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We report spin-polarized scanning tunneling microscopy measurements of an Anderson impurity system
in MoS, mirror-twin boundaries, where both the quantum-confined impurity state and the Kondo
resonance resulting from the interaction with the substrate are accessible. Using a spin-polarized tip, we
observe magnetic-field-induced changes in the peak heights of the Anderson impurity states as well as in
the magnetic-field-split Kondo resonance. Quantitative comparison with numerical renormalization group
calculations provides evidence of the notable spin polarization of the spin-resolved impurity spectral
function under the influence of a magnetic field. Moreover, we extract the field and temperature
dependence of the impurity magnetization from the differential conductance measurements and
demonstrate that this exhibits the universality and asymptotic freedom of the S = 1/2 Kondo effect.
This work shows that mirror-twin boundaries can be used as a testing ground for theoretical predictions on

quantum impurity models.
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The Kondo effect represents a paradigmatic example
where many-body correlations play a pivotal role in its
manifestation [1]. The microscopic origin of this phenome-
non is rooted in the Anderson impurity model [2], which
was originally introduced to describe how magnetic
moments form in correlated impurity states that hybridize
with a sea of conduction electrons. In the Kondo effect,
these magnetic moments are gradually screened by the
surrounding conduction electrons upon decreasing temper-
ature. While the effect is conceptually straightforward, the
theoretical framework to quantitatively describe it is
demanding, requiring techniques such as the numerical
renormalization group (NRG) [3,4] or the Bethe ansatz
[5-T7].

On the experimental front, scanning tunneling micros-
copy (STM) and spectroscopy (STS) techniques have
stimulated new research on the Kondo effect over the last
25 years [8-15]. STM studies typically involve magnetic
adsorbates on metallic surfaces [16]. Identification of the
Kondo effect in spin-averaged STS often relies on meas-
uring a Kondo zero-bias resonance (ZBR) [17], requiring
temperature and field dependence to reduce the ambiguity
of the assignment [18-21]. However, an unambiguous
identification of the Kondo effect would ideally require
measuring both the Kondo ZBR and the impurity peaks that
give rise to the Kondo effect. For adsorbates on metallic
surfaces, access to impurity levels has been elusive, due to
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the dominant presence of substrate states and their strong
hybridization to the impurity states. This drawback
impedes the exploration of the close connection between
the Anderson and Kondo Hamiltonians as established by
the Schrieffer-Wolff transformation [22]. It prevents, for
example, identification of the large spectral weight rear-
rangements predicted for the spin-resolved spectral func-
tions of an Anderson impurity in the presence of a magnetic
field, even when the latter exceeds the thermal energy
[23,24] (see Fig. 1). Previous spin-polarized STM mea-
surements on adsorbates have demonstrated the spin
polarization of the split Kondo ZBR [25-28], as expected
from theory [29]. However, corresponding measurements
of the Anderson model impurity peaks, where most of the
spectral weight rearrangement occurs, have been absent.
In this Letter, we present spin-resolved STM measure-
ments on MoS, mirror-twin boundaries (MTBs), where an
Anderson impurity model is realized in a discrete half-filled
quantum-confined state, for which both the impurity peaks
and the Kondo resonance could be measured [30]. With
spin-polarized STS, we detect changes in peak intensity of
the quantum-confined impurity states with varying mag-
netic field, mirroring the changes seen in the split Kondo
resonance. It demonstrates the field-dependent spectral
weight rearrangement in the spin-resolved spectral func-
tions in quantitative agreement with NRG simulations. By
extracting field and temperature dependence of the impu-
rity magnetization from the differential conductance, we
demonstrate the universality and asymptotic freedom
expected for an S =1/2 Kondo system. Asymptotic

© 2024 American Physical Society
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FIG. 1. Influence of a magnetic field on the spectral function of
a magnetic impurity. Sketches based on NRG simulation
(e = =20 meV, U =40 meV, y = 9.0 meV). (a) At 0 T, both
spin components are equally distributed below and above the EF,
resulting in an unpolarized state. An external field (gugB, with
g = 2.5) splits the Kondo resonance (marked by arrows) in the
spin-averaged case (b) and induces a massive reorganization of
the spectral distribution of the two spin components in the spin-
resolved case (c).

Er

freedom, a property of the strong interaction [31,32],
applies to the S = 1/2 Kondo model, since here, as in
the former, the interaction (Kondo exchange) decreases
with increasing energy, field, or temperature scales and
significantly impacts properties such as the magnetization.

We begin by examining the spin-resolved spectral func-
tion of a Kondo system as described by the Anderson
impurity model [1,2] (Sec. V in Supplemental Material
[33]). An impurity state next to the Fermi level splits into a
singly occupied state at ¢ and a doubly occupied state at
€ + U, owing to the Coulomb repulsion U. The impurity
state is exchange coupled to an electron bath, giving rise to
the Kondo resonance at the Fermi energy. The hybridization
between the impurity and the bath is captured by the width
(y) of the impurity peak. With the three parameters (U, €, y)
athand, both impurity states and the Kondo resonance can be
accessed through simulation within NRG theory (Sec. VIin
Supplemental Material [33]). In the absence of an external
magnetic field (B = 0 T), the spin in the occupied impurity
state can freely flip [Fig. 1(a)]. Applying an external field
B > 0 shifts impurity and Kondo peaks by the Zeeman
energy in the spin-averaged spectrum; however, given the
higher energy and width of the impurity peaks, the change is
only perceptible in the region of the Kondo resonance,
causing the latter to split [see Fig. 1(b)]. For the spin-
resolved spectral functions, an external field has far-reach-
ing consequences [see Fig. 1(c)]. It shifts almost all the
intensity of the up-spin spectral function from the unoccu-
pied peak, far above the Fermi level, to the occupied peak,
far below the Fermi level, and the opposite for the down-spin
spectral function. Hence, spin-polarized STM should be
capable of detecting clear changes in signal intensity in a
magnetic field.

The measurements were performed in an ultrahigh
vacuum STM operating at 7 = 0.35 K and equipped with
a vector magnetic field up to 9 T. Spin-polarized STM tips

r MoS, island 5nm

FIG. 2. Anderson impurity model in MoS, MTBs. (a) STM
overview image of single-layer MoS, islands containing MTBs.
(b) Atomically resolved image displaying a single MTB with
length L = 18.0 nm, indicated by white arrows in (a). (c) Differ-
ential conductance color plot extracted from linescan along the
red line in (b). (d) Differential conductance spectrum (blue
circles) obtained after average between positions marked by
red arrows in (c) and the corresponding NRG simulation (red line;
€ =—18.5 meV, U = 40.5 meV, y = 7.7 meV). Image informa-
tion: (a) size 146 x 108 nm?, Vg =1V, T4, = 11 pA,
T,=035K; (b) size 20x5nm? Vg, =100 mV,
Iqa, = 10 pA, T3 =035 K; (¢) Vg = 100 mV, I, = 1 nA,
Vimod = 0.5 mV, f g =719 Hz, T, = 0.35 K.
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were prepared by coating a W tip with Fe and checked by
imaging the spin spiral on Fe islands on Cu(111) [49] (for
details, see Sec. I in Supplemental Material [33]). Fe-coated
tips display soft magnetization; i.e., their magnetization
follows the direction of the external field. Their spin polari-
zation (p) is in the range of 0.2 to 0.4 [50,51]. The growth
of monolayer MoS, containing MTBs is achieved on
graphene on Ir(111) by Mo deposition in an elemental S
pressure of 7 x 102 mbar, followed by an annealing to
1050 K in the same S background pressure [52].

The Anderson impurity state is realized as a confined
MTB state in an MoS, island, which couples to the
underlying electron bath of graphene on Ir(111). An
MTB is highlighted by white arrows in Fig. 2(a). It exhibits
a periodic beating pattern of its confined states close to the
Fermi level [Fig. 2(b)]. To establish our Kondo system, it is
necessary to have an odd number of electrons in the MTB,
achieved when a quantum-confined state resides and splits
around the Fermi energy, a condition induced through
controlled charging of the MTB via bias pulses [30,53].

To identify the Anderson impurity state, we analyze a
series of spin-averaged differential conductance (d//dV)
spectra taken on the MTB, as exemplified in Fig. 2(c),
taken along the red line in Fig. 2(b). The inner three peaks
comprising the ZBR and the single occupied state below
and the doubly occupied state above the Fermi level, in
Fig. 2(d) are readily comparable to our spin-averaged NRG
simulation (red curve), which uses experimental values for
U, ¢, y as input.
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Spin-polarized STS data of the Kondo effect in MTBs. (a) dI/dV spectra with (blue) and without (black) external magnetic

field of the impurity peaks and higher order confined states taken with a spin-polarized STM tip. d//dV spectra of the impurity peaks (b)
and Kondo resonance (c) at different magnetic fields taken with the same spin-polarized STM tip (colored circles, MTB with
L =16.6 nm, ¢ = —=33.0 meV, U =47.5 meV, y = 7.4 meV) and NRG simulation (red lines) using (1) with a tip polarization of
p = 0.3. Dashed lines in (b) are a guide to the change in spectral weight. (d)—(f) Differential conductance color plots of the unoccupied
impurity peak (top panel), Kondo resonance (middle panel), and occupied impurity peak (bottom panel) as a function of the bias and
magnetic field, comparing the experimental d//dV data (d) and NRG simulations with a tip polarization of p = 0.3 (¢) and p = 1 (f).
Stabilization parameters: (a),(b) Vi =70 mV, Iy =10nA, Vg =1mV, fra=719Hz, T, =0.35K; (¢) Vip =5 mV,

Iyw = 1 DA, Viog = 100 pV, froa = 719 Hz, T, = 0.35 K.

We now explore how the impurity peaks and the ZBR
respond to an external magnetic field using spin-polarized
STM. Figure 3(a) shows differential conductance spectra
(d7/dV) at 0 T and under external magnetic field of 5 T
normal to the sample surface (spin-polarized measurements
of MTB in Fig. 2 shown in Fig. S3 in Supplemental
Material [33]). The external field increases the intensity of
the occupied impurity peak and the unoccupied peak
diminishes, rendering them asymmetric, while the outer,
higher energy peaks remain unchanged. The Zeeman effect
also leads to a slight change of position of the impurity
peaks at 5 T, as compared to O T. From the sequences of
dI/dV spectra at various fields for the impurity peaks
[Fig. 3(b)], the continuous change in asymmetry is
observed. The field also affects the ZBR [Fig. 3(c)], it is
Zeeman split [54] and a spin-excitation steplike increase
centered at Er appears. The split ZBRs are also asymmetric
in clear correlation with the impurity peaks, i.e., occupied
states enhanced and unoccupied states diminished. The
field dependence in Figs. 3(b) and 3(c) is due to the spin
filter effect caused by the spin-polarized STM tip, since the
dl/dV signal acquires a dependence on the spin polariza-
tion of the tip and the spin-polarized spectral functions of
the sample; see Eq. (S9) in [33]. The field-induced changes
seen in Fig. 3(a) are not observed with a spin-averaged tip

(p = 0), as the intensity of impurity peaks is unchanged;
see Fig. S2 in [33]. The in-field asymmetry of the impurity
states is evidence of the spin-polarized nature of the states
and is a direct result of the spectral weight redistribution
due to the external field visualized in Fig. 1(c).

To quantify the changes in terms of the spin polarization,
we compare our experimental data to field-dependent
dl/dV spectra simulated within the framework of NRG.
At low temperatures, the spin-polarized differential
conductance d//dV for the Anderson model is given by
(see [33])

d/

vy (1)

dl
e[/ +[01=p)/2
where dI/dV; = (4/zy)A;, and A,_, | are the energy,
temperature, and magnetic-field-dependent spectral func-
tions of the Anderson model, and p is the polarization of
the tip. The simulated dI/dV is adjusted to match the
experimental data at 5 T resulting in an estimated p = 0.3,
with the simulation displayed as red lines in Figs. 3(b)
and 3(c).

With the p obtained for 5 T, all the other fields are
simulated with Eq. (1) without further adjustments
(constant p), and the NRG-simulated d//dV is displayed
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in Figs. 3(b) and 3(c). The simulation resembles the experi-
mental data quite accurately. The agreement is substanti-
ated by comparing the experimental and NRG data color
plots for an extended range of magnetic field displayed in
Figs. 3(d) and 3(e). In both experiment and theory, the
asymmetry between unoccupied (top panels) and occupied
(bottom panels) impurity peaks increases as a function of
the field and reaches saturation at about 2 T, while the ZBR
in the middle panels transforms into a gap with pronounced
larger occupied peak at larger fields. The agreement ob-
tained simultaneously for impurity peaks and Kondo reso-
nance with NRG by just introducing a tip spin polarization
is unambiguous evidence that the impurity peaks are part of
the Kondo system. The effect of a magnetic field on the
spin polarization of the MTB can best be visualized by
artificially setting p = 1, i.e., by assuming that the tip acts
as a perfect spin filter. In this case, as shown in Fig. 3(f),
only the occupied peak is present at the highest field, while
the unoccupied peak is completely suppressed [see also
Fig. 1(c)]. Although there is good agreement between the
experimental results and NRG, small deviations may arise
due to limitations in our model, such as the assumption of a
constant g factor, the absence of spin-orbit coupling, and
the use of a fixed hybridization function, as further
discussed in Sec. VI in [33].

The fact that we can align the magnetic moment using a
magnetic field—in analogy to an isolated paramagnetic
spin—seems to contradict the Kondo effect, which screens
the magnetic moment and thus forms a nonmagnetic spin
singlet (at 7 = 0). However, even at T = 0, this many-body
singlet is polarizable. At finite temperature, information on
the polarizability of the Kondo system is contained in the
thermodynamic magnetization m(B,T) of the Anderson
impurity model describing the MTB (see Sec. VIII in [33]).
We can relate the latter to the measured field and temper-
ature dependence of the d//dV-weight asymmetry denoted
by AY, /v and defined by

d1/dv (B, T) —dI/dV,(B.T)

AW
d/dV,(B,T) +dI/dV,(B,T)’

dl/dV(B’ T) =

2)

where dI/dV, and dI/dV, are the dI/dV weights above
and below the Fermi level, respectively. Specifically,
m(B,T) is related to Ay, (B, T) and the spin polarization
of the tip (p) via (see [33])

m(B.T) = —gﬂB(AEVI/dev T) _AEVI/dV(O’ T))/2p. 3)

Results for the magnetization of MTB obtained in this way,
at 0.35 K (blue circles) and at 1.70 K (green circles), are
shown in Fig. 4. Also shown are the corresponding
magnetizations for the Anderson model within NRG (blue
and green solid lines) and for a free spin 1/2 (blue and
green dashed lines).
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FIG. 4. Field dependence of the magnetization as extracted from
the measured asymmetry using (3) for the data in Fig. 3 (blue
circles) with p = 0.3, and for the data obtained at 1.70 K presented
in Fig. S4 of [33] for the same MTB (green circles). Error bars
represent the standard deviation of the Ay, (B.T) evaluation
taken from the different d//dV spectra at impurity maximum
locations, following Fig. 2(c). NRG thermodynamic magnetiza-
tion for the parameters: € = —33.0 meV, U =47.5 meV,
y = 7.4 meV. Dashed lines: magnetization for a free spin 1/2.
Black solid line: 7 =0 Kondo model magnetization. For a
comparable plot featuring a different MTB, see Fig. S5 in [33].

Inspection of Fig. 4 reveals several interesting aspects.
First, the experimental data follow the universal magneti-
zation curve of the Anderson model at each temperature.
Universality of the magnetization m(B, T) in the Anderson
model means that for each fixed 7 (or equivalently,
each fixed T/Tk), m(B,T) is a universal function of
gupB/kpTg (whose form changes continuously upon
varying T/Tg from 0 to > 1; see Fig. S12 in [33]).
Second, the measured magnetization characterized by a
linear increase at low fields only gradually saturates at
higher fields. This behavior is in stark contrast to the
magnetization curve of a free spin 1/2. The latter saturates
rapidly to the fully polarized value +1/2 at high fields
(dashed lines). The magnetization of the MTB remains
lower even at high fields and approaches the fully polarized
value only slowly following the NRG magnetization which,
for sufficiently high fields, exhibits the theoretically well-
known logarithmic corrections. This property of the mag-
netization is a characteristic of the asymptotic freedom in
the Kondo effect [5], resulting in the observed diminished
magnetization at high fields. This behavior, most markedly
illustrated by the 7' = 0 Kondo model magnetization from
the Bethe ansatz [55] (black solid line), is eventually cut off
on field scales gugB ~ (Uy)'/? in the case of the Anderson
model [7] (for details, see Secs. VIII.LA and VIIL.B [33]).
Above this scale, of order 10-20 meV for our MTBs, the
fully polarized (free spin) value would eventually be
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restored (Figs. S7 and S8 [33]); however, such large fields
(100200 T) are experimentally inaccessible. The field
range used in the experiment is therefore accessing the
universal part of the magnetization curve of the Anderson
model (see Figs. S7 and S8 in [33]). Finally, the variation of
the magnetization with the temperature is also quantita-
tively well described by the NRG, using just the exper-
imentally measured parameters U, ¢, and y.

To conclude, our spin-polarized STM experiments show
that the spin-resolved impurity peaks that give rise to a
Kondo resonance undergo a massive spectral weight
redistribution under external magnetic fields exceeding
the thermal energy involved, meaning that the peak below
Ep, i.e., occupied state, is composed of majority spin state
and the peak at positive bias voltage, i.e., unoccupied state,
is dominated by minority spin state. This description is in
full agreement with the Anderson model tackled in the
framework of NRG. Analysis of the magnetization
response of the MTB with respect to field and at different
temperatures sheds light on the spin-1/2 character of the
system, and reveals the typical signatures of asymptotic
freedom characteristic of the Kondo effect, in marked
contrast to a free spin 1/2. MTBs provide a versatile
realization of the standard model of correlated electrons,
the Anderson impurity model, allowing a wide range of
Kondo scales to be realized through control of the model
parameters U, €, and y [30]. This, together with spin-
polarized STM, opens up new prospects for controllably
investigating universal aspects of strongly correlated sys-
tems, including investigations of multi-impurity systems
[56,57] using MTBs or magnetic MTBs in the presence of
superconductivity.
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