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Superconducting Proximitized Gold Film

Stefano Trivini ,1’* Jon Ortuzar ,1 Katerina Vaxevani ,] Jingchen Li,]’2 F. Sebastian Bergeret®,™
Miguel A. Cazalilla®,*>" and Jose Ignacio Pascual

34
L5%

cic nanoGUNE-BRTA, 20018 Donostia-San Sebastidn, Spain
*School of Physics, Sun Yat-sen University, Guangzhou 510275, China
3Centro de Fisica de Materiales (CFM-MPC) Centro Mixto CSIC-UPV/EHU, E-20018 Donostia-San Sebastidn, Spain
*Donostia International Physics Center (DIPC), 20018 Donostia-San Sebastian, Spain
>Ikerbasque, Basque Foundation for Science, 48013 Bilbao, Spain

® (Received 1 July 2022; accepted 17 February 2023; published 30 March 2023)

Breaking a correlated pair in a superconductor requires an even number of fermions providing at least
twice the pairing energy A. Here, we show that a single tunneling electron can also excite a pair breaking
excitation in a proximitized gold film in the presence of magnetic impurities. Combining scanning

tunneling spectroscopy with theoretical modeling, we map the excitation spectrum of an Fe-porphyrin
molecule on the Au/V(100) proximitized surface into a manifold of entangled Yu-Shiba-Rusinov and spin
excitations. Pair excitations emerge in the tunneling spectra as peaks outside the spectral gap only in the

strong coupling regime, where the presence of a bound quasiparticle in the ground state ensures the even
fermion parity of the excitation. Our results unravel the quantum nature of magnetic impurities on
superconductors and demonstrate that pair excitations unequivocally reveal the parity of the ground state.
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Superconducting materials are an ideal platform for
designer quantum states with potential as qubits [1-3].
The superconducting ground state, a condensate of Cooper
pairs, is protected from quasiparticle excitations by a pairing
energy gap A. Ground state excitations can be achieved by
electrons [4], correlated pairs in Josephson currents [5,6], or
microwave photons [7-9]. In bulk superconductors, these
excitations populate a continuum of Bogoliubov quasipar-
ticles (QPs) and admix with other states that quickly quench
their quantum coherence. Subgap quasiparticle excitations,
in contrast, can live long in a coherent state. For example,
sub-gap Andreev bound states in a proximitized link
between two superconductors host addressable (doublet)
QPs and (singlet) pair-breaking excitations with long
quantum coherence [1,2]. QP states are odd in fermion
parity and can be excited by adding a fermion to the even-
parity BCS ground state [Fig. 1(a)]. Pair-breaking requires
two correlated QPs into the pair-excited state, thus, with
even parity [10]. Therefore, they are only accessible by
absorption of one microwave photon or by addition of two
fermions with opposite spin [Fig. 1(a)].

Subgap excited states can also appear when a magnetic
impurity interacts with a superconductor via magnetic
exchange J. These are the Yu-Shiba-Rusinov (YSR)
[11-13] excitations, which are typically addressed by
tunneling electrons from a scanning tunneling microscope
(STM) [14—17]. YSR excitations correspond to the addition
of a tunneling electron or hole into the ground state and
appear in tunneling spectra as subgap bias-symmetric pairs
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of narrow peaks. In the regime of weak exchange inter-
action J, compared to the pairing energy A, YSR peaks are
thus QP excitations of the BCS ground state. Pair excita-
tions are, however, forbidden because these would require
tunneling of two correlated electrons simultaneously
[Fig. 1(b)].

Here, we report the observation of Cooper pair excita-
tions in the YSR spectrum of an iron porphyrin molecule on
a proximitized gold thin film. Owing to the magnetic
anisotropy of the molecule, YSR states appear split in
multiple resonances both inside and outside the proximi-
tized gap. When the molecule lies in the Kondo-screened
regime (J larger than A) pair excitations emerge as faint
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FIG. 1. (a) Scheme of the excitations of a superconductor with

energy gap A. Pair excitations (BCS) can be probed by micro-
waves, while electrons can excite Bogoliubov quasiparticles. The
arrow boxes refer to the number of quasiparticles involved.
(b) The exchange J induces YSR bound states below A. Because
of the parity selection rule single electrons cannot excite the pair
excitation (BCS). (c) Increasing J, the ground state becomes odd
in parity, and the BCS state becomes accessible.
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spectral resonances, scaling in energy with twice A.
Supported by model calculations for quantum spins, we
show that inducing pair excitations with single particles
does not contradict parity-conservation rules when the
magnetic molecule lies in the Kondo regime because
the magnetic impurity is screened by a captured QP, turning
the ground state odd in fermion parity [20-24]. From this
ground state, single-particle tunneling allows now YSR
excitations into even states such as the BCS state and its
higher-lying pair-breaking excitation BCS [Fig. 1(c)].

Our measurements were performed at 1.2 K using to an
STM (SPECS GmbH) under ultrahigh vacuum conditions.
We used a V(100) single crystal as superconducting
substrate (T, =5.4 K and Ay(1K)=0.75meV). The
clean V(100) surface appears with the characteristic
(5 x 1) oxygen reconstruction [25,26], which does not
affect its superconducting properties [27-31]. The
V(100)-O(5 x 1) surface was covered with gold films,
with thicknesses ranging from 1 to 10 ML, and shortly
annealed to ~550 °C to produce epitaxial layers [Fig. 2(a)]
witha2.9 A square lattice [inset Fig. 2(a)], compatible with
an unreconstructed Au(100) surface [32,33], probably with
some intermixing with the vanadium substrate [34].

The proximitization of the gold thin film was ascertained
by comparing dI/dV spectra over the films and the bare
V(100)-O(5 x 1) surface [Fig. 2(b)]. To enhance the
spectral resolution we used superconducting tips obtained
by tip indentations in the V(100) substrate. Spectra on
V(100) show an absolute gap and two sharp peaks at
+(A, 4+ Ay)/e = +1.5 mV [Fig. 2(b)], corresponding to
the convolution of superconducting density of states of tip
(A,) and sample (Ay /e = 0.75 mV). Spectra on the inves-
tigated gold films also exhibit a similar hard gap [35], but
with a pair of very sharp resonances at slightly smaller bias
of £(A; + A,)/e = 1.4 mV. These peaks are attributed to
QP excitations of de Gennes Saint-James (dGSJ) bound
states in the gold film [36], which are Andreev pairs
confined between the Au surface and the Au-V interface
[Fig. 2(c)]. Owing to their confinement, the dGSJ QP
excitation peaks shift to lower energy with increasing Au
film thickness [37—41], and therefore are a useful knob for
tuning the gap A; in the experiment.

Next, we deposited the organometallic molecule iron
tetraphenylporphyrin chloride (FeTPPCI) [Fig. 2(d)] on the
proximitized gold films. This species hosts a Fe** ion with
a § = 5/2 spin and easy plane magnetic anisotropy, which
survives on metallic surfaces [42,43]. Some of the mole-
cules retain the Cl ligand [Fig. 2(d)], and appear with two
different shapes: the twofold symmetric FeTPPCI interact
weakly with the substrate [41], while the fourfold sym-
metric molecules investigated here behave as quantum
impurities coupled to the superconducting substrate.

Spectra on the fourfold FeTPPCI molecules are charac-
terized by a complex pattern of intra and extragap reso-
nances, as summarized in Fig. 2(e). Measuring with a
superconducting tip, direct YSR resonances appear
between +A, and +(A, + A;). We typically find three
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FIG. 2. (a) STM image of the epitaxial film produced by
depositing 2 ML of Au on V(100) and annealing to 550°C
(Vg =10 mV, I =100 pA). Inset: constant height STM image
of its square atomic lattice (Vg = 10 mV). (b) dI/dV spectra
measured on V(100) and on Au/V. (c) Andreev reflections at the
interface with V(100) deplete the film DOS and open a gap in the
normal metal. (d) STM image showing different FeTPP and
FeTPPCl species on 7 ML Au/V(100) (Vg =300 mV,
1 =30 pA), Inset: chemical structure of FeTPPCIL. (e) dI/dV
spectrum measured over a fourfold FeTPPCI molecule (in gray on
the Au film), labeling two extragap states (A, B) and four intragap
resonances (a, @, f,7). (Vg =3 mV, I = 75 pA). Data analyzed
with WSxM [18] and SpectraFox [19].

intragap pairs of peaks (a., f., and y=£) that appear with
larger intensity at positive bias due to finite potential
scattering [44,45]. Additionally, the thermal YSR excita-
tion o, is observed below A, in the spectra.

In addition, dI/dV spectra show fainter peaks [A, and
B in Fig. 2(e)] above the proximitized gap. Since peak A
lies at 1.3 meV above the gap-edge resonances, it can be
associated with the M, = +1/2 - M, = +3/2 spin-flip
excitation of the molecular spin multiplet, with axial aniso-
tropy constant D = 0.65 meV [41,42,46-48]. The origin of
peak B, at ~0.6 meV outside the gap, cannot be directly
connected with inelastic spin transitions. Instead, as shown
in the following, peak B corresponds to a pair excitation of
the superconducting condensate.

A hint on the origin of superconductors excitations can
be obtained from their evolution with exchange coupling
(J) variations [21-24,49]. In the tunneling regime, the STM
tip exerts attractive forces that distort the flexible mole-
cular system and reduce J. Moving the tip away from the
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FIG. 3. (a) Map of dI/dV spectra measured across a fourfold
FeTPPCI molecule (sketched on the right) with Vg = 3 mV and
I =75 pA. The spectrum on top is measured over the center.
(b) Zoom of the extragap spectral region to highlight signals A
and B. (c) Energy position of peaks at negative bias extracted
from the line profile.

molecular center reduces this effect and causes an increase
in J and a shift in dI/dV peaks. In the spectral map of
Fig. 3(a), the three intragap YSR resonances shift to lower
energies as the measuring position is laterally changed from
the center towards the phenyl groups. For the a state the
shift is large enough to cross the A, line and exchange
position with the thermal state . This is a fingerprint of a
parity-changing quantum phase transition (QPT) in the
ground state of the molecule-superconductor system
[21-23].

Unexpectedly, the extra-gap peaks A and B change
intensity and position with J following different trends
[Fig. 3(b)]: peak A vanishes towards the sides, while peak
B, fainter in the center, shifts to higher energies. The
apparent connection of the shifts of extra-gap peaks with
intragap excitations [Fig. 3(c)] suggests they are all related
to the same many-body state, renormalized by the tip-
induced changes in J. This state is formed by the spin S =
5/2 of the quantum impurity, with D ~ 0.65 meV, coupled
to the superconducting substrate with quasiparticle excita-
tion peaks at A,.

Theoretical model.—To interpret the results we used a
minimal single-site model [50,51], extended for quantum
impurities on superconductors by von Oppen and Franke
[52,53]. Calculations using this model are light and provide
useful insights into the many-body spectrum of the system.
The Hamiltonian reads

Hy=Hy+Hy +Hj

Hy = Asc¥c1 +H.c.,

Hy = DS? + E(S2 - §2),

H; = ch,[JZstig, +J 1 (Sys,, +S_s) ey, (1)

oo’

where H|, describes a single-site superconductor, and H ,
accounts for the magnetic impurity spin anisotropy, with
transversal components E. The term H; represents the
(anisotropic) J between impurity and superconductor states
characterized by J, and J |, axial and transverse exchange
couplings, respectively.

In Fig. 4(a) we display the evolution with D and J of
excitation energies in a tunneling experiment, obtained
from the eigenstates of Eq. (1). Adding a tunneling electron
(or hole) to the ground state of the system leads to a change
in fermion parity. Therefore, only transitions between even
and odd parity states are allowed [blue and orange in
Fig. 4(a)]. For negligible exchange J, the molecular
anisotropy D splits the spin multiplet into nondegenerate
levels of equal S, [left side in Fig. 4(a)]. The ground state is
a product state of the molecular spin doublet and the BCS
ground state

leven) = [S;) ® [BCS) = [+1/2) ® (10) +12)) (2)

with |0) the vacuum and |2) = CTTC1|O>. Tunneling experi-
ments in this regime resolve peaks caused by a QP
excitation at A, and by an additional spin excita-
tion at +(A, + 2D) [41,42,48]. The spin multiplet in the
BCS ground state can also be thermally populated when
k, T > 2D [22].

A finite exchange J [right panel in Fig. 4(a)] mixes the
spin multiplet with Bogoliubov QPs into symmetric (+)
and antisymmetric (—) entangled states with definite total
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FIG. 4. (a) Allowed electron excitations, and their parity, for a

spin 5/2 coupled to a superconductor, obtained from Eq. (1) Left:
spin multiplet split by magnetic anisotropy D. Right: exchange
coupling J leads to in-gap states. Around the QPT, thermal effects
are shown as gradient lines. (b) Simulation of a spectral map like
in Fig. 3(a) using the effective model, adopting as input the
position of a and the re-normalized D ([54]).
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spin projection ST [55,56]. As shown in Fig. 4(a), sym-
metric states appear as excitations outside the gap, while
the antisymmetric ones correspond to intragap excitations.
For example, peak A in our experiments corresponds to the
excitation of the entangled symmetric state with ST =1
[48], while the antisymmetric state is a YSR excitation split
by the axial magnetic anisotropy [22,52,55,56]. In fact,
resonances f and y observed in the experiment are
reproduced when a small transversal anisotropy E is also
included to further split this state into two ([54]).
Increasing J above a critical value induces a QPT
[Fig. 3(a)], where the ground state becomes an odd parity
entangled state of impurity’s spin and a QP [23,57]:

lodd) = [1/2)[{) = [=1/2)[1). (3)

From |odd), there are two even parity states accessible by
tunneling electrons or holes: the state (2), resulting in the
YSR peaks a in spectra, and the state

Jeven) = |£1/2) ® [BCS) = |£1/2) ® (10) = [2)).  (4)

This second state is a pair excitation, i.e., the excitation of
two QPs over the BCS state: y¥y1|BCS) = |BCS)

[10,54,58]. The pair excitation lies at an energy 2A, above
the YSR state, hence, it is independent of the molecular
magnetic anisotropy [Fig. 5(a)]. As we discuss next, peak B
in the spectra corresponds to this pair excitation.

In Fig. 4(b) we show a calculated spectral line profile
simulating the experimental results of Fig. 3(a), obtained by
solving the Hamiltonian (1). We obtain J from the position
of @, D = 0.65 mV from measurements on weakly coupled
molecules [41], and we include a small transversal
anisotropy E that replicates f [54]. The results account
for all excitations observed and reproduce their evolution
with J, by using a single orbital channel. Fermion parity
selection rules explain that peaks A, f, and y fade away
when the molecule enters in the strong interaction regime.
Furthermore, the stronger intensity of peak B in this regime,
and its shift with J agrees with the behavior of pair-excited
state BCS.

To further corroborate the identification of peak B as a
pair excitation, we studied the evolution of peak A and B on
15 molecules lying on different regions and film thick-
nesses [Fig. 5(a)], with different values of A, [Fig. 5(b)]. In
these molecules, the position of peak B, measured with
respect to a, scales with 2A [Fig. 5(d)], as expected for pair
excitations, ruling out other possible origins [59]. In
contrast, the position of peak A with respect to Ay, i.e.,
2D, is uncorrelated from A [Fig. 5(c)].

The different evolution of peaks A and B with J is
reflected by comparing spectra on the center of three
molecules in different interaction regimes [Fig. 5(e)].
Peak A shifts to lower energy with increasing J, due to
renormalization of D [48], and vanishes in the strong

(a) Even 0Ode (b) »°
.0
0.70F RN
— < °
d o
5 065F )
»°
0.60f L
1 Molecule# 15
(c) (d)
0.65
! {'f
. __0.65F [ X P
S } S { [ B¢
E 060f t i{} £ ! Ly
~ { ~ 0.60f RIS
o LI IR AT ]
0.55H { ! 0.55
1 1 1
060 065  0.70 0.60
A (MV)
(e) -(A+As+2D) -(At+As) At At

(shun “qie) Ap/IP

swong | B ANE N
[ N——

L
-1 0
Bias + A/e (mV)

Bias - A/e (mV)

FIG. 5. a) Scheme of A and B excitations (J fixed to the QPT
point); Peak A scales with anisotropy D and Peak B with Aj.
(b) Value of A; measured close to 15 different molecules lying on
different positions on the substrate, and on films with different
thicknesses. (c) Position of peak A for the 15 molecules, showing
no correlation with A;. (d) Evolution of peak B with A, showing
a linear dependence. (e) Spectra of three molecules of the set, in
weak, at QPT, and strong regimes (detected through the particle
hole asymmetry of a). E, is the energy of peak A over the gap
edge, while Ej is the energy of peak B with respect to YSR state
a. Peak A is more intense in the weak coupling case, while peak B
in the strong coupling regime.

coupling case. Peak B, in contrast, becomes more intense in
the strong coupling regime and shifts with J parallel to «a,
spaced by 2A,, as expected for the pair excitation.

Discussion.—To date, pair excited states were only
observed through adsorption of microwaves [1,2] photons,
or Andreev pairs [6]. Fermion-parity conservation forbids a
single tunneling electron from exciting a pair of
Bogoliubov quasiparticles (the BCS state) in a super-
conductor. In our experiment, the observation of the pair
excitation with electrons was made possible by the exist-
ence of an odd-parity Kondo-screened ground state of a
magnetic molecule state on a superconductor, which
enabled the excitation of two even-parity states [Fig. 3]:
the BCS state, leading to the intra-gap YSR resonance and
the BCS pair excited state, observed as peak B. Even if this
resonance appears outside the spectral gap, the pair state in
the proximitized film is a double population of a subgap
state and, hence, it is expected to have a larger lifetime,
facilitating its detection.

It is noteworthy that the quantum spin model used here
accounted for all observed resonances using just one single
channel. Multiple subgap excitations resulted by entangled
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states of impurity and quasiparticles, mixed by magnetic
anisotropy constants D and E. As we show in the
Supplemental Material [54], a small value of E suffices
to justify peak /3, because the YSR excited state is integer
and with large spin. This model successfully explains the
important role of transversal and axial anisotropy and the
effect of exchange on the magnetic anisotropy.

In conclusion, we have used a proximitized gold film as a
platform for studying many-body excitations in magnetic
impurities [35]. The magnetic molecule FeTPPCl interact-
ing with the substrate electrons host subgap YSR states
and spin excitations outside the gap that are readily
described by a superposition of Bogoliubov quasiparticles
and impurity spin states using a zero-bandwidth model.
Interestingly, we found an excitation of a BCS pair state on
molecules in the Kondo-screened regime, which scales
with the different pairing energy of proximitized films of
different thicknesses. This is an excitation that remains
hidden to tunneling electrons and becomes available for
magnetic impurities that bind a quasiparticle, thus behaving
as a detector of the parity of the ground state. In a
proximitized metal film, the excited pair populates dGSJ
subgap states and inherits their coherent and spatial
evolution and, thus, their potential for becoming elemen-
tary states for quantum processing.
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