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When asingle electronis confined to animpurity state in ametal, a
many-body resonance emerges at the Fermi energy if the electron bath

screens the impurity’s magnetic moment. This is the Kondo effect, originally
introduced to explain the abnormal resistivity behaviour in bulk magnetic
alloys, and it has beenrealized in many quantum systems over the past
decades, ranging from heavy-fermion lattices down to adsorbed single
atoms. Here we describe a Kondo system that allows us to experimentally
resolve the spectral function consisting of impurity levels and aKondo
resonance in alarge Kondo temperature range, as well as their spatial
modaulation. Our approachis based on a discrete half-filled quantum
confined state within aMoS, grain boundary, which—in conjunction with
numerical renormalization group calculations—enables us to test the
predictive power of the Anderson model that is the basis of the microscopic
understanding of Kondo physics.

The Kondo effect of single magnetic atoms or molecules on metal
surfaces has been the subject of intense research since it was first
observed by scanning tunnelling microscopy (STM)",. Although the
Kondo resonance has beenwell characterized for numerous systems™*,
the underlying atomic or molecular impurity levels that give rise to
it have largely remained experimentally inaccessible. This is due to
the dominant contribution of substrate states to the tunnelling cur-
rent, whichlieinthe same energy range as the localized d and forbitals
involved. Furthermore, the strong hybridization of theimpurity states
with these substrate states—electronvolts away from the Fermienergy—
obscuresthe connection betweenKondo resonance and impurity levels.
Although STM experiments for magnetic atoms on surfaces show that
their behaviour close to the Fermi energy can often be understood in
terms of the universal physics of the Kondo effect, the absence of a full
characterization of theirimpurity levels and Coulomb interactions has
led to astrong dependence on theoretical input to clarify the origin of
the measured signals. For example, the line shapes around zero bias,
observed in the STM spectra for Co on noble metal surfaces', were
considered as paradigms for aKondo resonance, but haverecently been
argued to originate from exotic spin excitations rather than the Kondo

effect’. Asa consequence, theoretical predictions for the dependence
of the Kondo resonance on energy position, strength of local interac-
tions and width of the impurity level** could not be tested due to the
absence of experimental data.

Apromisingapproachto enable thelocal detection ofimpurity lev-
elsistospatially confine electrons, as done ina quantum dot’*. When
a confined state at the Fermi energy E; is filled with a single electron,
strong Coulomb repulsion canlift the degeneracy of the energy level,
leading to the formation of asingly occupied state below £ mimicking
the half-filled orbital of amagnetic atom. AKondo resonance emerges
when the non-degenerate states couple to an electron bath in close
proximity”®", The advantages of the confinement approach are asmall
separation of the non-degenerate states, together with alarge spatial
extension of the confined wavefunction. In quantum dot systems,
these wavefunctions are, however, not accessible due to the lack of
spatial resolution. Here we present a system where scanning tunnel-
ling spectroscopy (STS) and STM, with their unsurpassed energy and
spatial resolution, can be used to track the Kondo resonance along
with the impurity levels and the spatial modulation of their wavefunc-
tionsonthe atomic scale. It enables us to compare experimental data
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Fig.1|Kondo effect within aMoS, MTB. a, Kondo coupling of graphene (bath)
with the non-degenerate states (impurity) confined along a MoS, MTB. Fermi
energy Fr and Coulomb energy Uare indicated (see the main text). The electron
inside the highest occupied state is symbolized by an arrow. b, Atomically
resolved topography of a single-layer MoS, island on graphene, with two MTBs of
lengths 7.1 nm (left) and 9.0 nm (right), separating mirror-symmetric domains.
c,e, Spatially averaged d//dVspectra along an MTB of 8.6 nm before (c) and after
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(e) voltage pulses applied with the STM, being in a state that is either degenerate
(c) or non-degenerate (e). d,f, Conductance colour maps showing spatially
resolved d//dVspectra along the MTB. The dashed white lines are added to
highlight the phase relation between the states on either side of £ in the middle
of the boundary. STM/STS parameters: for b, 20 x 20 nm?, V,,,= 500.0 mV,
l,.=10 pA; forcandd, V., = 500.0 mV, /., =1.0 nA; foreandf, V., = 500.0 mV,
Ie.=0.5NA; Vo =2.5mV.

with unsurpassed precision to predictions for the Anderson model of
the Kondo effect obtained through numerical renormalization group
(NRG) calculations.

Our Kondo system is realized in a MoS, mirror twin boundary
(MTB), aline defect of finite length that hosts confined states in the
bandgap of the semiconducting two-dimensional material>'*. Due to
its one-dimensional nature, strong Coulomb interactions push the
statesaround the Fermi energy apart and transform higher excitations
into the bosonic spin and charge excitations of aconfined Tomonaga-
Luttinger liquid***. The lowest-energy excitations of suchasystem can,
however, simply be described by asingle fermioniclevel, whichiseither
empty, singly occupied or doubly occupied. Figure 1a sketches the local
density of states around the Fermi energy of an MTB placed on a gra-
phenesubstrate. The electron bathis represented by graphene’s Dirac
electrons, which exhibitalinear energy dependence close to the Dirac
point'®. The discrete energy levels sketched in Fig. 1a (right) are quan-
tized states within the one-dimensional MoS, MTB. The two energy
levels closest to the Fermi energy describe excitations, where a single
electron is added to or removed from the MTB. When the highest
occupied levelisfilled by asingle electron, the strong Coulomb interac-
tion U prohibits a second electron to enter, creating a spin-% system
localized along the MTB. This spin couples to the bath and creates a
Kondo resonance pinned to £; through resonant spin-flip processes,
aswe demonstrate below.

AMoS, monolayerisland hosting two suchMTBsis showninFig. 1b.
The finite length of the MTBs leads to confined energy levels with a
spacing inversely proportional to the length of the wire'. When the
highest energy level is filled with two electrons, there is no unpaired
magneticmomentand hence noKondo effect. This situationis depicted

inFig. 1c, which displays the averaged differential conductance d//dV
along an MTB. The d//dVsignal of the STM is proportional to the local
density of states as afunction of energy (given by the bias voltage). We
find aseries of peaks corresponding to quantized energy levels. Satel-
lite peaks attributed to phonon-induced inelastic tunnelling processes
areobserved at fixed energy intervals of |24.8| + 3.7 and [47.7| £ 4.1 meV
from the main peaks"”. The peaks closest to E; exhibit an energy gap of
E,.» = Eq+ U, where £y is the confinement energy and Uis the Coulomb
energy ‘penalty’ incurred due to strong Coulombinteractions'". The
standing waves corresponding to the energy levels closest to £; are
mappedinFig. 1d using a series of d//dV spectra taken along the MTB.
These standing waves are out of phase in the centre of the boundary,
as expected for successive degenerate particle-in-a-box states (Sup-
plementary Note1)".

Thenumber of electrons within an MTB can be tuned with the help
of the STM, either continuously with a back gate or stepwise via volt-
agepulsesintherange of |Vl = 1.0-2.5| eV (Supplementary Note 2),
as demonstrated previously for the isostructural two-dimensional
material MoSe, (refs. 17,18). Figure 1e shows the spectrum obtained
on the same boundary after such a voltage pulse. The gap at £; is now
reduced to the pure Coulomb energy U, splitting the formerly degen-
erate energy level at the Fermi energy. The splitting leads to a singly
occupied state below £, that is energetically separated from the doubly
occupiedstate by U, whichisthe unoccupied state visible just above E¢
inthe single-electron picture. In the spatially resolved series of dI/dV
spectra (Fig. 1f), the non-degenerate nature of the energy levels closest
to E;is visible as an in-phase beating of the two standing waves above
and below the Fermi energy, which would collapse to a degenerate
standing wave without Coulomb interaction U.
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Fig.2|Kondo resonance and NRG simulation of magnetic MTB at different
magnetic fields and temperatures. a, d//dVspectrum of the impurity level
with Kondo resonance (blue circles; L = 8.6 nm, £=-51.00 meV, U=100.00 meV,
y=10.40 meV) and the corresponding NRG simulation (orange line;

£=-51.00 meV, U=100.00 meV, yrs = 9.35 meV). Experimental spectraand
theory are normalized to the non-degenerate states. The NRG curves have been
broadened by the experimental resolution. b, d//dVspectra of Kondo resonance
atdifferent magnetic fields (coloured circles) with NRG simulation (red line).

Bias (mV)

Data are plotted in the same scale as a. ¢, Conductance (d//dV signal) colour maps
of the Kondo resonance as a function of bias and magnetic field, comparing

the experimental spectra (top) and NRG simulation (bottom) withg = 2.5.

d, Dependence of the d//dVsignal on temperature with the NRG simulation.
STM/STS parameters: fora, V.= 90.0 mV, /,,,=1.0 nA, V,,,s=1.0 mV; forb

andc, V,,,=10.0 mV, [, =1.0 nA, V,,.,=0.2mV; ford, V., = 5.0 mV, /[, =1.0 nA,
Vinoa=0.2mV.

Inbetween the two non-degenerate states, anarrow zero-bias peak
(zBP)isfoundinthe d//dVspectra (Fig. 2a,b). The ZBP shows arelatively
low intensity compared with the non-degenerate peaks (Fig. 2a), but
becomes well visible when the tip-sample distance isreduced (Fig. 2b).
No substantial change inwidth and height (relative to the background
signal) of the ZBP is observed when varying the tip—sample distance
(Supplementary Note 3), whereas its intensity quickly decays away
fromthe MTB (Supplementary Note 4). Tounderstand the nature of the
ZBP, we investigate the influence of magnetic fields and temperature
on the shape of the ZBP (Fig. 2b-d). We find a clear Zeeman splitting
of the ZBP with increasing magnetic field (Fig. 2b,c), whereas the ZBP
broadens when the temperature isincreased (Fig. 2d), in line with the
expectation for aKondo resonance*.

Theoretically, such aKondo systemis described by the Anderson
model, which is established for a single-impurity level coupled to an
electronbath®. The d//dVspectrum of this modelis simulated using the
NRG theory and compared with the experimental spectrum (Fig. 2a).
The NRG simulation resembles the experimental spectrum with strik-
ing accuracy for both high- and low-energy features. This agreement
is highlighted when comparing the magnetic-field dependence shown
foranindividual spectrum (Fig.2b) and asa colour plot (Fig. 2c). Inboth
experiment and theory, the resonance transforms into a pronounced

gap at high magnetic fields. Fromthe splitting of the Kondo resonance
with an out-of-plane magnetic field B, we extract ag-factorofg=2.5. A
smaller splitting is observed for in-plane fields (Supplementary Note
5). An excellent match between experiment and theory is also found
in the temperature dependence of the Kondo resonance (Fig. 2d and
Supplementary Note 6). Note that no additional fitting was performed
toobtainthe spectrainFig.2b-d, with the experimental magnetic field
and temperature used simply as aninput for NRG calculations.

The Anderson model parameters required for these simulations
arethesplitting Uof the non-degenerate states, position eof theimpu-
rity orbital relative to the Fermi energy and bare width y, of the impurity
level (Supplementary Note 7). The first two are directly obtained from
the experiment (Fig. 3a). A crucial point concerns the extraction of
Yo from the measured width y. First, as pointed out earlier®, spin-flip
processesinthe Kondo regime increase the experimentally observable
width y of the non-degenerate peaks at € and ¢ + U by a factor of two,
thatis, y =2y, (Supplementary Note 8). Second, the broad inelastic
tail related to phonons leads to a systematic overestimation of the
experimental y, which we counteract by fitting the inner tail of the
non-degenerate peaks (Supplementary Notes 9 and 11). Taking thisinto
account, we find agreement ona quantitative level between experiment
andtheory.Importantly, NRGis able to fully predict the magnetic field
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Fig.3 | Tuning the Kondo effect and correlations. a, d//dVspectrum of
non-degenerate states (blue circles) of an MTB with L = 6.5 nm, £ =-39.0 meV,
U=110.0 meV, y=10.8 meV. Coulomb energy U, energy spacing ¢ from £, and
full-width at half-maximum of the main Lorentzian peak y are indicated, defining
the parameters needed for an NRG simulation. Lorentzian functions fitted to the
inner slope of the peaks are shown, from which the full-width at half-maximum
yisextracted. b, Coulomb gap (U) for MTBs of different lengths (L). The a/L fit
gives a =793 meV nm = 0.55¢%/(41e,), where eis the electron charge. ¢, Peak
position of non-degenerate states below (¢) and above (¢ + U) the Fermi energy.
AsLincreases, the gap Ubetween the states shrinks. d, Correlation strength U/y
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of MTBs, calculated for MTBs with Uand y obtained from Lorentzian fits.

e, Peak position of the non-degenerate states in units of y. For all the boundaries,
|e| = y/4 and |e + U| > y/4, placing them in the Kondo regime. Each data point

for U, e or yrepresents the value extracted froma Lorentzian fit to the spectra,
withaminimum error corresponding to the experimental resolution, whereas
theerrorsinL are based on the accuracy with which we were able to determine
the particular length of aboundary. STM/STS parameters: for a, V.., =200 mV,
l=0.2nA, V,,4=1.0 mV. All the spectra used in b-e were measured with

Vimoa = 1.0 mV, but under different stabilization voltages and currents.

and temperature dependence of the experimental Kondo resonance
purely based on parameters stemming from the impurity level.

Having the capability to predict properties of the Kondo effect
using information on the impurity states, we make use of the latter to
demonstrate the high tunability of our Kondo system by extracting the
parameters (U, ¢, y) for 23 different MTBs of varying length L. We find
aclearinverselength dependence of U (Fig.3b), whichis a consequence
ofthelower Coulomb energy of electrons whenthey are spread over a
larger L (Supplementary Note 10). A fit U(L) = a/L is shown in Fig. 3b
(solid line). Strong variations are found in &, which can fluctuate
between —-U and the Fermi energy. This energy range is visualized in
Fig. 3c using the fit function U(L) (Fig. 3b). The scatter iny, which shows
noindication ofalengthdependence (Supplementary Note 11), is most
probably related to the large momentum mismatch of electronsin the
MTBandingraphene. This mismatch suppresses direct tunnelling and
enhances the role of defect-induced tunnelling processes.

With the knowledge of (U, ¢, y), we first point out that all our non-
degenerate states cover awide range of the strongly correlated regime,
that is, U/y > 1/2 (Fig. 3d). Furthermore, all these boundaries satisfy
-&/y > 1/4 and (& + U)/y » 1/4, showing that these systems are in the
Kondo regime (Fig. 3e and Supplementary Note 7). The realization of
awide range of level energies £ and Coulomb repulsions Uin these

boundaries translatesinto awide range of Kondo temperatures, namely,
T«=10"°t0107*K, where kg Tx = wyo\/U/4y, exp(-Tujg||e + U|/yoU)
and w = 0.4128 is the Wilson number (Supplementary Note 12). Such
small Kondo temperatures are consistent with the small density of
states of the substrate and the large van der Waals gap between the
substrate and MoS,. Since we have access to the microscopic parame-
ters (U, €, ), Txisdirectly calculated and we do not require the estimates
of Kondo coupling to extract T,. Supplementary Note 12 provides the
calculation of Kondo couplings. These results highlight that there is
strong internal tunability of the Kondo effect in MoS, MTBs. Without
theneed to change the dielectric or chemical environment, awide range
of Kondo temperatures isimmediately available due to the wide range
of boundary lengths and the asymmetry of the states with respect to
the Fermienergy.

Finally, weinvestigated the spatial distribution of the Kondo reso-
nance together with the non-degenerate states along an MTB. The
non-degenerate states beat along the MTB with a wavelength related
to their Fermi wavevector'*'®?, as expected for aparticleinabox. This
beatingis apparentinthe topograph showninFig.4a.Focusingonthe
two maximain theboxed areain Fig. 4a, the set of d//dV spectra taken
along the MTB (Fig. 4b) shows the beating of the two non-degenerate
states on either side of E;. The two states are in phase along the MTB
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Fig. 4 |Modulated Kondo screening along the particle in abox. a, Topography
alonganMTBof L =8.6 nm, £ =-51.00 meV, U=100.00 meV, y =9.35 meV,
showing the electronic beating of the confined state near £;. The red arrow
indicates where the spectrashowninband c were taken. b, Conductance colour
map of the constant-height d//dV spectra of the non-degenerate peaks along the
MTB. ¢, Conductance colour map showing the constant-height d//dVspectra
ofthe Kondo resonance along the same path. STM/STS parameters: for a,

6.0 x1.1nm?, V., =-10.0 mV, /.= 5 pA; forb, V,.,=90.0 mV, V,,.,=1.0 mV; forc,
Viee =10 mV, Vo4 = 0.2 mV. /= 0.5 nAfor all the spectra.

as they are derived from the same energy level, which is split due to
a Coulomb interaction. The d//dV line scan shown in Fig. 4c, taken
at the same location, shows the Kondo resonance. The amplitude of
the Kondo resonance beats in phase with the non-degenerate peaks
(compareFig.4b).Inparticular, we find that the amplitude of the reso-
nance s linearly dependent on the peak amplitude of the MTB states,
emphasizing the directrelation between these elements of the Kondo
effect. Theseresults are reminiscent of the orbital symmetries observed
in Shiba states on superconductors, which were attributed to aniso-
tropic scattering due to the orbital shapes of the magnetic atom?*,
We envision that using extended magnetic wavefunctions like those
ofthe MTBs might enable direct access to the correlated behaviour of
Shibastates and wavefunction, as observed here for the Kondo effect.

As for the correspondence between the Anderson model and
experiment, further refining of the model, although outside the scope
of this paper, can be envisioned. In particular, as the theoretical model
doesnotinclude phonons, the inelastic tails and phonon side peaks of
the high-energy peaks (Fig. 3a) are not taken into account. The experi-
mental peaks also slightly vary in height and width, which may arise
from the bias dependence of the density of states neglected within
our model (the Fermi energy of our graphene layer is estimated to
lie 250 meV from the Dirac point*, a substantially larger range than
the energy scales relevant for our experiment). Spin-orbit interac-
tions are, furthermore, expected to induce an anisotropic magnetic
response, whereas multichannel effects arising from virtual transi-
tions to other high-energy states of the MTB are also neglected in the
current approach.

In summary, we established one-dimensional magnetic MTBs in
a two-dimensional material as a prototypical system to characterize
the Kondo effect. We presented acomprehensive study of afully acces-
sible spin-l Kondo system allowing us not only to characterize the
Kondo resonance itself but also to quantitatively determine the

impurity levels. We find that NRG calculations accurately reproduce
the intensity, shape, magnetic field and temperature dependence of
the Kondo resonance when simulating the impurity states. By quanti-
tatively relating the high- and low-energy features, our experiment
confirms many properties of the Anderson model both qualitatively
and quantitatively. This includes the ratio of amplitudes of high- and
low-energy peaks and an extra broadening of the high-energy peaks
byafactor2duetospin-flip processes. In addition, our system reveals
the real-space relation between the impurity-level wavefunction and
the spatial dimension of the Kondo resonance. The variability of the
parameters U (viaboundary length), p (viadoping®) and  (via pulsing
or gating) makes MTBs in transition metal dichalcogenides a valuable
testbed for nanoscale magnetic investigations. Controlled coupling
of the extended magnetic wavefunction to localized magnetic defects®
or adatoms represent exciting perspectives.
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included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
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Methods

The MoS, monolayers were grown in situ on a graphene substrate, sup-
ported by anlIr(111) crystal, ina preparation chamber with base pressure
p<5x10"" mbar.Ir(111) is cleaned by 1.5 keV Ar*-ion erosion and annealing
totemperatures of T=1,550 K. Grapheneis grown onIr(111) by two steps.
First, room-temperature ethylene exposure till saturation followed by
1,370 K thermal decomposition gives well-oriented grapheneislands. Sec-
ond, exposureto2,000 Lethylene at1,370 K for 600 s yields acomplete
single-crystal graphene layer?”. Monolayer MoS, is grown by Mo deposi-
tion in an elemental S pressure of 7 x 10~ mbar (ref. 28). Subsequently,
the sampleis annealed to1,050 K in the same S background pressure.

STM and STS are carried out at a base operating temperature of
T=0.35K after in situ transfer from the preparation chamber. STS is
performed with the lock-in technique, at a modulation frequency of
907.0 Hz. STM images are taken in the constant-current mode. Some
of the data shown in Fig. 3d were taken using a second STM with an
operating temperature of T=6.5K.

We briefly outline the NRG procedure for the Anderson impurity
model. The detailsare provided elsewhere” **. Inshort, the NRG consists
ofiteratively diagonalizing the following equivalent linear chain form of
the Andersonimpurity model (equation (1) and Supplementary Note 7):

H =73 g,n,
[

o )]
+Unin, + VY, (fga d, + h.c.) + X 2t (f,jgfnﬂg +h.c. )
o n=0 o

where g, =€ - gu,Bo/2 is the impurity-level energy for spin o measured
relative to the Fermi energy, B is a local magnetic field, U is the
Coulomb repulsion and y, = 2mp V2 is the hybridization strength for
conduction electron density of states p. The iterative diagonalization
is carried out on a sequence of decreasing energy scales t, ~ DA™,
wheren =0, 1..., with discretization parameter A > 1, by diagonalizing
successive truncated Hamiltonians H, (N=0, 1...) conduction
electron orbitals f,, (n=0...N) using the recursion relation
Hys1 = Hy + tyS (o fusio + hC.) = TTHy] . This procedure yields the
many-body eigenvalues and eigenvectors as well as the matrix elements
of physical observables of interest. The logarithmic discretization
parameter A >1separates out the many (infinite) energy scales of the
conductionband, from high energies (smalln) tointermediate energies
(intermediate n) and low energies (n > 1), allowing the physics to be
iteratively obtained on each successive energy scale. This
non-perturbative approach allows essentially exact calculations for
thermodynamical and dynamical quantities, including the spectral
function, tobe carried outon all the temperature and energy scales. In
fitting the calculated d//dV to experiment, a constant elastic back-
ground of less than 1% of the total intensity takes into account direct
tunnelling from the substrate.

To compare NRG with experiment (Supplementary Note 13), it is
important to take the experimental broadening due to temperature
and lock-in modulation into account. Experimentally, we use an oscil-
lating voltage with anamplitude of V., = 0.2 mV, V() = V,, + V,,,qcos(wt).
As the experimental differential conductance (proportional to A(w))
is obtained from the standard lock-in technique, we obtain a spectral
function /14(0)) broadenedvby the experimental resolution from
A(Vo) =

T Ji dtcos(@) 3 A(w)dw . Concerning the temperature
implementedinNRG, we use the experimental temperature. At or below
0.7 K,aconstant T = 0.7 Kisimplemented, whichis equal to the tem-
perature of the tunnel junction measured at the lowest experimental
temperatures®.

Data availability

All experimental and simulated data in the Article are available via
Zenodo at https://doi.org/10.5281/zenodo0.8296778 (ref. 34). Fur-
ther data are available from the corresponding author on reasonable
request. Source data are provided with this paper.

Code availability

Code that supports the plots within this paper and other findings of
this study are available from the corresponding author upon reason-
ablerequest.

References

27. Coraux, J. et al. Growth of graphene on Ir(111). New J. Phys. 11,
023006 (2009).

28. Hall, J. et al. Molecular beam epitaxy of quasi-freestanding
transition metal disulphide monolayers on van der Waals
substrates: a growth study. 2D Mater. 5, 025005 (2018).

29. Wilson, J., Di Salvo, F. & Mahajan, S. Charge-density waves
and superlattices in the metallic layered transition metal
dichalcogenides. Adv. Phys. 24, 117-201 (1975).

30. Krishna-murthy, H. R., Wilkins, J. W. & Wilson, K. G. Renormalization-
group approach to the Anderson model of dilute magnetic
alloys. I. Static properties for the symmetric case. Phys. Rev. B 21,
1003-1043 (1980).

31. Bulla, R., Costi, T. A. & Pruschke, T. Numerical renormalization
group method for quantum impurity systems. Rev. Mod. Phys. 80,
395-450 (2008).

32. Hewson, A. C. The Kondo Problem to Heavy Fermions (Cambridge
Univ. Press, 1997).

33. Bagchi, M., Brede, J. & Ando, Y. Observability of superconductivity
in Sr-doped Bi,Se; at the surface using scanning tunneling
microscope. Phys. Rev. Mater. 6, 034201 (2022).

34. van Efferen, C. Modulated Kondo screening along magnetic
mirror twin boundaries in monolayer MoS,. Zenodo https://doi.
org/10.5281/zenodo.8296778 (2023).

Acknowledgements

This work was funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation)—project number 277146847-CRC

1238 (subprojects A01, BO6 and C02). J.F. acknowledges financial
support from the DFG SPP 2137 (Project FI 2624/1-1) T.A.C. gratefully
acknowledges the computing time granted through JARA on the
supercomputer JURECA at Forschungszentrum Jilich.

Author contributions

W.J. designed the experiments. C.v.E., J.F. and W.J. carried out the
measurements. C.v.E. performed most of the analysis of the experimental
data under the supervision of W.J. T.A.C. performed the NRG calculations
and both T.A.C. and A.R. gave the theoretical input. Cv.E., W.J.and T.M.
mainly wrote the manuscript, with help from all the authors. All authors
contributed to the discussion and interpretation of the results.

Funding

Open access funding provided by Universitat zu Kéln.

Competinginterests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41567-023-02250-w.

Correspondence and requests for materials should be addressed to
Camiel van Efferen.

Peer review information Nature Physics thanks Barbara Jones,
Rodolfo Miranda and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Physics


http://www.nature.com/naturephysics
https://doi.org/10.5281/zenodo.8296778
https://doi.org/10.5281/zenodo.8296778
https://doi.org/10.5281/zenodo.8296778
https://doi.org/10.1038/s41567-023-02250-w
http://www.nature.com/reprints

	Modulated Kondo screening along magnetic mirror twin boundaries in monolayer MoS2

	Online content

	Fig. 1 Kondo effect within a MoS2 MTB.
	Fig. 2 Kondo resonance and NRG simulation of magnetic MTB at different magnetic fields and temperatures.
	Fig. 3 Tuning the Kondo effect and correlations.
	Fig. 4 Modulated Kondo screening along the particle in a box.




