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Figure 4 summarizes the phase behavior of
the SLs with N =2, which undergo a sequence of
two sharp, collective electronic phase transitions
upon cooling. We have provided strong evidence
that the two transitions correspond to the onset of
charge and spin order. By showing that the N=4
counterparts remain uniformly metallic and para-
magnetic at all temperatures, we have demonstrated
full dimensionality control of these collective in-
stabilities. The higher propensity toward charge
and spin order in the 2D systems probably re-
flects enhanced nesting of the LaNiO; Fermi
surface. The phase behavior is qualitatively sim-
ilar to the one observed in bulk RNiO5 with small
radius of the R anions, which results from band-
width narrowing due to rotation of NiOg octahe-
dra, but the transition temperatures and the order
parameters are substantially lower, probably be-
cause of the reduced dimensionality. Because the
transitions occur in the NV =2 SLs, regardless of
whether the substrate-induced strain is compres-
sive (Fig. 1B) or tensile (Fig. 1C), structural
parameters such as rotation and elongation of
the NiOg octahedra can be ruled out as primary
driving forces. We note, however, that the in-
frared conductivity is higher (Fig. 2, A and B)
and the transition temperatures are lower (Fig. 4)
in the N =2 SL grown under tensile strain. The
more metallic response of these SLs, compared

with those grown under compressive strain, may
reflect a widening of the Ni 3d-electron band-
width and/or an enhanced occupation of the Ni
d,>-> orbital polarized parallel to the LaNiOs lay-
ers. A small orbital polarization was indeed
detected by soft x-ray reflectometry in our su-
perlattices (/7). This indicates further oppor-
tunities for orbital control of the collective phase
behavior of the nickelates, which may enable
experimental tests of theories predicting high-
temperature superconductivity (/8, 19) or multi-
ferroicity (20) in these systems.
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Competition of Superconducting
Phenomena and Kondo Screening

at the Nanoscale

K. J. Franke,* G. Schulze, ]. I. Pascual

Magnetic and superconducting interactions couple electrons together to form complex states of
matter. We show that, at the atomic scale, both types of interactions can coexist and compete
to influence the ground state of a localized magnetic moment. Local spectroscopy at 4.5 kelvin
shows that the spin-1 system formed by manganese-phthalocyanine (MnPc) adsorbed on Ph(111)
can lie in two different magnetic ground states. These are determined by the balance between
Kondo screening and superconducting pair-breaking interactions. Both ground states alternate
at nanometer length scales to form a Moiré-like superstructure. The quantum phase transition
connecting the two (singlet and doublet) ground states is thus tuned by small changes in the

molecule-lead interaction.

hen a magnetic atom or molecule is
adsorbed on the surface of a super-
conductor, its magnetic moment can

interact with itinerant electrons (with spin s = 1/2)
and with Cooper pairs (s = 0). Normal-state elec-
trons tend to screen the local magnetic moment
and form a many-particle ground state with a
total spin S = 0. A fingerprint of this so-called
Kondo effect (/) is a resonance at the Fermi
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level, whose width reflects the energy scale of
the magnetic coupling. The magnetic impurity
can also weaken the local coherence of the super-
conducting state by the creation of spin-polarized
bound states in its proximity (2—4). They appear
as narrow resonances inside the superconducting
energy gap (5—10). The energy position of these
intragap states reflects the pair-breaking exchange
interaction strength of the magnetic impurity with
Coopers pairs (9, 10).

These interactions compete to produce two
different magnetic ground states depending on
their relative strength. A Kondo singlet is formed
if the screening energy scale is larger than the

pairing energy of the Cooper quasiparticles, that
is, kg'Tx >> A, where kg (the Boltzmann con-
stant), Tk (the Kondo temperature) determines
the energy scale of the screening, and the order
parameter A governs the superconductor pairing
interaction. When kg T << A, the opening of the
superconducting energy gap reduces the density
of normal electrons available for screening, and
the Kondo effect is incomplete (/7). The poorly
screened magnetic impurity creates bound quasi-
particle states that locally reduce the pairing
strength of the superconducting quasiparticles and
drive the system into a magnetic ground state
(S>0)(12).

In the limit of k5 Tk ~ A, both Kondo screen-
ing and superconducting pairing are predicted
to coexist (/2—14). Changes in their relative
strength can drive the system through a quantum
phase transition separating the two different mag-
netic ground states. Here we experimentally elu-
cidate this competition between pair-breaking
and Kondo screening on individual magnetic
manganese-phthalocyanine (MnPc) molecules
deposited on top of a superconducting Pb(111)
substrate. Using scanning tunneling microscopy
(STM) and spectroscopy (STS) at 4.5 K, we re-
solved a complex Kondo fingerprint coexisting
with localized bound states within the super-
conducting gap. On the Pb(111) surface, the MnPc
molecule lies in a spin-1 state and is screened
by two separate Kondo channels with different
strength. The weaker channel competes with
the creation of spin-polarized bound states. This
competition leads to two different magnetic
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Fig. 1. (A) STM image of a densely packed MnPc island
and a single molecule (Vs = 200 mV, / = 8.6 pA). (Inset)
Molecular structure (32). Experimental details are
described in SOM 1 (25). (B) Differential conductance
spectrum of the SIS tunneling junction formed by the
clean Pb(111) surface and a lead-coated STM tip.
Tunneling between quasiparticle peaks of the Bardeen-
Cooper-Schrieffer (BCS)—like density of states (DOS) leads
to a doubling of the superconducting gap [see SOM 2
(25)]. (C€) The corresponding spectrum on an isolated
molecule shows intragap states, which can be related to
its magnetic state [corresponding STM image in (A), lower
panel].
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Sample bias (mV)

Fig. 2. (A) dl/dV spectra around the superconducting gap on
five characteristic MnPc molecules (feedback opened at V =
8.6 mV, I = 0.45 nA; the spectra are shifted for clarity). All of the
spectra show that the quasiparticle peaks at £ = +2A and the
thermal excitation peaks at £ = 0 are substituted by four peaks
inside the superconducting gap: the particle and hole impurity-
induced bound states probed by the superconducting tip. The
superconducting gap edge, observed in this SIS junction at £2A,
is indicated with a dashed line. (B) Corresponding Mn/Ph(111)
DOS obtained by numerical deconvolution of the superconduct-
ing tip DOS [SOM 3 (25)]. (C) The position of the larger bound
state Eg is correlated with a monotonous increase in the peak
asymmetry, reflecting a continuous gain in its spin polarization at
the impurity (the dashed line is added as a guide). Points are
omitted near Eg = 0 because there both particle- and hole-like
states overlap [as shown in (A) and (B)]. The schemes represent
the two ground states, a bound Cooper pair (£ < 0) and a bound
broken pair (Eg > 0). (D) Conductance spectra in a larger sample
bias window for the same set of molecules as in (A). A broad zero-
bias conductance anomaly is revealed, whose specific line shape
appears correlated with the alignment of intragap bound states
(V, =130 mV, / = 0.47 nA).
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ground states. In MnPc islands, we observed a  tions of their interaction with the superconducting The Pb substrate is a type I superconductor
transition between the two ground states along a  substrate. The result is a molecular superstructure ~ with a critical temperature 7, of 7.2 K. At4.5 K,
quasi-periodic Moir¢ pattern, revealing that their ~ wherein superconductivity and magnetism alter-  the electron density of states is depleted within
different quantum state is tuned by small varia- nate at nanoscopic length scales. an energy gap of width 2A = 2.2 meV around the

Fig. 3. (A) Constant-current STM image of a MnPc island
(Vs=11mV, I = 27 pA). (B) Corresponding constant-height
STM image at V; = 1.6 mV (feedback opened at V/; =11 mV,
| = 27 pA). A Moiré pattern emerges, revealing that the
molecules in the compact islands lie in different adsorption
sites with respect to the Pb(111) atomic lattice. (C) Current
image at constant height of a molecular row of the Moiré
pattern and, below, false-color scale dl/dV spectra taken
along a line crossing through the centers of these molecules.
The horizontal dashed line corresponds to the bias value of
current images in (B) and (C). Vertical lines point to sites
between molecules, where spectra of a bare SIS junction are
recovered.

Fig. 4. (A) Zero-bias conductance anomalies at 8.8 K (above the T, T
of lead) and the resulting fit (dashed red line) using two Fano curves
with very different line width (gray dashed lines), representing two 4
screening channels. On the bare Pb(111), flat spectra of a normal
metal are obtained (feedback opened at V/;= 150 mV, / = 27 pA; the '—'—m
spectra are shifted for clarity). (B) Relation between the energy R, . TR 7
scale of the narrower screening channel kg - Ty, obtained at 8.8 K as Ty,
in (A) (experimental broadening corrected), and the position of the —°—" ’:u’. i
large intragap state Eg, obtained for the same set of MnPc
molecules at 4.5 K. The dashed blue line is based on the theory ;3 o ®
of Matsuura (13), modified to simulate the phase transition around
kg+T¢ ~ A (22, 31). The weaker the Kondo channel, the larger is the 10
magnetic coupling with superconducting quasiparticles (larger Eg) ke Tic/A
and the larger is the spin polarization of the total system. (C) Simple
scheme of the two ground states: a total singlet for £z < 0, formed
by a Kondo singlet and a weakly bound Cooper pair; a total doublet
for Eg > 0, where Kondo screening is incomplete and a broken pair Singlet
(s =1/2) is bound to the magnetic impurity (s = 0). R
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Fermi energy (Ey). To explore the sub—millielectron
volt energy scale in our STS measurements, we
used a Pb-coated superconducting tip [see SOM
1 (15)]. In this way, the energy resolution is far
beyond the limit imposed by the thermal broad-
ening of the Fermi edge of a normal tip [see
SOM 2 (15)]. The superconductor-insulator-
superconductor (SIS) tunnel configuration is re-
vealed in the differential conductance (dI/dV)
spectra by two sharp peaks at +2A=+2.2 meV,
twice the superconducting gap (Fig. 1B), repre-
senting the tunneling between the quasiparticle
peaks.

MnPc molecules self-assemble in densely
packed islands with a square lattice (Fig. 1A).
Each molecule is imaged as a fourfold clover-
shaped structure with a central protrusion repre-
senting the Mn ion. As a reference, we first probe
the spectroscopic fingerprint around the Eg of
isolated MnPc molecules that were dragged out
of the islands with the STM tip. These molecules,
all resting on their preferred adsorption site, ex-
hibit similar dZ/dV spectra (Fig. 1C) in which the
quasiparticle peaks at +2A are substituted by pro-
nounced peaks of asymmetric height within the
superconducting gap [at +(Eg + A), with Eg <Al
The asymmetry between the electron (V< 0) and
hole-like (V> 0) states is an expression of the
breaking of time-reversal symmetry by the mag-
netic interaction between MnPc and Cooper pairs
(2-5, 12). The close proximity of these new
quasiparticle peaks to the superconducting gap
edges reflects the rather weak magnetic inter-
action for these isolated species (9, 10).

The spectra of molecules in the densely
packed islands also show molecule-induced
bound states, but with a large variety of positions
within the energy gap and height asymmetries,
depending on the molecule. Figure 2A shows
five representative spectra taken on different
MnPc molecules. To remove the influence of the
superconducting density of states of the tip, we
numerically deconvolute its quasiparticle density
of states from the dI/dV spectrum [SOM 3 (15)].
The resulting plots (Fig. 2B) represent the qua-
siparticle excitation spectra of the molecule-
substrate system with electron and hole-like states
at +Eg and within the superconducting gap. A
shift of the larger (smaller) bound state away
from the negative (positive) superconducting gap
edge indicates a smaller pairing energy of the
Cooper pairs. The decrease in pairing energy is
accompanied by an increase in the asymmetry
between the peaks of large and small spectral
weight as the poles move toward the Fermi level
(Fig. 2C) (9, 10, 12). The crossing of the bound
states through the Fermi level (Eg = 0) corre-
sponds to the special case when the electron and
hole states are degenerate and a quantum phase
transition to a different ground state occurs. When
the magnetic interaction becomes larger than the
pairing energy, the bound Cooper pair is broken
(12), resulting in a so-called (s = 1/2) Bogoliubov
quasiparticle (5). This new superconducting ground
state is thus characterized by intragap states with

larger weight in the hole-like peak (as shown in
the lower spectra in Fig. 2, A and B), representing
excitations of the (bound) broken pair.

The origin of the different interaction strengths
between MnPc molecules and superconducting
quasiparticles was determined from an analysis
of constant-height current maps of the islands
measured at a sample bias V= 1.6 meV, which is
within the superconducting gap (Fig. 3B). In the
map, the molecules appear with different bright-
ness, forming a Moiré-like superstructure. A cor-
relation between Moiré pattern and bound states
is shown in a series of dI/dV spectra taken along
a high-symmetry direction of the superstructure
(Fig. 3C). The gray-scale—coded conductance re-
veals that the bound-state resonances of dark
molecules in Fig. 3B lie above the applied bias
energy el (similar to the top spectrum in Fig.
2A). Hence, they correspond to MnPc molecules
weakly interacting with Cooper pairs. Brighter
molecules have bound states below eV contrib-
uting to the tunneling current and, thus, reveal a
larger magnetic interaction with the quasiparticles.
Between the molecules, the density of states of
the bare SIS junction could be recovered, indi-
cating a very narrow localization of the magnetic
bound states (/2). The Moir¢ pattern is a geo-
metrical effect, resulting from the quadratic mo-
lecular lattice on top of the hexagonal atomic
Pb(111) structure [see SOM 4 (15)]. Thus, each
MnPc molecule is found in a slightly different
bonding configuration with the substrate. The
direct correlation of the energy alignment of the
bound states with the Moiré structure evidences
that the magnetic state is strongly influenced by
the adsorption site.

We found an additional magnetic fingerprint
of the MnPc-lead interaction by exploring di/dV
spectra in a larger energy scale, well outside the
superconducting gap. All of the molecules show
a pronounced background peak, which has been
assigned to tunneling through a Kondo resonance
(Fig. 2C) (16-19). The large energy scale of such
zero-bias conductance anomalies revealed that
screening of the magnetic molecule by the itin-
erant electrons of the substrate is very efficient,
with T roughly between 200 and 400 K, de-
pending on the molecule (/8, 19). For such high
Tx (kg'Tx >> A), the screening of a spin 1/2
impurity would be complete before the opening
of the superconducting energy gap at 7. = 7.2 K.
This result is in apparent contradiction with the
observation of the intragap bound states shown in
Fig. 2A. A more complex interpretation of the
zero-bias anomaly is needed than one based on a
simple spin 1/2 MnPc molecule.

A closer look into the line shape of the back-
ground peak reveals that it cannot be simply re-
produced by a single Fano function (/8), as it
is characteristic of the Kondo effect. To rule
out a distortion of the peak shape by the super-
conductor bound states, we increased the tem-
perature of the STM to 8.8 K, above the 7 for
superconductivity in lead. The spectra maintain
their shape, roughly described by a zero-bias

REPORTS

sharp peak on top of a wider Fano-like anomaly
(Fig. 4A). The best fit to reproduce the resulting
plots requires the use of two resonances with very
different line widths, representing two different
Kondo screening channels, characteristic of a
spin-1 system (20). The large difference in the
energy scales (~1 to 5 meV and ~15 to 45 meV;
the exact values depend on the particular mol-
ecule in Fig. 2A) of both Kondo processes jus-
tifies treating the system as two independent
screening channels (27).

The energy scale of the narrower Kondo res-
onance lies in the same range as the supercon-
ducting energy gap (A = 1.1 meV), thus leading
to competing effects in the quasiparticle pairing
for temperatures below 7. Upon opening of the
superconducting energy gap, the spin channel
becomes underscreened because the density of
the itinerant electrons participating in the Kondo
screening is depleted. The Kondo screening then
competes with magnetically induced bound states
like those shown in Fig. 2A. This picture is cor-
roborated in Fig. 4B, where we plot the energy
value of the subgap states in the superconducting
phase as a function of kg Tk/A (i.e., the energy
scale of this screening channel). The weaker the
Kondo channel, the more strongly bound are the
intragap states, qualitatively resembling early
theoretical predictions by Matsuura (/3). Ac-
cording to our results, the crossing of the intragap
states through the Fermi level takes place for
ke Tx/A ~ 1 (22). At this point, the bounded
superconducting quasiparticle goes through a
quantum phase transition from a singlet to a
doublet ground state (the broken pair). The cor-
relation between Tk and Eg in Fig. 4B further
reveals that the screening channel also follows
the Moiré pattern shown in Fig. 3. We can then
infer that seemingly small changes in adsorption
site have an immense impact in the magnetic
moment of the underscreened spin (/9) and, con-
sequently, on the energies of the intragap quasi-
particle states.

The observed double Kondo screening can be
rationalized considering that the free MnPc
molecule lies in a S = 3/2 spin state, with the
three unpaired electrons in an electron configu-
ration (d,,)'(dy)’(d-)" (23). The interaction of
MnPc with the lead surface is rather weak. How-
ever, the magnetic moment associated with the
d.. orbital is expected to be quenched (/8), re-
sulting in a spin-1 system. The double Kondo
spectral features are then ascribed to the screening
of the two remaining localized spins in the d,,
and d, orbitals, coupled independently with nor-
mal electrons of the surface at different energy
scales kg'Tx. The broader Kondo channel, with
Tk ~200 to 400 K (24), fully screens the mag-
netic moment of one of the orbitals. The other
orbital is only partially screened by the low-
energy Kondo channel, thus interacting with su-
perconducting quasiparticles depending on the
commensuration with the lead atomic lattice un-
derneath. The resulting quantum state of the com-
plete system is a singlet or doublet (Fig. 4C),
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depending on the particle or hole character of
the larger intragap state, respectively. Such differ-
ent quantum systems coexist and alternate be-
tween neighboring molecules because of their
high localization at the impurity site.

The MnPc molecular superstructure thus rep-
resents a useful nanoscopic workbench where
magnetic coupling with the substrate can be mea-
sured from the alignment of the bound states
and tuned by choosing the appropriate mole-
cule. The interaction of these bound states with
other intragap excitations [e.g., multiple Andreev
reflections in contact junctions (25—27)] or with su-
perconductors with other symmetries [e.g., p-wave
(28-30)] represents a fascinating application of
this study to ongoing problems in condensed-
matter physics.
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Chlorinated Indium Tin Oxide
Electrodes with High Work Function
for Organic Device Compatibility

M. G. Helander,**t Z. B. Wang,**t J. Qiu,* M. T. Greiner,® D. P. Puzzo,* Z. W. Liu,** Z. H. Lu*?*

In organic light-emitting diodes (OLEDs), a stack of multiple organic layers facilitates charge
flow from the low work function [~4.7 electron volts (eV)] of the transparent electrode
(tin-doped indium oxide, ITO) to the deep energy levels (~6 eV) of the active light-emitting
organic materials. We demonstrate a chlorinated ITO transparent electrode with a work function
of >6.1 eV that provides a direct match to the energy levels of the active light-emitting
materials in state-of-the art OLEDs. A highly simplified green OLED with a maximum external
quantum efficiency (EQE) of 54% and power efficiency of 230 lumens per watt using
outcoupling enhancement was demonstrated, as were EQE of 50% and power efficiency of

110 lumens per watt at 10,000 candelas per square meter.

electrodes are used in several classes of

devices, including liquid crystal displays,
organic photovoltaics, and organic light-emitting
diodes (OLEDs) (/-11). Despite the dominance
of ITO in the flat-panel display industry, its sur-
face electronic properties are less than ideal for
organic devices. In particular, the low work func-
tion of ITO complicates the design of organic

Transparent tin-doped indium oxide (ITO)
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optoelectronic devices in terms of charge injec-
tion from the electrodes because of the large mis-
match between the low work function of ITO
(~4.7 eV) and the energy levels of the active organic
materials used in devices (/2, 13) (typically 5.7
to 6.3 eV). For example, the highest occupied
molecular orbital (HOMO) of commonly used host
materials in state-of-the-art phosphorescent
OLED:s is typically ~6 eV, which is much too deep
to directly inject charge from ITO.

As a result, multiple transport layers are required
to match the energy levels in a stepwise fashion. An
additional injection layer is also typically used, with
the most common examples being copper phthal-
ocyanine (/4), poly(3,4-ethylenedioxythiophene)
(PEDOT) (15), transition-metal oxides (/6), or
p-doped organic layers (/7—19). Each additional
layer that is required greatly increases the man-

ufacturing costs and also introduces additional
hetero-junctions into the device that can be detri-
mental to device stability and performance (20, 21).
A transparent electrode with a tunable high work
function that matches the energy levels of the
active organic material would avoid the require-
ment for multiple transport and injection layers.

To address this issue, we functionalized the sur-
face of ITO with a controlled amount of electro-
negative halogen atoms that were derived from an
inert halogenated solvent precursor that was acti-
vated with ultraviolet (UV) radiation. An air-stable
electrode with a work function greater than 6.1 eV
was achieved in the case of chlorinated ITO
(CI-ITO) without altering the surface roughness,
transparency, and conductivity of the electrode.
The tunable high work function enabled the fab-
rication of a highly simplified OLED with a high
efficiency and brightness.

To fabricate CI-ITO, we placed bare sub-
strates in a closed Pyrex reaction vessel with
o-dichlorobenzene and treated them with UV ra-
diation from a low-pressure mercury lamp (SEN
Lights PL16-110) for up to 10 min [see (22) for
details]. Cl radicals liberated from the solvent
displaced oxygen on the surface of the electrode.
After treatment with UV radiation, the substrates
were exposed to UV-generated ozone for an ad-
ditional 3 min to fully oxidize any residual chloro-
carbon fragments on the surface (fig. S3). X-ray
photoelectron spectroscopy (XPS) was used to
characterize the work function and surface com-
position of the CI-ITO electrode. The secondary
electron cut-off of CI-ITO as a function of in-
creasing UV treatment time from 0 to 10 min
monotonically shifted to lower binding energy,
indicating an increase in work function (Fig.
1A). The intensity of the CI 2p peak (Fig. 1B)
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