in disagreement
with interpretations of such ZBP as Majorana bound
states.
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