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ABSTRACT: The interplay between the Rashba effect, superconductiv-
ity, and magnetism in gold-based superconductors provides a platform for
exploring topological superconductivity, yet the interaction between
Rashba bands and superconducting bound states remains unexplored.
Here, we report Rashba-surface-band-dependent Yu−Shiba−Rusinov
(YSR) states around Fe adatoms on the surfaces of AuSn4, using ultralow
temperature (5 mK) scanning tunneling microscope/spectroscopy. On
Au-terminated surfaces with Rashba bands, most Fe atoms occupy Au
vacancies, while only a few adsorb on the Sn-terminated surfaces with
dominant bulk metallic states. Remarkably, YSR states localized on the Fe
atom are observed on Sn-terminated surfaces but absent on Au-
terminated surfaces. First-principle calculations reveal a significant magnetic moment for Fe adatoms on Sn surfaces compared to
a nearly negligible value on Au surfaces, which elucidates the observed surface-dependent YSR states. The termination-dependence
local moment arises from the interplay of Rashba surface bands and s-d coupling, as described by the Anderson s-d exchange model.
KEYWORDS: Magnetic adatoms, Yu−Shiba−Rusinov states, superconductors, noble metal, Rashba band,
scanning tunneling microscopy/spectroscopy

The interplay between spin−orbit coupling (SOC),
superconductivity, and magnetism has captured signifi-

cant interest for its potential to realize topological super-
conductivity and host Majorana zero modes.1−3 A widely used
approach involves constructing a hybrid system of super-
conductivity combing with the materials with SOC4,5 or
magnetism.6,7 These heterostructures not only facilitate
symmetry breaking, which is essential for Rashba SOC,8,9

but also enable the tailoring of proximity effects, where the
emergent physics of the system exceeds the sum of its
constituents. While these hybrid systems have been extensively
studied, intrinsic superconductors with strong SOC10,11 offer a
simpler and potentially more robust platform for investigating
the interplay of unconventional surface states and magnetic
impurities. In particularly, the Yu−Shiba−Rusinov (YSR)
states induced by the interaction between localized impurity
spins and superconducting quasiparticles12−14 have long served
as powerful probes of the pairing symmetry and SOC effects in
such systems.15−18 However, the correlation between Rashba
band splitting and magnetic impurity states in intrinsic
superconductors remains largely unexplored, posing a sig-
nificant challenge for understanding these materials.

Gold-based materials have emerged as a promising platform
for studying strong SOC19,20 and its interplay with super-
conductivity.21−23 The Shockley surface state (SS) of Au(111)
is a well-known example, featuring strong Rashba SOC that has

recently been predicted to exhibit a topological nature.24

Beyond surface states, gold-based superconductors such as Au
film/superconductors heterostructures25−29 and AuPb2

30 have
been recently explored for their topological band and possible
topological superconductivity. Among these materials, AuSn4
has garnered particular attention as a noble metal alloy
combining strong SOC with intrinsic superconducting
states.31−34 Robust zero-energy vortex bound states and
unconventional Rashba-split band structures with the same
spin textures have been reported in AuSn4.

35,36 Therefore,
AuSn4 serves as a promising platform for investigating the
interplay of SOC, topology, and superconductivity. However,
the interaction between magnetic impurities and Rashba bands
in AuSn4 remains unexplored.

Here, we report the Rashba-surface-band-dependent YSR
states on the iron atoms embedded in the AuSn4 crystal by
utilizing scanning tunneling microscope/spectroscopy at an
ultralow temperature of 5 mK (with an effective electronic
temperature of 138 mK, Figure S8). We deposited Fe atoms on
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the cleaved surface of AuSn4. On Au-terminated surfaces with a
pronounced Rashba surface state, the Fe atoms are trapped
inside surface vacancies as interstitial impurities, showing no
signature of local magnetic moment. In contrast, the Fe atoms
adsorbed at the Sn surface as adatoms. Intriguingly, we observe
a pronounced pair of particle−hole symmetric in-gap bound
states upon the Fe adatoms of Sn surfaces. The in-gap states
energy can be tuned by varying the exchange coupling, which
are attributed to the YSR states. The different behaviors of Sn
surfaces and Au surfaces toward magnetic impurities can be
well explained by the simple Anderson s-d exchange model.
The large density of states at the Fermi level that originate
from the unconventional Rashba bands and the strong s-d
coupling between Fe adatoms and Au surfaces result in the
nonmagnetic localized impurity state of Fe adatoms. Density
functional theory calculations further confirm this assumption,
with the effective magnetic moment of Fe adatoms being 2.6
μB on Sn surfaces and 0.05 μB on Au surfaces. Our findings
underscore the potential of AuSn4 as a platform for
investigating the interplay of SOC, topology, and super-
conductivity.

AuSn4 possesses an orthorhombic crystal structure and
belongs to space group Aba2 (a = b = 6.476 Å, c = 11.666 Å,
Figure 1(a)). The periodic stacking of Sn−Au−Sn trilayers
results in two possible cleaved surfaces: Au- and Sn-terminated
surfaces. A large-scale STM image shows a typical cleaved
surface of AuSn4 with multiple layers (Figure 1(b)), and Sn-
and Au-terminated surfaces can be determined by the height
differences between adjacent layers. The height differences are
∼0.62 nm between adjacent Sn layers and ∼0.18 nm between
adjacent Sn and Au layers, and the majority of cleaved surfaces
are Sn terminated while Au-terminated surfaces are rarely

observed (Figure S1). It has been demonstrated that AuSn4
possesses unconventional Rashba bands and is mainly
distributed on Au surfaces (Figure 1(c)).36 The differential
conductance (dI/dV) spectra of the Au-terminated surface
show broad peaks around Fermi surfaces which are attributed
to the unconventional Rashba band, while Sn surfaces exhibit
metallic bulk states (Figure 1(c)).

The Fe atoms show distinct adsorption features at the
terminations with various surface states (Figure 1(d)). Before
deposition, some native adatoms with a height of 0.15 nm
already exist on the Sn surface (cyan circles in Figure
1(e)).31,36 After deposition, very few adatoms with a lower
height than native adatoms (0.05 nm in height) are observed
on the Sn surface, which are identified as Fe adatoms (yellow
square in Figure 1(e)). In contrast, there are no adatoms but
some native vacancies on pristine Au surfaces.36 After
deposition, the density of vacancies on the Au surface increases
significantly, and a large amount of Fe atoms are embedded
inside the vacancies (Figure 1(f); comparison of Au surfaces
with/without Fe deposition is shown in Figure S2). Such
features are similar to the interstitial impurities in iron-based
superconductors.37 A rough estimation based on cumulative
counts within areas imaged with high resolution shows that the
defect density of Fe atoms on Au surfaces (43 × 1011 cm−2) are
much higher than that on Sn surfaces (0.05 × 1011 cm−2),
despite that the Sn-terminated surfaces are most common after
cleaving.36 It indicates that the Fe atoms on Au- and Sn-
terminated surfaces may exhibit distinct electronic states.

We then investigate the detailed structural features and local
density of states (DOS) around the Fe impurities on the Au
surface. The Fe atoms are trapped inside the vacancies with
various heights, as shown in Figure 2(a). Regarding the height

Figure 1. Fe atoms on the Au and Sn terminated surfaces of AuSn4crystal. (a) Schematic showing the crystal structure of AuSn4. (b) Large-scale
STM image of cleaved AuSn4 surface, showing Sn- and Au-terminated surfaces (Vs = −0.5 V, It = 50 pA. (c) Comparison of spatially averaged dI/
dV spectra on Sn surface and Au surface; the unconventional Rashba bands are dominant at Au surfaces, leading to higher DOS at the Fermi level
(Vs = −500 mV, It = 1 nA, Vmod = 2 mV). (d) Schematic model showing the Au and Sn surface of AuSn4 after Fe deposition; the corresponding
band structures for each surface are indicated. (e) STM image of typical Fe-deposited Sn surface with two kinds of adatoms, where the majority
adatoms are marked with cyan circles, and the minority adatom is marked with a yellow square (Vs = −10 mV, It = 1 nA). (f) STM image of typical
Fe-deposited Au surface with multiple adatoms, marked with blue dashed circles (Vs = −10 mV, It = 1 nA).
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profile, the Fe impurities are classified into three types, which
are labeled as Types I, II, and III, respectively (Figure 2(b)).
Type I impurities are the highest (height is about 0.11 nm),
while Types II and III impurities are halfway (height is about
0.05 nm) and completely embedded (height is about 0.02 nm)
into Au substrate, respectively. Such classification is further
confirmed by the statistical topographic data on a large-scale
Au surface (Figure S3). All three types of impurities show a
local C2 symmetric feature with an elongated axis along a
direction rotated 45° with a crystalline axis (Figure 2(c)). It
should be noted that the crystalline Au lattice around Fe
impurities is difficult to be resolved due to the strong
quasiparticle interferences.

Considering the magnetism of Fe, the Kondo effect38 or
YSR states39 can be expected when the magnetic moment
interacts with a metallic superconductor such as AuSn4. We
collect low-energy dI/dV spectra on the Fe impurities of Au
surfaces, which are proportional to DOS near the Fermi level.
Surprisingly, the dI/dV spectra on three types of Fe impurities
show U-shaped hard SC gaps without any signature of YSR
states (Figure 2(d)), being completely the same as that of Fe-
free vacancies and bare Au surfaces. In order to study the
impact of Fe impurities on the surface bands of Au surfaces, we
obtain larger-scale dI/dV spectra on all of the Fe impurities as
shown in Figure S3(b). Averaged spectra of each type of

impurities, together with averaged spectra on Fe-free vacancy
and bare Au surfaces, are shown in Figure 2(e). For Fe
impurities, the peak at the Fermi level (Figure S4), which
corresponds to the unconventional Rashba surface states,36 is
suppressed, while the one in the vicinity of −350 meV
corresponding to the conventional Rashba band36 is enhanced.
The above trends are visible in the dI/dV map measured at the
Fermi level and at −400 meV (Figure 2(f)). A reduction of the
DOS is observed only on the center of Fe impurities at the
Fermi level, while an enhancement is observed at −400 meV.
In addition, no Kondo resonance is observed at a large energy
range. The absence of a local moment is repeatable for all of
the Fe impurities of Au surfaces.

In contrast to the absence of a local moment on the Au
surface, the Fe adatoms on Sn surfaces exhibit pronounced
bound states inside the superconducting gap. The atomically
resolved STM image shows that Fe adatoms are located in the
center of the square formed by Sn atoms in one unit cell
(Figure 3(a)). A comparison of dI/dV spectra measured on a
Fe adatom in Figure 3(a) and on a bare Sn surface is shown in
Figure 3(b). Surprisingly, a pair of pronounced conductance
peaks are observed on the Fe adatom, with peaks energy
located at ±0.107 meV, symmetrical to the Fermi level. The
dI/dV linecut measured across Fe along the b lattice direction
shows that the symmetric bound states are localized around Fe

Figure 2. Absence of local magnetic moment and reduction of Rashba surface states induced by the Fe impurities on the Au surface. (a) STM
image of Au surface after Fe deposition; three different types of impurities and vacancy are marked in orange, green, red, and black squares,
respectively (Vs = −0.5 V, It = 1 nA). (b) Height profile measured on Fe impurities and vacancy marked in (a). A significant height difference can
be found in different types of impurities, and the profiles are offset for clarity. (c) Detailed STM image of Fe impurities showing C2 local symmetry,
as indicated by red rectangles; the two symmetrical axes are 45° to a and b crystal axis (Vs = −0.5 V, It = 1 nA). (d) The dI/dV spectra measured on
three types of Fe impurities together with the spectra measured on vacancy and Au background, showing the absence of YSR states. The spectra are
offset for clarity (Vs = −1 mV, It = 1 nA, Vmod = 10 μV). (e) Comparison of dI/dV spectra with a wider energy range (Vs = −0.5 V, It = 1 nA, Vmod =
2 mV). (f) The dI/dV maps at 0 meV (upper panel) and −400 meV (lower panel) of the same area in (a). The Fe impurities are marked by cyan
circles (Vs = −0.5 V, It = 1 nA, Vmod = 5 mV).
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adatoms (Figure 3c), which are absent at native adatoms
(Figure S5(a)). We attribute the in-gap bound states to the
YSR states induced by the local moment of Fe adatoms. The
YSR states show a long-range falloff of the intensity (Figure
3(c)).

To study the real-space distribution of the YSR states, we
collect dI/dV maps inside the superconducting gap. The dI/dV
maps at the peak energies show an inhomogeneous spatial
oscillation pattern extending 5 nm from the adatom (Figure
3(d, e) and Figure S9)). In contrast, at the energies beyond the
superconducting gap, the dI/dV maps show a reduced DOS
localized at the Fe adatom without electronic interference
(Figure S6). Thus, the oscillation pattern is a characteristic
feature of YSR states, indicating an asymmetric orbital shape of
the scattering potential40 and anisotropic Fermi surface.41

The YSR states for the Fe adatoms (for details, see Figures
S5 and S7) at Sn surfaces are systematically studied, and it is
found that throughout the whole sample surface the YSR states
are different. The series of Fe adatoms in various surface
regions present different kinds of particle−hole symmetric in-

gap states (Figure 3(f)). The lower the energy of the in-gap
states sit, the stronger intensity they present. These various in-
gap states arise from the change of exchange coupling between
different Fe adatoms and AuSn4 substrates.42−44 The bound
states close to the Fermi level are located near the quantum
phase transition point of the YSR states. To confirm this, we
perform GN-dependent dI/dV measurements for the Fe_3
atoms. With increasing GN, the in-gap states move away from
zero energy and approach close to the coherence peaks, further
supporting that the in-gap states on the Fe adatoms are YSR
states (Figure 3(g)).

From the above experimental results, Fe impurities on Au
surfaces show no sign of local moments, while pronounced
YSR states are observed on the Fe adatoms on the Sn surfaces.
The dramatic differences are explained qualitatively by the
Anderson s-d exchange model,45 which emphasizes the
exchange effect between localized d electron with itinerant s
electrons. When an Fe atom is merged into a nonmagnetic
metallic substrate, it can no longer be considered as an isolated
magnetic atom, and the Hamiltonian should be written as

Figure 3. Observation of YSR states on the Fe adatoms on the Sn surface. (a) Atomically resolved STM image of Sn surface with single Fe adatom,
showing the adsorption site of Fe adatoms. The red dotted grid represents the position of unit cells, and the crystal model of the Sn layer is overlaid
(Vs = −10 mV, It = 100 pA). (b) The dI/dV spectra measured on and off the Fe adatom shown in (a), respectively, showing pronounced YSR
states on the Fe adatom (Vs = −1 mV, It = 1 nA, Vmod = 10 μV). (c) The dI/dV linecut along the yellow arrow in (a) across the Fe adatom shown
in (a), showing that the YSR states localized around the Fe adatom (Vs = −1 mV, It = 1 nA, Vmod = 10 μV). (d, e) The dI/dV maps at the energies
of in-gap states, i.e., −0.11 meV (d) and 0.11 meV (e), showing the spatial distribution of the YSR state around the Fe adatom. The positions of the
Fe adatom are marked by a black circle (Vs = −1 mV, It = 1 nA, Vmod = 50 μV). (f) A series of dI/dV spectra measured on different Fe adatoms,
normal adatom, and Sn background, showing various in-gap states on the Fe adatoms. The spectra are offset for clarity (Vs = −1 mV, It = 1 nA, and
Vmod = 10 μV). (g) A series of dI/dV spectra of Fe_3 atoms in (f) measured under different tip−sample distance, showing that the energy positions
of YSR peaks shift closer to the coherence peak with increasing tunneling conductance, as indicated by black dashed lines (tunneling conductance
for each spectrum is marked in units of G0 = 2e2/h × 10−3).
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The first and second terms represent the Hamiltonian of
itinerant electrons in the metal and the Hamiltonian of d
electron in an isolated Fe atom. The third term represents the
correlation effect for the electrons localized on the impurity
site where U denotes the correlation energy. The fourth term
describes the exchange coupling between magnetic d electron
in Fe and itinerant electrons in the metal substrate, allowing
electrons to hop on and off the impurity site, and the Vkd
represents the strength of s-d exchange. This Hamiltonian leads
to a finite width of the impurity level Γ = πVkd

2 ρ0, where ρ0 is
the DOS of the metal substrate at the Fermi level. In
Anderson’s theory, if Γ > U/π, the metallicity of the substrate
is so strong that the d electron of the magnetic impurity will be
“delocalized” by the itinerant electrons, resulting in a
nonmagnetic ground state. Conversely, if Γ< U/π, it means
the d electron is still localized at the impurity site, leading to a
magnetic ground state.

In the case of AuSn4, comparing to the Sn surfaces, the Au
surfaces have higher DOS at the Fermi level due to the surface
states arising from unconventional Rashba bands,36 and
considering the Rashba SOC enhanced s-d exchange

interaction,46 a higher s-d exchange coefficient Vkd is expected
for the Fe impurities embedded in Au surfaces. These result in
a higher Γ in Au surfaces, much larger than U/π, while in Sn
surfaces Γ< U/π. As a result, the impurity states on Au surfaces
are nonmagnetic, while the impurity states on Sn surfaces are
magnetic, which explains the experimental observations of
termination-dependent local moment of Fe adatoms.

To provide more quantitative evidence, we perform density
functional theory calculations. The calculated optimal
adsorption site of Fe atom is embedded within the Au layer
(Figure 4(a)). Additionally, the adjacent Au atoms are
distorted, and a rectangular structure with C2 symmetry is
formed around the Fe adatom. The orientation of this
rectangular structure has two equivalent directions, each at
45° to the a or b axis (Figure 4(b)). The calculated spin-
polarized DOS of Fe impurities on Au surfaces shows very
weak spin dependence, with an effective magnetic moment of
0.05 μB per Fe adatom (Figure 4(c)), with a smaller energy
range as shown in Figure S10(a)). The nearly negligible value
supports the observed absence of YSR states of the Fe impurity
on Au surfaces. The simulated STM image by integrating the
DOS of Fe atoms shows a C2 pattern around the embedded Fe
impurity (Figure 4(d)), which matches well with the
topographic features of Fe impurities at the Au surface in the
STM images (Figure 4(e)).

Figure 4. Calculated structural configurations and electronic states of the Fe atoms on Au- and Sn-terminated surfaces. (a, b) Side view (a) and top
view (b) of calculated structural configuration of Fe atom on Au surface, showing that the Fe atom is embedded within the Au layer. The unit cell is
indicated by a black dashed square. (c) Spin-dependent DOS of the Fe impurities on the Au surface, showing an effective magnetic moment of 0.05
μB per Fe adatom. (d) Simulated STM image by integrating the DOS of Fe atoms, showing a C2 pattern around the embedded Fe impurity
(highlighted by the blue dotted lines). (e) STM image of the Fe impurity on Au surface, showing a similar C2 pattern with a calculated structural
configuration. (f, g) Side view (f) and top view (g) of calculated structural configuration of Fe atom on Sn surface, showing that the Fe atom
adsorbs above Sn layer. The unit cell is indicated by a black dashed square. (h) Spin-dependent DOS of the Fe adatoms on the Sn surface, showing
an effective magnetic moment of 2.6 μB per Fe adatom. (i) Simulated STM image by integrating the DOS of Fe atoms, showing a C4 pattern
around the Fe adatom (highlighted by the yellow dotted lines). (j) STM image of the Fe impurity on a Sn surface, exhibiting a similar C4 pattern
with a calculated structural configuration.
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At the Sn surfaces, Fe atoms are adsorbed on the Sn surface
(Figure 4(f)). The calculated adsorption site of the Fe atom is
at the bridge position of the Sn square lattice (Figures 4(g)).
The Fe atoms on Sn surfaces show strong spin-dependent
DOS with effective magnetic moments of 2.6 μB per Fe adatom
(Figure 4(h), with a smaller energy range in Figure S10(b)),
which further supports the observations of YSR states around
Fe adatoms on the Sn surface. The simulated STM image
based on the integrated DOS of Fe atoms shows a C4 pattern
(Figure 4(i)), which shows a similar pattern with the
topographic features of the Fe adatom of a Sn surface in the
STM images (Figure 4(j)).

In summary, we find that the single Fe adatoms reserve their
local magnetism at the Sn surfaces, leading to pronounced YSR
states, while they lack their local magnetism at the Au surfaces,
leading to the absence of any magnetic-related phenomena.
The dramatic differences between these two surfaces can be
well explained by the basic Anderson s-d exchange model and
are further confirmed by first-principles calculations. Our work
has proven AuSn4 to be an ideal platform to investigate the
interplay of superconductivity with SOC and magnetism in
condensed matter physics.

■ METHODS
Single-Crystal Growth of AuSn4. The single crystals of

AuSn4 (space group: Aba2 No. 41) were synthesized by the
self-flux method with excess Sn. The sources are high-purity Au
wires (Alfa, 99.999%) and Sn pellets (Alfa, 99.999%) which
weighed with a molar ratio of 12:88 in the glovebox. Then, the
mixture of the sources was transferred to an alumina crucible
and sealed in an evacuated quartz tube. The quartz tube was
heated to 850 °C by a box furnace and held for 24 h, followed
by cooling to 310 °C for 11 h and then slowly cooled to 230
°C with a rate of 0.5 °C/h. Subsequently, the extra Sn flux is
removed by centrifuge at 230 °C. Large AuSn4 single crystals
with a silvery luster were obtained.
Scanning Tunneling Microscopy/Spectroscopy. Ex-

periments were performed in an ultrahigh vacuum (1 × 10−10

mbar) ultralow temperature STM system equipped with
external magnetic field perpendicular to the sample surface.
The AuSn4 samples used in the STM/STS experiments were
cleaved at room temperature (300 K) in an ultrahigh vacuum
chamber, and Fe atoms were immediately in situ-deposited on
the cleaved surfaces. The samples were then transferred to the
STM scanner and cooled to 6 K. The lowest base temperature
is 5 mK with an electronic temperature of 138 mK (Figure S8).
All the scanning parameters (set point voltage Vs and tunneling
current It) of the STM topographic images are listed in the
figure captions. The dI/dV spectra were acquired by a standard
lock-in amplifier at a modulation frequency of 877.1 Hz, and
the modulation bias (Vmod) is listed in the figure captions.
Nonmagnetic tungsten tips were fabricated via electrochemical
etching and calibrated on a clean Au(111) surface prepared by
repeated cycles of sputtering with argon ions and annealing at
500 °C.
DFT Calculations. First-principles calculations were

performed by density functional theory (DFT) using the
Vienna ab initio simulation package (VASP).47,48 The plane-
wave basis with an energy cutoff of 380 eV was adopted. The
electron−ion interactions were modeled by the projector
augmented wave potential (PAW),49 and the exchange-
correlation functional was approximated by the Perdew−
Burke−Ernzerhof-type (PBE) generalized gradient approxima-

tion (GGA).50 The structural relaxation for optimized lattice
constants and atomic positions was performed with an energy
(force) criterion of 10−8eV (0.01 eV/Å) and by using the
DFT-D351 method to include van der Waals corrections.
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