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Understanding the interplay between individual magnetic impurities and
superconductivity is crucial for bottom-up construction of novel phases of

matter. Sub-gap bound states that are used in this endeavor are typically

considered as independent entities that each result from the exchange scat-
tering between the respective impurity orbitals and electrons of the super-
conducting condensate. Here we present experimental evidence of individual
multi-spin impurities where the sub-gap states are not independent. Specifi-
cally, we find that by tuning the energy of the state closest to zero through
zero, all other sub-gap states change particle-hole asymmetry as well. We show
that this can be understood by including Hund’s coupling, which favors high-
spin configurations, into a multi-orbital Anderson model. Unlike for the case of
independent spins, the transition we observe signals the simultaneous
departure of more than one quasiparticle from the impurity, while the parity of
the ground state may remain unchanged. Our results show that Hund'’s cou-

pling is not only crucial in generating high-spin impurities, but also to
understand the transition between two distinct ground states, and should
therefore be taken into account for e.g. impurity-based band-structure

engineering.

The exchange interaction between a localized magnetic moment and the
electron pair condensate of a superconductor can change the ground
state of the system as a function of the value of the spin, S;, of the local
moment and the strength of the interaction’. As originally pointed out for
classical spins’, this transition corresponds to a change of 1 in the total
spin (from S;to S; — 1 for an anti-ferromagnetic interaction), which occurs
for a critical value of the exchange interaction. In a singlet super-
conductor the two ground states physically correspond to an unscreened
and (for S;> 1, partially) screened magnetic moment of the impurity.
Spectroscopically, this quantum phase transition (QPT) has a distinct
signature: the local in-gap excitation originating from the interference of
the quasi-particles scattered by the impurity crosses zero energy*®.

An ideal tool to investigate quantum phase transitions at the
atomic scale with high energy and spatial resolution is scanning

tunneling microscopy and spectroscopy. Single spins can be intro-
duced to a superconductor by placing a magnetic impurity on top of a
superconducting substrate®>?"", Interestingly, it has been shown that
the energy of sub-gap states the impurities generate, which are usually
called Yu-Shiba-Rusinov (YSR) states'*, can strongly depend on the
absorption site**, and can even be tuned by changing the tip-impurity
distance®. In general, magnetic adatoms on a superconducting sub-
strate, such as Mn or Fe, are in the high-spin configuration as the
Hund’s coupling overcomes the crystal field splitting. The exchange
coupling of each singly occupied d-orbital of the impurity with the
condensate results in multiple sub-gap states, as readily observed in
experiment**'*", Imaging of these states furthermore revealed the
d-character of the orbitals of the impurity” and suggests that each
bound state can be treated independently while the effect of Hund’s
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Fig. 1| Tunable multi-orbital YSR in Fe(Se,Te). a Constant current image of
Fe(Se,Te) with several interstitial excess Fe atoms (bright protrusions). Vs, =5mV,
Isec =100 pA. b, ¢ Differential conductance spectra taken at the excess Fe impurities
marked 1 and 2 in panel a, respectively (setup resistance =100 MQ). Both show a
multitude of peaks highlighting the multi-orbital nature of the Fe sites. The
appearance of negative differential conductance in both spectra reflects
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interactions between sub-gap states. The gray spectrum is taken in between
impurities 1 and 3 for comparison. d Junction resistance dependence of differential
conductance on the Fe impurity marked 3 in panel a (dashed lines are guides to the
eye). Upon lowering the setup resistance, the peaks shift closer to zero. Source data
are provided as a Source Data file.

coupling is only coded in the total spin, S;. A key question is whether
the inter-orbital interaction responsible for the high spin configuration
leads to any other distinct phenomenology that cannot be accounted
for using independent scattering channels. Specifically, will the states,
regardless of the Hund’s coupling, all have separate QPTs, or can they
respond collectively, leading to a single QPT for all states? Physically,
this question boils down to whether or not the total spin can only
change by 1 at the QPT, or if larger changes are possible. In this work,
we show that large changes in occupation (and thus spin) are indeed
possible due to strong Hund’s coupling.

Results
To search for tunable, interacting in-gap states, we studied excess Fe
atoms at the surface of superconducting FeSeg 45sTeg 55, whose in-gap
states were recently shown to be sensitive to the tip-sample distance®.
Fe(Se,Te) thus combines the ability to tune the sub-gap excitation
energies, with the high-spin configuration of an interstitial Fe impurity
resulting from Hund’s coupling of electrons in the d-orbitals. Figure 1a
shows a typical constant current image of cleaved Fey.,Sep4s5Tegss
containing several excess Fe impurities recognizable as bright pro-
trusions among the mixture of respectively bright and dark Te and Se
atoms. The excess Fe concentration (x ~ 0.05%) is chosen to be high
enough to have ample choice of local interstitial Fe environments, yet
still low enough to only minimally introduce signal inside the gap in
between the impurities. Contrary to previous reports'®', all of the up
to 100 excess Fe we probed show multiple in-gap peaks. The energy of
the in-gap peaks varies for different impurities, highlighting the var-
iation in coupling parameters with local environment of e.g. Se and Te
mixture. Differential conductance spectra taken at the center of two
different Fe impurities are shown in Fig. 1b, c. Interestingly, not only
peaks are observed, but well over 50% of excess Fe also displays
negative differential conductance (NDC) at one or more energies.
Whereas NDC is common for superconducting tips®**%'21>%, for the
normal metal tip we use here (see Supplementary Note 4) the only
possibility for NDC to occur inside the superconducting gap is through
interactions between the different sub-gap states. Last but not least,
by changing the tip-sample distance all excitation energies can be
shifted as shown in Fig. 1d.

Having identified controllable, multiple in-gap states, we can next
use the tip-impurity distance to shift low-lying states through zero and
track their evolution. To determine the lateral range of the tip-induced

shifts, and to find the location with the most dramatic shift, we first
take a line cut across the excess Fe atom in Fig. 2a at different junction
resistances. As Fig. 2b shows, at high junction resistance (large tip-
sample distance), the in-gap states hardly shift as function of position.
Upon nearing the tip to the surface, however, the states move towards
zero energy (Fig. 2¢), and the first one eventually crosses when the tip
is directly above the Fe impurity and at a sufficiently low junction
resistance (Fig. 2d). To analyze the crossing more precisely, we per-
form a detailed junction resistance dependence on top of the Fe
impurity, see Fig. 2e, using resistances ranging from 150 MQ (Fig. 2e,
top) to 5 MQ (Fig. 2e, bottom). Since the electric field that likely drives
the level shifts (see ref. 8 and Supplementary Note 4) is linearly pro-
portional to the tip-sample distance, and the current (and thus resis-
tance) depends exponentially on the distance, we furthermore use a
logarithmic scale for the resistance to enhance visibility of the cross-
ing. For large tip-sample distance, the in-gap state closest to zero
energy is strongest in intensity at negative bias, and is followed by
additional peaks and a relatively prominent negative differential con-
ductance dip (similar to the Fe in Fig. 1b). Importantly, the intensity of
all peaks is stronger at negative bias than at positive bias. For lower
setup resistances, all features shift closer to zero bias. Then, as soon as
the first peak crosses zero bias, all other peaks switch polarity (their
intensity becomes dominant at positive bias instead of negative bias),
while the NDC disappears. Additionally, whereas the peak that crossed
continues to shift to higher energy, the others never cross, but instead
an ever increasing gap is formed after the crossing point. For inde-
pendent in-gap states this would not have been possible: higher-
energy states would simply have continued shifting until they also
would have crossed zero.

To understand the observed behavior, we focus on two key
observations: (1) the simultaneous switch of the in-gap states from
hole-like (dominant intensity at £< 0) to electron-like (dominant
intensity at energy £ >0), and (2) the appearance of negative differ-
ential conductance. We stress that whereas NDC* %7220 and
switching of particle-hole asymmetry of a sub-gap state with junction
resistance? are not unusual for measurements with a superconducting
tip, the mechanisms underlying these two features do not apply to the
normal metal tip we use in this work. Furthermore, the observation of
NDC, even though the experiment is well within the tunneling regime,
implies that the tunneling current cannot be described by the single-
particle density of states: the impurity must involve at least two states
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Fig. 2 | Crossing zero energy. a Constant current image of FeSeg 45sTeg ss wWith an
excess Fe atom in the middle. b-d Differential conductance taken along the line in
panel a for 150 MQ, 45MQ and 25 MQ, respectively. Directly on top of the Fe
impurity the in-gap states shift most dramatically and cross zero. e Junction resis-
tance dependence (middle) of the normalized differential conductance directly
above the Fe impurity (white dashed lines in b-d) ranging from 150 MQ (top) to
5MQ (bottom), the dashed gray lines mark the gap edges. The step size in resis-
tance uses a logarithmic scale, the black lines are guides to the eye. As soon as the
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first state crosses zero, the intensity of all others is affected. We note that since the
spectra are normalized outside the gap and since there is no dramatic change in
intensity without a crossing (Fig. 1d) or of the state crossing zero, the intensity
switch of the other states is not an artifact of normalization. The disappearance of
NDC (purple, zero dI/dV is black and marked in the color legends) can moreover
not be due to normalization, and un-normalized spectra in panel d also clearly show
the switch. Source data are provided as a Source Data file.

with variable electron occupation, which allows the blocking of tun-
neling current (and hence negative conductance) through one state
due to interactions with electrons present in the other state?. There-
fore, the impurity cannot be treated as a purely spin variable, regard-
less of whether this is a classical or quantum spin'”***, since this would
not produce states with a variable occupation required for NDC
to occur.

To understand these data, we consider the general multi-orbital
Anderson impurity model coupled to a superconducting bath. To
capture the main features, we restrict ourselves to only two orbitals. As
we concentrate exclusively on in-gap states, we simplify the problem
by treating the substrate as an s-wave superconductor with zero-
bandwidth®*%, where the BCS density of states is replaced by two
quasi-particle states at energy A. This is the main limitation of our
treatment, although this approximation has been successfully com-
pared with more elaborate methods such as NRG for the Anderson
model*® and is also known to perform very well for in-gap bound states
of spin impurities®****°. To address the necessary interactions, we take
each orbital as characterized by the impurity energy level &,_, », and
intra-orbital Coulomb energy U, -4, » = U, and we assume they are each

coupled to a different site of the superconducting bath i=A, B via
tunneling rates 4, g, >A% The combination of site and orbital
(i, a)=(A, a) or (B, b) is referred to as a channel, since the i state is a
scattering channel in the superconductor that best couples with the
orbital a. The key interaction that couples the orbitals can be repre-
sented as the Hund’s coupling™,

Hy= —Ju Sq-Sp, @
with S,-, » the spin operator for each orbital (see Fig. 3a and Meth-
ods). To favor higher-spin configurations typical of transition-element
impurities, we set the phenomenological parameters as

Ju>16¢l = gy — €41 > A. )
In previous work on molecules*¢, the presence of the tip was assumed
to modify the hybridization of the impurity with the surrounding
substrate’. A recent study on sub-surface impurities in FeTeg s5S€0.4s,
however, indicates that the impurity states can be affected by the
electric field of the tip®, likely due to only partial screening associated
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Fig. 3 | Theoretical description of a multi-channel QPT. a Sketch of the model
Hamiltonian. The ellipse represents an impurity with two orbitals interacting via a
Hund’s coupling Ji;, while squares represent the two scattering channels of the
superconductor coupled to the orbitals, each channel modeled by a super-
conducting site. b Evolution of the energy of the four lowest-lying many-body
states for increasing average orbital energy £/A driven by the STM tip electric field.
The vertical arrows indicate the STM-accessible excitations before and after the
MCQPT. All the energy curves were shifted by —2&/A to improve readability.

c Evolution of the average total electron occupation on the impurity for all four
many-body states (same coloring as in panel b). The thick line marks the ground
state for the given value of £/A. The inset shows the spin of the impurity s;mp and the
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total spin s, of the ground state in the same €/A range. d Simulated in-gap LDOS at
the impurity site as a function of €/A. Vertical arrows same as panel b, where now
the direction marks the dominant electron- or hole-nature. The region of /A
shown in b and c is delimited by the square brackets on the horizontal axis.

e Simulated in-gap LDOS for the transition in case of absence of Hund’s coupling,
Ju=0.The color-coding of the horizontal line at w = 0 in panels (d, e) represents the
ground state (colors from panels b, c). The vertical dashed lines in panels b-e mark
the quantum phase transition. Calculation parameters in (b, ¢, d):/; =304, U= 604,
Tha=Tgp = 54% 6c =—6A. Same for panel e except J = 0 and 8¢ =-3A. Phe-
nomenological broadening in (d, e) is n = 0.0754. Source data for panels d and e are
provided as a Source Data file.

to a low super-fluid density*. In such a scenario, one can expect that
the impurity energy levels vary with the tip-sample distance, which is
linearly proportional to the electric field®. Importantly, the excess Fe
atoms we study are on top of the Se/Te surface layer and therefore
expected to be even more susceptible to the electric field since they
are closer to the tip. Here, we, therefore, assume that the average
impurity energy level € controls the energy of the sub-gap excitations
and represents the key experimentally tunable parameter. However, in
Supplementary Note 5 we demonstrate that choosing the hybridiza-
tion as the driving parameter will lead to the same phenomenology.
Lastly, we assume for simplicity that the difference between energy
levels 6¢ remains constant, as it does not change the phenomenology
as long as Eq. (2) holds.

In this model, we discover a multi-channel quantum phase tran-
sition (MCQPT) in the evolution of the four lowest-lying many-body
eigenstates. We can label the eigenstates as |So;,P4 4.Pp ), due to the
conserved total-spin S, and conserved electron-number parity p; , of
channels (i, a) (see “Methods”). The four states are |0, +, +),[1/2,+,—),
[1/2,—,+), [L, —,—), with + denoting even and odd parity, respec-
tively. The evolution of the energies of the four states with € is shown in
Fig. 3b. The phase transition occurs as the state |0, +,+) exchanges
places with the state |1, — ,—). Hence, at the transition, both channels
areinvolved, and both undergo a parity flip so that the total parity does
not change. This property is in stark contrast with the generic spin-
impurity model quantum phase transition (e.g. associated to the YSR
model), but is actually not the universal signature of our MCQPT, since
the parity may switch in presence of more than two orbitals (see
Supplementary Note 6). The essential property of our MCQPT is the
large change of the average orbital occupation, (njmp), from nearly 4
(both orbitals fully occupied) to nearly 2 (both singly occupied) as €
changes, see Fig. 3c. The distinctive switch of all in-gap excitations
from hole-like to electron-like is due to the depletion of the average
electron occupation of the impurity orbitals. It is the strong Hund’s

coupling that determines the MCQPT to be from fully occupied orbi-
tals and a low-spin state (total spin of system s,,=0) into singly
occupied orbitals and a high-spin state (total spin of system sy =1).
This mechanism is allowed by a reasonable assumption that the
impurity is in a mixed-valence state, i.e., the energy cost of the change
of orbital occupation can be compensated by the gain of Hund’s
energy, leading to the requirement
U~ e, 3
in addition to Eq. (2). Within this hierarchy, for our parameters we find
a crossing for an average level energy € ~ 60A, which is similar to the
value employed for modeling an iron impurity on FeSe in previous
works®. To address the STM observations, we calculate the total local
density of states (LDOS) of the impurity orbitals (see “Methods”). Since
we consider single-particle excitations, only transitions from the many-
body ground state to states with opposite total parity can have a non-
zero spectral weight. To demonstrate the phenomenology of the
MCQPT we focus on the two lowest in-gap excitations which result
from the four lowest many-body eigenstates described above (see
arrows in Fig. 3b, d). To be precise, before the MCQPT, the in-gap
excitations correspond to excitations from |0, +, +) to [1/2, —,+) and
to |1/2,+,—>; there is a + > — parity flip in channels (4, a) or (B, b),
respectively. After the MCQPT, they correspond to excitations from
[1,—,-) to [1/2,—,+) and |1/2,+,—). Panel Fig. 3d shows clear
agreement with the STM results (Fig. 2e), where the MCQPT is signaled
by the lowest excitation crossing zero energy, and there is a concurrent
change of spectral weight in the higher excitation. We emphasize that
the fundamental ingredients underlying the occurrence of the MCQPT
are (i) the inter-orbital interaction (Hund’s coupling) favoring a high-
spin configuration and (ii) the impurity being in a mixed-valence state.
Therefore, the simultaneous change of spectral weight of the in-gap
states as the lowest excitation crosses zero energy is also recovered by

Nature Communications | (2024)15:8526


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52847-9

continuously tuning the impurity-substrate coupling (4q Igp),
provided conditions (i) and (ii) are fulfilled (see Supplementary Note 5).
Further, the two constraints on the parameters of our minimal model
that follow from (i) and (ii) [i.e., Egs. (2) and (3), respectively], are
independent from each other, meaning that the modeling does not
impose any fine-tuning on the specific U/Jy ratio (see Supplemen-
tary Note 7).

Another key feature of our model is that the single-particle exci-
tations appearing in the in-gap LDOS result from different eigenstates
before and after the MCQPT. Therefore, in general there is a dis-
continuity of slope of the in-gap state energy at the point it crosses
zero-bias with changing € (see Fig. 3d and Fig. S2a, c in Supplementary
Note 1). Indeed, this property is a common feature for the experi-
mentally measured Fe impurities where a MCQPT occurs (see Sup-
plementary Note 1), further supporting our interpretation. Note that
the discontinuity of the slope at the MCQPT is a priori independent of
the precise functional dependence of € on the electric field.

Importantly, the phenomenology discussed above is not fine-
tuned, but is present for a range of values of parameters as long as we
stay in the regime given by Eqs. (2), (3), as we show through a sys-
tematic study in Supplementary Note 1. In Supplementary Note 2 we
also relate the excitation spectrum to a transport calculation to
demonstrate that, without changing any of the above conclusions,
negative differential conductance can occur for a reasonable range of
asymmetry in tunneling between the tip and the different wave func-
tions of the bound states as is known in the case of tunneling through a
quantum dot with multiple interacting levels®. To confirm our inter-
pretation and the significance of multi-orbital interactions, we present
the calculated LDOS with the Hund’s coupling switched off (J; = 0) in
panel Fig. 3e, where obviously the experimental phenomenology is not
captured. We note that the Ji; = 0 model completely decouples the two
orbitals, hence in accord with intuition the spectral weight of the
excitation in one channel is not affected by the transition in the other
channel (see Supplementary Note 3). The same negative outcome is
obtained for independent Kondo channels or independent YSR
channels.

Discussion

Multiple in-gap excitations may appear through various mechanisms in
impurity models, e.g., due to a higher impurity spin (classical”**** or
quantum?'), splitting by anisotropy>**, and in e.g., Fe(Se, Te) due to
multiple superconducting gaps®. Notably among these, in a model of a
quantum higher spin on the impurity, there may be total-parity-
conserving QPT in which two channels undergo a screening transition
simultaneously, either due to anisotropy or due to symmetry-
protected degeneracy of some impurity-substrate couplings. In such
a transition, the spectral weights of some in-gap states may shift
between hole- and electron-like. However, such a model could never
reproduce negative differential conductance.

Arealistic description of a Fe impurity obviously demands a larger
number of orbitals, which in turn would yield a larger number of in-gap
states; however, the two-orbital model discussed here contains mini-
mal ingredients to capture the distinctive feature of the MCQPT. Sec-
ondly, our model, with its single-site single-gap s-wave
superconductor, clearly cannot address the spatial dependence of
impurity-bound states. Nevertheless, the fact that the key features in
the experiment, for impurities that show a quantum phase transition,
are found at various distances from the impurity in both horizontal and
vertical movement indicates that we are observing universal
characteristics.

The experimental observation of interacting sub-gap states in
superconducting Fe(Se, Te) shows that multi-orbital models that take
inter-orbital interactions (i.e. the Hund’s interaction) accurately into
account are essential. While the rich physics of multiple in-gap states
and of impurity QPT are each well recognized, here we emphasize the

importance of exploring the physics of QPTs of multiple interacting
states, which reveals the true nature of the underlying physics. Speci-
fically, the MCQPT we observe does not at all fit the paradigm of a
transition due to screening of impurity by substrate, but instead is
characterized by a simultaneous change of impurity occupation and
total spin driven by Hund’s interaction. Given the prevalence of studies
on multi-orbital transition-element atoms and their use in bottom-up
construction of devices***, our findings likely hold for numerous
systems and could perhaps be experimentally exploited to generate
previously unanticipated phenomena as exemplified by the multi-
orbital quantum phase transition.

Methods

Tip and sample preparation

Fe(Se,Te) single crystals were grown using the self-flux method. As-
grown samples with a superconducting transition temperature of
14.5 K were used throughout this work. The crystals were mechanically
cleaved in a cryogenic vacuum at 7 - 20 K and directly inserted into the
STM head at 4.2 K. An etched atomically sharp and stable tungsten tip
was used for all measurements. Differential conductance measure-
ments were performed by numerical derivation as well as with a
standard lock-in amplifier operating at 429.7 Hz. All measurements
were recorded at the base temperature of T=0.3 K (electron tem-
perature of 0.4 K).

Theory
The total Hamiltonian reads
H=Hgc +Him, +Hy, 4)
with
Hee = Z Acl,cl +h.c.
sc=>_(Ad, ], 5)
i
Himp = Z Eqly Z Uaﬁa,Tﬁa,L ~Ju Sa - Sp, (6)
a,0 o
Hy=> " (t;aClyduo +hec.
T iatig“ao ’ @)
i,a,0

where the operators d;o create a spin-o electron in impurity orbital
a = a, b, each coupled to a superconducting site i =A, B, respectively,
on which the electron creation operator is czo. The fza,g:d;gdm
represents the particle-number operator on the impurity (not a
conserved quantity), while the impurity spin operator reads

S —Zdaa<o o, 0) dyy @)

The operators for total spin, channel-1 parity, and channel-2 par-
ity, all conserved quantities introduced to label the eigenstates, read

stot = Z: Si + za: sa' (9)

P, =(—Tys, (10)

Pgp=(=1)", "y
wheren; , = Zg(cj’gcw + d;gda,g). Owing to the Hamiltonian’s full spin-
rotation symmetry, eigenstates can also be labeled according to the z
component of the total spin m, but we dropped this label to lighten the
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notation in the main text. Note that eigenstates |0, +,+), [1/2,+,—),
[1/2,—,+), [L—,—) are indeed zero-, two-, two- and three-fold
degenerate, respectively. Further, the total Fermion parity operator
P=P,, - Pgpalso commutes with the total Hamiltonian.

The LDOS on the impurity site reads

1
pimp(w) == T Im Z Gg,a;a.a(w)' (12)

where the retarded Green function can be expressed through the
Lehmann representation at T =0,

|(GSId] )
w+E, —Egg+i0"

\(nd], ,1GS)[?
w+Eqs —E,+i0" |’
13)

with dgs the degeneracy of the ground state. The experimental tem-
perature is low, namely, the smallest energy scale in our problem,
kgT < A. In this case, the contributions to the LDOS from transitions
between excited states are exponentially small, and they would only
induce a slight broadening at the level crossings. Hence, in the mod-
eling, we assume T = 0. The tunneling rate introduced in the main text
is related to the tunneling amplitude as I'; , = mt7,.

- 1
Gy pao(@)= des 3>
GS n

Data availability

Source data are provided in this paper.

Code availability
The code used in this work is available upon reasonable request to the
authors.
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