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Magnetic adatoms on properly designed surfaces constitute exquisite systems for addressing, control-
ling, and manipulating single quantum spins. Here, we show that monolayers of MoS2 on a Au(111)
surface provide a versatile platform for controllably tuning the coupling between adatom spins and
substrate electrons. Even for equivalent adsorption sites with respect to the atomic MoS2 lattice, we observe
that Fe adatoms exhibit behaviors ranging from pure spin excitations, characteristic of negligible exchange
and dominant single-ion anisotropy, to a fully developed Kondo resonance, indicating strong exchange and
negligible single-ion anisotropy. This tunability emerges from a moiré structure of MoS2 on Au(111) in
conjunction with pronounced many-body renormalizations. We also find striking spectral variations in the
immediate vicinity of the Fe atoms, which we explain by quantum interference reflecting the formation of
Fe-S hybrid states despite the nominally inert nature of the substrate. Our work establishes monolayer
MoS2 as a tuning layer for adjusting the quantum spin properties over an extraordinarily broad parameter
range. The considerable variability can be exploited for quantum spin manipulations.
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Individual magnetic atoms on surfaces hold substantial
promise for manipulating and coherently controlling quan-
tum spin states [1]. A prerequisite is that the spin states are
protected against relaxation and decoherence due to their
coupling to the substrate [2], while remaining addressable
by tunneling currents. Placing adatoms directly on metallic
substrates is problematic as the creation of electron-hole
pairs and spin-spin scattering involving the conduction
electrons provide pathways for rapid energy and angular
momentum relaxation [2–5]. However, relaxation and
decoherence can be efficiently suppressed while retaining
addressability when using metallic substrates passivated by
thin decoupling layers such as nitrides [6] or oxides [7–9].
While suppressing relaxation and decoherence, these

substrates provide limited (if any) tunability of the funda-
mental interactions governing the quantum spin dynamics.
Here, we show that monolayers of MoS2 on Au(111)
provide exquisite control over these interactions while
simultaneously acting as efficient decoupling layers. The
dynamics of individual quantum spins is dominated by the
exchange coupling between adatom spin and substrate
electrons as well as the single-ion anisotropy. We find that
even for nominally identical adsorption sites of Fe atoms
with respect to the MoS2 lattice, the ratio between these
interactions can be tuned essentially at will as a result of the
interplay of a moiré structure of MoS2 on Au(111) with
strong many-body renormalizations. This provides consid-
erable added functionality to van der Waals interlayers for
decoupling magnetic adsorbates from metallic substrates.
Previous work on the van der Waals materials hexa-

gonal boron nitride [10,11] and graphene [12,13] had

demonstrated extended lifetimes as well as coherence times
of excited spin states. A strongly site-specific Kondo
resonance of Co atoms could be induced on Ru(0001)
covered by graphene, which partially detached due to
periodic rippling [14]. A moiré structure of hexagonal
boron nitride on Rh(111) exhibited small variations in the
magnetic excitation energies of hydrogenated Co adatoms
with adsorption site [11]. Monolayers of transition metal
dichalcogenides have previously been used to decouple
organic molecules from metal substrates [15,16].
Using scanning tunneling microscopy and spectroscopy

at a temperature of 1.1 K, we systematically study the
magnetic excitation spectra of individual Fe atoms on
Au(111) covered by a monolayer of MoS2. The MoS2
islands were grown by depositing Mo atoms on a clean
Au(111) surface and subsequent annealing to 800 K in
H2S gas at a pressure of p ¼ 10−5 mbar [17,18] before
depositing a dilute amount of Fe atoms at < 10 K. We find
that the moiré structure imposes dramatic variations of the
exchange coupling between Fe adatoms and substrate, even
for identical adsorption sites with respect to the atomic
MoS2 lattice. When probing directly above the Fe atoms,
we observe almost pure inelastic spin excitations in the
minima of the moiré structure. Away from the minima, an
increase of the moiré-modulated density of states enhances
the exchange coupling, culminating in a fully developed
Kondo resonance for Fe atoms located at moiré maxima.
This is complemented by pronounced local variations in the
immediate vicinity of the Fe atom, which we trace to
quantum interference involving a separate orbital.
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Figure 1(a) shows an STM image of a monolayer island of
MoS2 on Au(111) with a small coverage of Fe adatoms. The
hexagonal corrugation within the MoS2 island with a
periodicity of ∼3.3 nm reflects a moiré structure due to a
lattice mismatch between the Au and S layers, causing
a modulation of the electronic structure, see Supplemental
Material [19] and Refs. [17,18,22]. An atomically resolved
image of a cleanMoS2 area [Fig. 1(b)] shows the terminating
S layer and resolves a minute amount of intrinsic point
defects (see the upper and lower edge of the image).We focus
on adatoms far from the defect sites to avoid any influence on
the magnetic properties.
A close-up view of several Fe adatoms on a MoS2 island

is shown in Fig. 1(c). When scanned at low bias voltage,

most Fe adatoms appear as triangular shape, while a few
atoms are imaged as round protrusions (see Supplemental
Material [19]). All triangles point in the same direction
relative to the underlying S lattice. The threefold symmetric
shape indicates that these Fe atoms are located in equivalent
sites of theMoS2 latticewith partially filled crystal-field split
d levels [23]. Density-functional-theory calculations (on
free-standing MoS2) suggest that the S-hollow sites with a
Mo atom underneath are energetically favored [24,25].
To investigate the magnetic properties of the individual

triangular-appearing Fe atoms, we recorded differential
conductance (dI=dV) spectra of ∼40 atoms. Figure 2
displays a characteristic set of spectra. We find dramatic
variations of the spectral line shapes depending on the Fe
adatom’s position with respect to the moiré pattern. The Fe
atom in Fig. 2(a) is located in a minimum of the moiré
structure. Its dI=dV signal exhibits stepwise increases of
intensity at �2.7 mV. The Fe atom in Fig. 2(b) is shifted
slightly off the minimum and shows a small overshoot of
the differential conductance at positive bias voltages above
the inelastic excitation threshold. This overshoot becomes
more pronounced for Fe atoms located further from a moiré
minimum [Figs. 2(c) and 2(d)]. Concomitantly, the steplike
feature shifts to lower energies. Adatoms located close to a
moiré maximum exhibit line shapes which resemble a Frota
peak with an additional dip at the Fermi level [Fig. 2(e)].
Directly at the moiré maximum, the inelastic gap disap-
pears and gives way to a fully developed asymmetric Frota
peak [Fig. 2(f)].
To understand these spectroscopic characteristics of

individual Fe atoms, we first discuss their electronic
configuration. Consistent with the triangular shape of
the electronic structure reflected in the STM images
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FIG. 1. (a) STM image of MoS2 on Au(111) with a small
number of iron atoms. (V ¼ 50 mV, I ¼ 100 pA). (b) Atomic-
resolution topography of a clean MoS2 island. (V ¼ 5 mV,
I ¼ 42 nA). (c) Close-up of individual Fe atoms on a MoS2
island. At low bias voltages, most atoms appear triangular.
(V ¼ 50 mV, I ¼ 100 pA).
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FIG. 2. dI=dV spectra at the center above Fe adatoms (blue) in different moiré environments as indicated by the STM topographies in
the insets (scale bars are 1 nm, crosses mark the location of the spectra). The Fe atoms are located on islands with different orientations
with respect to the Au(111) lattice [18]. Correspondingly, the triangles point in opposite directions. Fits are shown as black dashed lines.
The spectrum in (a) can be reproduced by symmetric Fermi-Dirac functions. The spectra in (b)–(d) exhibit additional cusps on top of the
inelastic steps. These spectra are fitted within a perturbative approach in the exchange interaction [26]. Spectrum (e) was fitted using a
Frota line shape with an additional Lorentz peak. In (f), the spin excitation gap has closed, resulting in a fully developed Frota line shape.
For fit parameters see Ref. [19]. Spectra recorded at V ¼ 10 mV, I ¼ 1 nA, lock-in frequency f ¼ 911 Hz and modulation
Vrms ¼ 50 μV.
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(see further discussion below), the hollow adsorption site
imposes a trigonal-pyramidal crystal field which lifts the
degeneracy of the d levels. Simple crystal field consid-
erations suggest a splitting into two sets of doubly
degenerate states, one of mostly dxz and dyz character
and another of dx2−y2 and dxy character, as well as a high-
lying nondegenerate state deriving from the dz2 orbital.
Depending on the ratio between the crystal field splitting
and Hund’s energy, filling these levels with six d electrons
either leads to a spin state of S ¼ 2 with a singly occupied
dz2 orbital, or to S ¼ 1 with an empty dz2 orbital [27].
Because of magnetocrystalline anisotropy, the spin Ŝ

prefers to align along a distinct direction even at zero
magnetic field. This is described by the spin Hamiltonian
Ĥ ¼ DŜ2z þ EðŜ2x − Ŝ2yÞ, where D is the axial and E the
transverse magnetic anisotropy [6]. Inelastic spin excita-
tions (Δm ¼ �1) lead to the opening of an inelastic
tunneling channel and, thus, a stepwise increase of the
junction conductance.
The dI=dV spectrum in Fig. 2(a) can indeed be well

reproduced by a broadened Fermi-Dirac distribution func-
tion at �2.7 mV. Thus, the spectra probe magnetic atoms
subject to a local crystal field and single-ion anisotropy
characteristic of the adsorption site. The measured width
w ¼ 0.45 meV of the step is larger than the experimental
broadening at T ¼ 1.1 K, suggesting a lower bound of
∼1 ps for the spin lifetime. Significantly broader steps are
observed for Fe atoms in direct contact with a metal
substrate [3,4,28,29]. This confirms that a single layer of
MoS2 acts as an efficient decoupling layer for the Fe atoms.
At the same time, the decoupling efficiency depends

sensitively on the position of the Fe atom relative to the
moiré lattice. As we observe line shapes ranging from
inelastic steps to fully developed Kondo peaks, there must
be variations in the magnitude of the coupling to the
substrate. At and close to the minimum of the moiré
structure [Figs. 2(a)–2(c)], the inelastic steps can be under-
stood by considering the exchange coupling to the substrate
perturbatively. To describe the conductance overshoot, one
needs to go beyond lowest-order perturbation theory and
include processes in the second-order Born approximation
[26]. The asymmetry in the bias polarity can be reproduced
when including potential scattering at the impurity in
addition to the exchange coupling. Figures 2(a)–2(c)
include corresponding fits [26]. These indicate that both
the exchange coupling J and the potential scattering U
increase as the adatom location moves off the moiré
minimum [11,26]. In addition, there is a substantial
reduction in the longitudinal anisotropy D.
For Fe atoms located further from the moiré minima, the

pronounced changes in the line shape can no longer be
captured within this perturbative framework. The transition
to a fully developed Kondo line shape requires a strong-
coupling approach and can be captured within a poor-
person’s scaling approach [30]. In the present case, one

should account for the longitudinal anisotropy as well as
the higher impurity spin. Allowing for anisotropic
exchange couplings J⊥ and Jz and focusing on the simplest
spin state S ¼ 1 consistent with our experimental data, the
scaling equations take the form [31]

dJz
dl

¼ 1

1 − Δ
J2⊥; ð1Þ

dJ⊥
dl

¼ 1

2

�
1þ 1

1þ Δ

�
J⊥Jz; ð2Þ

dΔ
dl

¼ Δ − ðJ2z − J2⊥Þ ln 2: ð3Þ

Here, the exchange couplings are made dimensionless by
means of the density of states ρ of the conduction electrons,
ρJ → J, the scaling variable l parametrizes the bandwidth
Ec, l ¼ lnðEc0=EcÞ, with initial bandwidth Ec0, and Δ ¼
D=Ec measures the longitudinal anisotropy in units of the
bandwidth.
As the adsorption site moves towards the moiré maxi-

mum, the associated change in the density of states
increases the bare exchange couplings and hence the
Kondo temperature. A fully developed Kondo peak is
expected once the Kondo temperature exceeds the longi-
tudinal anisotropy D. The scaling equations suggest that
this effect is reinforced by the renormalization of D. For
easy-axis anisotropy (D > 0 and Jz > J⊥) as well as easy-
plane anisotropy (D < 0 and Jz < J⊥), the anisotropy D is
reduced in magnitude during renormalization [see the
second term on the right-hand side of Eq. (3)]. This further
favors the crossover to fully developed Kondo correlations
and is consistent with the observation that the threshold
voltage of spin excitations decreases as the adsorption site
approaches the moiré maximum. A renormalization of the
anisotropy has also been observed in model calculations
using the one-crossing approximation [32].
Beyond the dramatic variations in line shape with

adsorption site relative to the moiré lattice, recorded at
the centers of the Fe atoms, we observe remarkable spatial
variations also in the immediate vicinity of the adatoms. We
illustrate these local variations for Fe atoms located at the
minimum of the moiré structure (Fig. 3). (Corresponding
data for an Fe atom close to the maximum are shown in the
Supplemental Material [19].) At a moiré minimum, spectra
recorded directly above the center of the Fe atom show pure
inelastic steps. Significant additional structure is observed
off center near one of the vertices of the triangle [purple
cross in Fig. 3(a)]. Here, the spectrum exhibits substantial
bias asymmetry, a conductance overshoot just above the
inelastic threshold at positive bias, and an additional dip
just below threshold at negative bias [Fig. 3(d)]. We can fit
this spectrum within the perturbative approach [26] using
the same exchange coupling as for the spectrum taken
above the center, but a larger potential scattering amplitude
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U. More generally, all spectra recorded in the immediate
vicinity of the Fe atom can be described by adjusting U (as
well as the overall tunneling strength) and keeping Jρ
constant [see Fig. 3(e) for a set of fits for spectra taken
along a high-symmetry axis of the Fe-S complex].
We map out the asymmetry by plotting the dI=dV signal

at the energies of the dip and the overshoot [Figs. 3(b)
and 3(c)] and the corresponding variations of U obtained
from fits of the spectra [Fig. 3(f)]. These maps reveal that
the asymmetry is most pronounced at the vertices of the
topographic triangular shape. The variations in line shape
can be understood as an interference effect [34,35], similar
to interference effects underlying asymmetric Fano line
shapes of Kondo resonances of magnetic adatoms [36]. In
that case, tunneling paths via the adsorbate and directly into
the substrate were suggested to interfere [36,37]. Recent
works suggest that the interference involves tunneling
paths, which are associated with different atomic or
molecular orbitals [38–40]. Spatial variations of the asym-
metric line shape stem from variations in the tunneling
amplitudes via the individual orbitals [41,42].
Our observations can be understood within this latter

interpretation. Spectra taken over a wider bias-voltage
range [Fig. 3(h)] at the center of the Fe atoms reveal a
wide slope across the Fermi level, but are lacking distinct

resonances. In contrast, we observe a resonance at
∼150 mV at the triangle’s vertices [for a spatial map see
Fig. 3(g)], suggesting the formation of a hybrid Fe-S orbital
with weight concentrated on the S atoms. An Fe-S hybrid
orbital is consistent with density-functional-theory calcu-
lations [24] and explains the triangular shape of the Fe
atoms in the STM images.
The nearly symmetric line shape at the center of the Fe-S

complex indicates a dominant tunneling path with negli-
gible potential scattering, which is due to cotunneling via
the spin-carrying orbitals. The more pronounced bias
asymmetry at the vertices originates from cotunneling
through an orbital with enhanced potential scattering U.
Most likely, this orbital can be identified with the resonance
at ∼150 meV as the spatial variations of its map are
correlated with the spatial variations of U. The tunneling
current at the tip position then depends on the relative
contributions of the orbitals in accordance with their spatial
structure [42].
Beyond decoupling paramagnetic Fe atoms from the

metallic substrate, monolayers of MoS2 on Au(111) allow
for wide tunability of the ratio between the exchange
coupling and single-ion anisotropy and thus of the quantum
dynamics of the adatom spins. The tuning efficiency is
rooted in the moiré modulation of the density of states.
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FIG. 3. (a) STM topography of an Fe atom located on a moiré minimum. (b),(c) STM topographies (blue-yellow, background) with
superimposed dI=dV signal at the indicated bias voltage (black-white dots, scale below panels) extracted from a densely spaced grid of
spectra. (d) dI=dV spectra on the center [indicated by blue cross in (a)] and vertex [indicated with a purple cross in (a)]. Fits (black) as
described in [26] with Jρ ¼ −0.13,U ¼ −0.14,D ¼ 2.75 mV (center) and Jρ ¼ −0.13,U ¼ −0.78,D ¼ 2.74 mV (vertex). (e) dI=dV
spectra (orange) recorded across the Fe-S complex along the orange line in (f) and fits (black) where Jρ was kept constant in all fits,
while U and the transmittivity of the junctions were adjusted. Values of U are shown in the Supplemental Material [19]. Spectra are
offset for clarity. (f) STM topography (blue-yellow, background) with superimposed values of the potential scattering parameter U
(black-white dots, scale below panel) extracted from fits of a grid of spectra. (g) STM topography with superimposed dI=dV signal at the
indicated bias voltage extracted from a grid of spectra. (h) dI=dV spectra over a larger energy range at the same positions as in (b).
Spectra in (b)–(f) recorded at V ¼ 10 mV, I ¼ 1 nA and tip retracted by 20 pm, lock-in frequency f ¼ 911 Hz and modulation
Vrms ¼ 50 μV; spectra in (g) and (h) at V ¼ 10 mV, I ¼ 20 pA and tip retracted by 20 pm, lock-in modulation Vrms ¼ 1 mV. Grids
were analyzed using SpectraFox [33].
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A larger density of states strongly enhances the renormal-
ized exchange coupling and, hence, increases Kondo
correlations. Simultaneously, the single-ion anisotropy is
reduced. Surprisingly, we observe line shapes ranging all
the way from pure inelastic excitations, expected for
dominant single-ion anisotropy, to fully developed
Kondo resonances, indicating dominant exchange coupling
when probing Fe atoms at different locations on the moiré
structure. This is complemented by atomic-scale variations
of the tunneling line shapes originating from inelastic
excitations via different orbitals, reflecting the formation
of Fe-S hybrid states. MoS2 on Au(111) is thus acting not
merely as a decoupling layer but rather as a tuning layer for
controlling the dynamics of quantum spins, highlighting
the potential of interlayers for designing and manipulating
quantum spin systems.
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