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Abstract

Crucial to the development of a microscopic theory of high transition temperature
(high-T,) superconductivity in the cuprates is the knowledge of the symmetry of the
order parameter characterizing the pairing of electrons in the superconducting state.
Cuprate superconductors with various crystal structures are known; however, all of
them exhibit a common feature, the copper oxide (CuOsz) plane where Cooper pairs
form. A cuprate essentially consisting of CuO, planes is therefore of special interest
because secondary effects, possibly stemming from too complex crystal structures,
can be ruled out in advance. This thesis explores the order parameter symmetry
of such a simple cuprate, the electron-doped infinite-layer cuprate Sr;_,La,CuO,
(SLCO), denoted as the parent structure of high-7, superconductors. Four kinds
of samples were fabricated and investigated, SLCO thin films, SLCO/gold/niobium
planar tunnel junctions (PTJs), SLCO grain boundary Josephson junctions (GBJs),
and an SLCO tetracrystal superconducting quantum interference device (SQUID).
Strong evidence for a predominant d,2_,2-wave (d-wave) symmetry of the order
parameter of SLCO was found experimentally.

As a basis for the experimental work, single crystalline SLCO thin films with dop-
ing z ~ 0.15 and maximum 7, = 22K were grown epitaxially by means of pulsed
laser deposition. [001]-oriented KTaOs and SrTiO3 single crystals were used as
substrates. In case of SrTiO3, a BaTiO3 thin film was deposited prior to SLCO,
acting as buffer layer. To induce superconductivity, the as-grown SLCO thin films
were annealed under reducing conditions, which is described in detail. The thin
films were characterized by reflection high-energy electron diffraction, atomic force
microscopy, x-ray diffraction, Rutherford backscattering spectroscopy, and electric
transport measurements at temperatures down to T = 4.2 K. The influence of dif-
ferent process parameters on the final SLCO and BaTiOj thin film properties is
discussed in detail.

To explore a potential s-wave component of the order parameter of SLCO, SLCO/-
gold /niobium PTJs were fabricated by in-situ thin film technologies. Measurements
of electric transport across these junctions did not exhibit any Cooper pair (CP)
tunneling, however, nonlinear current-voltage characteristics gave evidence for quasi-
particle (QP) tunneling across a thin insulating SLCO surface layer. To examine
its origin, x-ray photoelectron spectroscopy and x-ray Auger-electron spectroscopy
on SLCO thin film reference samples were performed, revealing a reduced copper
species as the reason for insulating behavior, which is likely to be formed during
post-deposition vacuum annealing of SLCO. Hence, PTJs could neither confirm nor
exclude a potential s-wave component of the order parameter but yielded technically
important information on the electronic state of the surface of SLCO.

To examine the superconducting gap and a potential d-wave specific subgap struc-
ture, SLCO GBJs were grown epitaxially on BaTiOs-buffered 24 © SrTiOgz bicrystals.
Both CP and QP tunneling was examined. CP tunneling revealed an extraordi-
nary high critical current density for electron-doped cuprates of j.z1kA/cm? at
T = 4.2 K. Thermally activated phase slippage was observed as a dissipative mech-
anism close to T, and Fiske and flux flow resonances were visible. Out-of-plane
magnetic fields H revealed remarkably regular Fraunhofer-like j.(H) patterns, as
expected for either s-wave superconductors or for d-wave superconductors with an
unfaceted grain boundary. By means of QP tunneling spectroscopy, the density of
states was found to be V-shaped, indicative of a d-wave order parameter symmetry,
with a zero-temperature energy gap Ay ~ 2.4meV. No d-wave specific zero-bias



conductance peak was observed, which is discussed in terms of extrinsic influences,
such as oxygen vacancies.

Since the order parameter symmetry of SLCO could not be pinpointed by the above-
mentioned GBJ experiments, a phase-sensitive test was performed. For that pur-
pose, an SLCO film was deposited on a BaTiOs-buffered STO tetracrystal and two
types of SQUIDs were patterned: a reference SQUID comprising one single grain
boundary and a probe SQUID comprising the tetracrystalline point. The reference
SQUID was designed to act as a conventional SQUID for both s-wave and d-wave
symmetry, whereas the probe SQUID was designed to induce a frustrated ground
state of the wave function only in case of d-wave symmetry. The magnetic field
dependence of the critical current and of the LC' resonance of the probe SQUID
gave strong evidence for a frustrated ground state, implying predominant d-wave
symmetry of the order parameter of SLCO.



Kurzfassung

Fiir die Entwicklung einer mikroskopischen Theorie der Hochtemperatur-Supralei-
tung in den Kupraten ist die Kenntnis der Ordnungsparameter-Symmetrie entschei-
dend, welche die Paarung der Elektronen im supraleitenden Zustand kennzeichnet.
Es sind Kupratsupraleiter mit verschiedenen Kristallstrukturen bekannt, aber alle
besitzen eine Gemeinsamkeit, die Kupferoxid (CuOs)-Ebene, in der sich die Cooper-
Paare bilden. Ein Kuprat, das im Wesentlichen aus CuOs-Ebenen besteht, ist daher
von besonderem Interesse, da Nebeneffekte, die moglicherweise von einer zu kom-
plexen Kristallstruktur herriithren, im Voraus ausgeschlossen werden konnen. Diese
Arbeit erforscht die Ordnungsparameter-Symmetrie eines solch einfachen Kuprats,
des elektronendotierten Unendlichschichters Srq_,La,CuO, (SLCO), der als Mutter-
struktur der Hochtemperatur-Supraleiter bezeichnet wird. Vier Arten von Proben
wurden hergestellt und untersucht, SLCO-Dunnfilme, planare SLCO/Gold/Niob-
Tunnelkontakte, SLCO-Korngrenzen-Josephson-Kontakte und ein supraleitendes S-
LCO-Tetrakristall-Quanteninterferometer (superconducting quantum interference de-
vice, SQUID). Es wurden deutliche experimentelle Hinweise auf eine dominante
dy2_,2-Wellen (d-Wellen)-Symmetrie des Ordnungsparameters von SLCO gefunden.
Als Grundlage der experimentellen Arbeit wurden einkristalline SLCO-Diinnfilme
mit einer Dotierung x ~ 0.15 und einem maximalen 7, = 22K mittels gepul-
ster Laserablation epitaktisch aufgewachsen. Als Substrate wurden [001]-orientierte
KTaO3- und SrTiOs-Einkristalle verwendet. Im Falle von SrTiOs; wurde vor dem
SLCO-Diinnfilm ein BaTiOs-Diinnfilm aufgewachsen, der als Pufferschicht diente.
Wie ausfiihrlich beschrieben wird, mussten die SLCO-Diinnfilme nach der Deposi-
tion unter reduzierenden Bedingungen getempert werden, um supraleitende Eigen-
schaften zu entwickeln. Die Diinnfilme wurden mittels Beugung hochenergetischer
Elektronen bei Reflexion, Raster-Kraft-Mikroskopie, Rontgenbeugung, Rutherford-
Riickstreu-Spektroskopie und elektrischer Transportmessungen bei Temperaturen
bis minimal T" = 4.2 K charakterisiert. Der Einfluss verschiedener Prozessparam-
eter auf die endgiiltigen Eigenschaften der SLCO- und BaTiOs-Diinnfilme wird
ausfithrlich behandelt.

Um eine potentielle s-Wellen-Komponente des Ordnungsparameters von SLCO zu
erforschen wurden planare SLCO/Gold/Niob-Tunnelkontakte mithilfe verschiedener
Diinnfilmtechnologien in-situ hergestellt. Elektrische Transportmessungen dieser
Kontakte zeigten keinen Cooper-Paar-Tunnelstrom, jedoch deuteten nichtlineare
Strom-Spannungs-Kennlinien auf einen Quasiteilchen-Tunnelstrom durch eine diinne,
isolierende SLCO-Oberfléchenschicht hin. Mithilfe von Réntgen-Photoelektronen-
Spektroskopie und Rontgen-Auger-Elektronen-Spektroskopie an SLCO-Dinnfilmen
als Referenz wurde eine reduzierte Form von Kupfer als Ursache des isolierenden
Verhaltens identifiziert, welche sich wahrscheinlich wéhrend dem Vakuum-Tempern
nach der Deposition bildete. Die planaren Tunnelkontakte konnten daher eine po-
tentielle s-Wellen-Komponente weder bestéatigen noch ausschliefen, aber sie lieferten
technisch relevante Informationen iiber den elektronischen Zustand der SLCO-Ober-
flache.

Um die supraleitende Energieliicke und eine d-Wellen-spezifische Struktur inner-
halb der Liicke zu untersuchen wurden SLCO-Korngrenzenkontakte auf BaTiOs-
gepufferten 24 ° SrTiOs-Bikristallen epitaktisch aufgewachsen. Sowohl das Cooper-
Paar- als auch das Quasiteilchen-Tunneln wurde untersucht. Das Cooper-Paar-
Tunneln zeigte eine fiir elektronendotierte Kuprate auflergewohnlich hohe kritische
Stromdichte von j.21kA/cm? bei T = 4.2 K. Thermisch aktivierter Phasenschlupf



wurde nahe T, als dissipativer Mechanismus beobachtet und Fiske-Resonanzen sowie
Resonanzen aufgrund von magnetischem Flussflieen waren sichtbar. Mithilfe eines
Magnetfelds H senkrecht zur Probenebene wurden auflergewohnlich regelmafige,
Fraunhofer-artige j.(H )-Muster nachgewiesen, wie sie entweder fiir s-Wellen-Supra-
leiter oder aber fiir d-Wellen-Supraleiter mit einer unfacettierten Korngrenze er-
wartet werden. Mittels Quasiteilchen-Tunnelspektroskopie wurde eine V-férmige
Zustandsdichte nachgewiesen, die auf eine d-Wellen-Symmetrie des Ordnungspa-
rameters hindeutete und bei T' = 0 einen Wert der Energieliicke von Ay &~ 2.4 meV
besaB. Eine d-Wellen-spezifische Zero-Bias-Anomalie wurde nicht beobachtet, was
in Bezug auf duflere Einfliisse, wie z.B. Sauerstoff-Fehlstellen, diskutiert wird.

Da die Ordnungsparameter-Symmetrie von SLCO mithilfe der oben erwédhnten Korn-
grenzen-Kontakte nicht eindeutig bestimmt werden konnte, wurde ein phasensensi-
tives Experiment durchgefiihrt. Dazu wurde ein SLCO-Diinnfilm auf einem BaTiOs-
gepuffertem SrTiOsz-Tetrakristall aufgewachsen und zwei Arten von SQUIDs struk-
turiert: ein Referenz-SQUID, das eine einzelne Korngrenze umfasst, und ein Versuchs
SQUID, das den tetrakristallinen Punkt enthélt. Das Referenz-SQUID war so aus-
gelegt, dass es sowohl bei s-Wellen- als auch bei d-Wellen-Symmetrie als gewohnliches
SQUID agiert, wohingegen das Versuchs-SQUID so ausgelegt war, dass es genau im
Falle einer d-Wellen-Symmetrie einen frustrierten Grundzustand der Wellenfunktion
induzieren wiirde. Die Magnetfeldabhéngigkeit des kritischen Stroms und der LC-
Resonanz des Versuchs-SQUIDs lieferten deutliche Hinweise auf einen frustrierten
Grundzustand, was auf eine dominante d-Wellen-Symmetrie des Ordnungsparame-
ters von SLCO schlieflen lief.
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Introduction

Motivation

In 1911, three years after the first liquefaction of helium, Heike Kamerlingh Onnes
discovered that the electric resistivity of mercury vanished at temperatures below
T = 42K! He called this new state the superconductive state. For 22 years,
superconductors were believed just to be ideal conductors, fully characterized by
their vanishing resistivity (p = 0). However, in 1933, Walther Meissner and Robert
Ochsenfeld experimentally found that superconductors also completely repel mag-
netic fields from their interior, irrespective of applying the magnetic field before or
after cooling the sample below the critical temperature 7,2. Thus, ideal diamag-
netism (E = () was found to be an intrinsic property of the superconducting state,
too, which helped to identify superconductivity as a thermodynamic phase. Only
two years later, the brothers Fritz and Heinz London developed a phenomenolog-
ical theory of superconductivity by extending Maxwell’s equations to account for
ideal conductivity and ideal diamagnetism?®. One of the main achievements of the
London theory was the explanation of diamagnetism by superconducting currents
in a surface layer of thickness Ay, shielding the interior from external magnetic flux.
However, in 1936 Lev V. Shubnikov discovered that in some superconducting al-
loys magnetic fields could penetrate the interior of the sample without destroying
the property of ideal conductance®®. Those superconductors were called type-II
superconductors to distinguish them from the abovementioned, ideally diamagnetic
type-I superconductors. In 1950, Vitaly L. Ginzburg and Lev D. Landau presented
their phenomenological theory of superconductivity®. The so-called GL theory is
based upon Landau’s theory of thermodynamic phase transitions”. To describe the
totality of superconducting charge carriers, a quantum mechanical wave function
U = Ujexp(ip) was introduced, which was furthermore identified with the order
parameter A known from Landau’s theory of phase transitions. In contrast to the
London theory, the GL theory included spatial variations of the superconducting
charge carrier density ny(7) = |¥(7)|*, leading to the prediction of another charac-
teristic length scale, the coherence length &g, which describes the distance upon
which ng can change. Alexei A. Abrikosov used the GL theory to show that the
ratio kK = Ap /gL determines the sign of the interface energy 0,5 between normal
and superconducting regions and could thereby explain the difference between type-I
and type-II superconductors®. According to his theory, type-II superconductors ex-
hibit negative 0,5, which makes normal-to-supercondunctor interfaces energetically
favorable, leading to the fragmentation of the inner flux to its smallest value, the
magnetic flux quantum ®,. Almost half a century after the discovery of supercon-
ductivity, in 1957, John Bardeen, Leon N. Cooper, and John R. Schrieffer presented
the microscopic explanation of superconductivity, the BCS theory®. One year ear-
lier, Leon N. Cooper had shown that an arbitrarily small attractive electron-electron



interaction is sufficient to allow electrons to form bound states, lowering the energy
of the system. Those bound states, called Cooper pairs, are made up of two electrons
(or holes) with opposite & vector and (in most cases) with opposite spin, i.e. {k 71,
& 1319 Consequently, the total spin of a Cooper pair is S = 0 and its total charge is
lg| = 2e. As pointed out by BCS, an attractive electron-electron interaction can be
mediated via lattice oscillations (phonons)'™? which was verified by experiments
addressing the mass of the lattice atoms'®!'*. An important consequence of the BCS
theory is that all Cooper pairs collectively occupy the same quantum state, i.e. they
form a macroscopic quantum state of matter. If a Cooper pair is broken, the two
single electrons, quasiparticles, occupy states which are no longer available to the
totality of Cooper pairs, increasing the energy of the system. Finally, in 1959, Lev
P. Gor’kov showed that the GL theory can be deduced from the BCS theory for
temperatures close to T, and the field of superconductivity seemed to be largely
understood ®.

Surprisingly, since 1979 several families of so-called unconventional superconductors
have been discovered. Simplifying, unconventional means that the pairing mecha-
nism cannot be explained in terms of phonon mediated electron-electron interaction
and that the superconducting energy gap has not an isotropic s-wave symmetry.
A more elaborate definition of unconventional supercondutivity takes account of
symmetry breaking during the second-order phase transition: in conventional su-
perconductors, only the one-dimensional global gauge symmetry is broken when T’
falls below T,., whereas in unconventional superconductors, at least one more sym-
metry is broken (see e.g. Tsuei et al.'®). Important families of unconventional su-
perconductors are the heavy fermion metals, discovered by Frank Steglich in 1979 in
CeCusSis 7, the cuprates, discovered by Johannes G. Bednorz and Karl A. Miiller in
1986 in Lay_,Ba,CuO4'®, and the iron-based pnictides/chalcogenides (FeSCs), dis-
covered by Yoichi Kamihara in 2008 in LaO;_,F,FeAs!'. At ambient pressure, to
date the maximum transition temperature is 77"* = 2.3 K in the heavy fermion met-
als?°, 135K in the cuprates?!, and 55 K in the FeSCs??. The latter two are therefore
denoted as high-T,. superconductors. Despite intense research and various techni-
cal applications, the microscopic mechanism of unconventional superconductivity
is still an open question. Only for the heavy fermion superconductors UPd,Als23
and CeCuySip??, the pairing mechanism could be explained by antiferromagnetic
excitons. Both in cuprates®® 27 and FeSCs?®2?, several experimental and theoretical
results propose a pairing mechanism driven by antiferromagnetic spin fluctuations,
which is however still under debate. Since the order parameter is dependent on the
pairing mechanism, the determination of its symmetry is of fundamental significance.
As a Cooper pair consists of two fermions, its wave function W (r) = x - ®(r) obeys
Fermi-Dirac statistics® 32, i.e. it is antisymmetric under the exchange of fermions.
Besides some exceptions, such as SroRu0,4%*% or UBe;3°%3", most superconductors
exhibit an antisymmetric spin wave function x = (|[11) — [{1)) /v/2 (with eigenvalue
S = 0) called singlet. Hence, the orbital part ®(#) of the wave function must be
symmetric, i.e. s-wave or d-wave like, corresponding to orbital angular momenta
L = 0 or 2, respectively. To this day, all electron-phonon mediated superconduc-
tors, such as niobium or lead, were found to be s-wave superconductors. For the
cuprates, a predominant d-wave order parameter3*° with only slight admixtures
of an s-wave component %4142 was detected. For the FeSCs, an s -wave was pro-
posed, consistently explaining most of the experimental data***® and theoretical
calculations?% 8. Finally, for the heavy fermion superconductors, both spin singlet
(e.g. in UPdyAl3%3) and spin triplet pairing (e.g. in UPt3%Y) was detected. However,



due to complex interactions between lattice and electronic system, the actual order
parameter symmetry of any of the heavy fermion superconductors has not yet been
unambiguously determined®®°! and p-, d-, and f-wave symmetry, as well as complex
combinations of them, have been proposed®*?3.

Despite their diversity, members of different families of unconventional supercon-
ductors display remarkable similarities. Firstly, they are all anisotropic layered su-
perconductors, i.e. their crystal is formed by quasi-two-dimensional superconducting
planes (i.e. rare earth/actinide planes in the heavy fermion superconductors, CuO,
planes in the cuprates, and FeAs planes in the FeSCs) and non-superconducting
blocks, alternately stacked along the c-axis direction. Secondly, in their phase dia-
gram, the superconducting phase is always in close proximity to an antiferromagnetic
phase®!. Thirdly, the magnetic ions (i.e. rare earth/actinide, Cu®", or Fe?"), which
are responsible for antiferromagnetism, are located in the superconducting planes. It
is thus tempting to ask for a common unconventional pairing mechanism within the
quasi-two-dimensional planes, probably closely related to antiferromagnetism. The
most promising way to explore this basic question is to examine the simplest member
of each family, which have unit cells essentially consisting of only one superconduct-
ing plane. The simplest member of the cuprates is the so-called infinite layer (IL)
compound ACuQO, (A = Ca or Sr)®* and the simplest member of the FeSCs is the
compound FeSe®, both exhibiting superconductivity under doping®®5". Although
several tests have firmly established predominant d-wave pairing in a number of
cuprates'®, the symmetry of the IL compound is still under debate® 7. It is thus of
fundamental interest, particularly with regard to the question of the pairing mech-
anism, whether d-wave pairing is inherent to all cuprate superconductors or if their
simplest member exhibits a different order parameter symmetry.

Aim and outline

The issue of this work was twofold. First, a fabrication process yielding supercon-
ducting SLCO thin films had to be established. Secondly, experiments addressing
fundamental properties of SLCO should be performed. The second part was driven
by the question of the order parameter symmetry of SLCO.

This work is organized as follows: It consists of four chapters. The first three
chapters refer to separate publications and the fourth chapter comprises data of a
manuscript in preparation. The chapters start with an introduction to outline the
physical context, followed by a summary of the publication or manuscript. This
work finishes with a summary and outlook. The publications are attached at the
very end of this work after the bibliography.

The first chapter deals with the fabrication of epitaxial SLCO thin films by means
of pulsed laser deposition. The main issue was to establish a process to reproducibly
synthesize superconducting SLCO thin films, the base of this work. The fabrication
process and the influence of different process parameters on the final thin film prop-
erties, as examined by various in-situ and ex-situ techniques, are described in detail.
In the second chapter, a study of SLCO/gold/niobium planar tunnel junctions is
presented. In addition, x-ray photoelectron spectroscopy and x-ray Auger-electron
spectroscopy were performed on SLCO thin film reference samples. All data is ex-
plained within one comprehensive model, giving a clear picture of the electric and
electronic state of the SLCO surface.



In the third chapter, electric transport properties of epitaxial SLCO grain bound-
ary Josephson junctions are discussed. Both Cooper pair and quasiparticle tunneling
was examined. The superconducting gap was analyzed by means of quasiparticle
tunneling spectroscopy, which is discussed with regard to the order parameter sym-
metry of SLCO.

In the fourth chapter, a phase-sensitive test of the order parameter symmetry of
SLCO is presented. In an SLCO tetracrystal superconducting quantum interference
device, strong evidence for a frustrated ground state of the wave function was found,
allowing for a determination of the order parameter symmetry of SLCO.



Chapter 1

Fabrication and characterization
of SLCO thin films

1.1 Introduction

Since the discovery of high transition temperature (high-7.) superconductivity in
copper oxides'®, tremendous work has been performed on these materials. Re-
searchers succeeded in increasing 7, from initially 30K to 135 K% ™ by synthesiz-
ing increasingly complex compounds. However, the microscopic mechanism causing
high-T, superconductivity still has not been identified and is one of the biggest is-
sues in solid state physics. It is therefore obvious, to ask what all these materials
do have in common - it is the copper oxide (CuO) plane where superconducting
charge carriers, Cooper pairs (CPs), form. A cuprate only consisting of CuO, planes
is therefore of special interest for all questions addressing the basics of high-T,. su-
perconductivity. Such a cuprate might help to identify the mechanism of high-T,
superconductivity because secondary effects, stemming from too complex crystal
structures and hiding the actual mechanism, can be ruled out in advance.

In 1988, Siegrist et al. succeeded in synthesizing such a simple cuprate®. Its crystal
is formed by stacks of CuO, planes along the c-axis direction, merely separated by a
single alkaline earth metal plane (A" = Ca, Sr or Ba), forming an A"CuO, crystal.
Formally, it is a member of the homologous series AJTAllCa,,_1Cu,,Og,.4 (Where
Al =TI or Bi) with n — 007", Hence, it is also called the infinite layer (IL)
compound. Common features of cuprate superconductors, such as apical oxygen or
charge reservoir blocks, are not present in the IL crystal™. Due to their simplicity,
the IL compounds are known as the parent structure of cuprate superconductors.
However, the undoped A"'CuO, crystal is not superconducting due to the lack of
free charge carriers in the CuO, planes. To induce electron doping, the divalent
alkaline earth metal A can be substituted partially by a trivalent lanthanide (LM
= La, Pr, Nd, Sm, or Gd) to form an A' LMCuO, crystal, or particularly as in
this work a Sri_,La,CuQ, crystal®®™™ with maximum 7T, ~ 43 K?6:73:7.76,

Some groups tried to synthesize hole-doped IL superconductors by partially substi-
tuting the alkaline earth metal by a monovalent alkaline metal, such as Li or Na.
However, these hole-doped IL compounds did not exhibit superconducting behav-
ior”™ ™. Azuma et al. reported on a hole-doped IL compound with 7, = 110 K.
Nevertheless, in this compound hole doping was induced by vacancies (possibly in
the A-planes) and not by stoichiometric substitution. The crystal structure is thus
not without controversy and might differ from the simple IL type®'. Therefore, only
the electron-doped IL compounds have been proven to be superconducting.



6 Fabrication and characterization of SLCO thin films

Besides IL compounds, only one more family of electron-doped cuprate superconduc-
tors is known. These are the T"-compounds. All other cuprate superconductors are
hole-doped, such as Las_,Sr,CuQO,4, YBayCuzO7, BisSroCaCuyOg, HgBayCaysCusOs,
and more. Electron doping is therefore rather an exception, making these materials
even more interesting for fundamental research. The T’-compounds are character-
ized by the chemical formula LY Ce,CuO,, where LM is a trivalent lanthanide
such as La, Pr, or Nd®?®3. They exhibit a charge reservoir block consisting of L,
Ce, and O, i.e. they have a more complex crystal structure than IL compounds.
Furthermore, their maximum 7, is about 15K below the maximum 7, of the IL
compounds 4.

To summarize, electron-doped IL compounds exhibit some unique features, which
make them particularly interesting for fundamental research. These features are the
simplest crystal structure among all cuprate superconductors, electron doping, and
the highest T, among electron-doped cuprate superconductors.

Despite their simple crystal structure, synthesizing superconducting IL compounds
is challenging. No large single crystals have been synthesized so far and the synthesis
of polycrystalline bulk material requires high pressure (~ 1 GPa)™ . To overcome
this problem, single crystalline IL thin films have been grown, where the high-
pressure phase is stabilized by epitaxial strain®-®". However, in the first attempts,
c-axis oriented SrTiOz (STO) was used as substrate®®. As the in-plane lattice
constant of STO (agro = 3.905 A)% is smaller than the in-plane lattice constant of
electron-doped IL compounds (ar, ~ 3.95A)%7  the IL thin films were compres-
sively strained. As a result, the IL thin films exhibited inferior superconducting
properties. This was explained by the fact that compressive strain compresses the
Cu—O0 bonds which in turn hampers electron doping of the CuQO, planes™. Hence,
the idea was to enhance the electron doping effect by epitaxially stretching the CuO,
planes. For that purpose, thin layers of a material with in-plane lattice constants
a > ay, were deposited on top of STO prior to the deposition of the IL thin films.
These layers, also called buffer layers, were able to provide tensile strain to the IL
thin films and to allow for electron doping of the CuO, planes. Indeed, supercon-
ducting IL thin films were fabricated with this method, however still with reduced
T,°79. Only one group succeeded in synthesizing IL thin films with 7, close to
the maximum value®. The key was to choose KTaO3 (KTO) as substrate, which
exhibits a large in-plane lattice constant axro = 3.988 A, making buffer layers re-
dundant. In a later work, the same group showed that they could further increase
T. by the choice of another substrate, DyScO3 (DSO). [110]-oriented DSO has an
in-plane lattice constant of ~ 3.944 A comparable to the in-plane lattice constant of
electron-doped IL bulk material, resulting in relaxed IL thin films with less defects
and superior superconducting properties®7.

In conclusion, compressive strain strongly suppresses superconductivity, whereas
tensile strain enables superconductivity to emerge®. However, best superconduct-
ing properties are obtained for relazed IL thin films®".

Moreover, it was found that directly after deposition, IL thin films contained excess
oxygen forming O%~ ions on interstitial sites in the A" LT planes. On the one hand,
interstitial oxygen localizes free charge carriers and on the other, it disturbs the crys-
tal lattice due to its large ionic radius, altogether suppressing superconductivity“®.
Therefore, as introduced for T’-compounds before?, a post-deposition vacuum an-
nealing step was applied to remove excess oxygen. Meanwhile, this reduction step
is a commonly used process for synthesis of superconducting IL thin films grown
by various techniques, such as sputtering!%%1%1 pulsed laser deposition (PLD)%%%
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and molecular beam epitaxy?7. However, too strong reduction not only removes
excess oxygen but also generates oxygen vacancies in the CuQO, planes, destroying
superconductivity ?%1%t. A secondary phase can be formed if these vacancies arrange
in an ordered structure, which is called the long c-axis phase or infinite layer-related
(IL-r) phase®s100:102.103 " Tts ynit cell 2v/2ay, x 2v/2ary, X ¢, is a superstructure of the
IL unit cell, where ajy, is the in-plane lattice parameter of the IL compound and c;
is the extended c-axis parameter of the superstructure (with ¢; ~ 3.6 A as compared
to er, ~ 3.4 A for the IL compound).

Hence, the main challenge in synthesizing superconducting electron-doped IL com-
pounds is to simultaneously reduce the A LI planes (e.g. Sr1_,La, planes) with-
out reducing the CuO, planes.

1.2 Summary of publication I

In this publication, we report on the fabrication of superconducting electron-doped
SLCO films by means of pulsed laser deposition and on their characterization by
in-situ and ex-situ techniques.

The fabrication process is described in detail. [001]-oriented STO and KTO single
crystals were used as substrates, which allowed epitaxial growth of c-axis oriented,
single crystalline SLCO films. Previous to the deposition of SLCO on STO, c-axis
oriented BaTiO3 (BTO) films with apro ~ 3.994 A were deposited epitaxially, act-
ing as buffer layers. In case of KTO, no buffer layers were deposited.

The growth mode, the evolution of the in-plane lattice constants, and the morphol-
ogy of the BTO and SLCO films were monitored in-situ by high-pressure reflection
high-energy electron diffraction. We observed a Stranski-Krastanov growth
mode, i.e. two-dimensional layer growth with admixtures of three-dimensional is-
land growth'%4, for both BTO and SLCO films. Moreover, we found that BTO films
almost completely relaxed after growth of a few unit cells and that asy,co increased
during vacuum annealing, as expected for removal of excess oxygen.

Atomic force microscopy revealed very flat surfaces of BTO and SLCO with
asperities in the range of 1 — 2 and 1 — 3 unit cells, respectively.

X-ray diffraction was used to check the crystal quality and lattice constants of the
thin films. Intensity oscillations in © — 20 scans, also known as Laue oscillations
or fringes, and narrow rocking curves indicated high crystalline quality of the BTO
and SLCO films. A comparison of the thin film lattice constants with literature bulk
values showed that BTO buffer layers were almost completely relaxed, SLCO films
on BTO-buffered STO (BTO/STO) moderately tensile strained, and SLCO films
on KTO highly tensile strained.

The stoichiometry of SLCO films on BTO/STO was determined by Rutherford
backscattering spectroscopy. A doping level of x &~ 0.15 was revealed, which
is slightly above the nominal doping of the polycrystalline target (x = 0.125) and,
according to literature, also above the doping level of SLCO polycrystals or thin
films with maximum 7, (z = 0.10)°%%.

Current-voltage characteristics and resistivity vs temperature were examined by
electric transport measurements. At T' = 4.2 K, we determined the critical cur-
rent density as j. &~ 2 x 105 A /ecm?, comparable to the value reported for electron-
doped T"-compounds*. The maximum 7, of the SLCO films was 22 K. This reduced
value was explained by overdoping and by defects, such as excess oxygen, vacan-
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cies, or dislocations. Moreover, despite exhibiting different degrees of tensile strain,
SLCO films on BTO/STO and SLCO films on KTO showed comparable electric

transport properties.

Furthermore, we discuss the influence of different process parameters on the final
thin film properties, such as varying excimer laser energy Ej, target-to-substrate
distance drg, deposition pressure po,, vacuum annealing time ¢, and vacuum anneal-
ing temperature 7,. We show that these parameters directly influence the oxygen
content of the thin films and hence their electric transport properties.



Chapter 2

Planar SLCO/Au/Nb tunnel
junctions

2.1 Introduction

A tunnel junction consists of two electrodes separated by a thin layer acting as
tunneling barrier. For both application and fundamental research, tunnel junc-
tions have shown to be helpful devices. In case of superconducting (S) electrodes,
the tunneling barrier can be insulating (I) or normal conducting (N) and the cor-
responding tunnel junction is denoted as SIS-type or SNS-type tunnel junction®.
Both Cooper pair (CP) and quasiparticle (QP) tunneling can be observed in su-
perconducting tunnel junctions: If CPs are able to tunnel, the tunneling current is
a supercurrent and no voltage drop occurs between the two superconducting elec-
trodes. The physics underlying this scenario is known as Josephson tunneling, which
is described by the two Josephson equations j, = josind and V = ®,/(27) -9 (where
js =supercurrent density, j, = critical supercurrent density, 6 =phase difference
between electrodes, V' =voltage between electrodes, and ®; = magnetic flux quan-
tum) 196107 The CP tunneling current is usually denoted as Josephson current.
If the tunneling current cannot be sustained by the Josephson current, e.g. if the
tunneling current density exceeds jy or if the barrier is too thick so that CPs are
broken, the tunneling current is mediated by QPs, i.e. unpaired charge carriers, and
a finite voltage V # 0 occurs. QP tunneling is known as Giaever tunneling 0199,
It gives insight into the QP density of states N;(e) of the superconducting elec-
trodes ¢ = 1 and 2, which follows directly from the elastic tunneling model, yielding
J(V) o< [, de|D(e)” - Ni(€) - No(e+eV) - [f(€) — f(e+ eV)] (where e = QP energy
with respect to the Fermi energy, D = tunneling matrix element, and f = Fermi
distribution). Thus, superconducting tunnel junctions are powerful tools to study
the electronic properties of the underlying superconducting materials, with both CP
and QP tunneling.

A planar tunnel junction (PTJ) is a special kind of tunnel device, where the tunnel
junction area is defined by overlapping electrodes. Superconducting low-7, PTJs
based upon the well-established Nb/Al-Al,O3/Nb trilayer technology can be syn-
thesized with fair reproducibility and solid superconducting properties!'®. The ap-
plicability of such low-T, PTJs is large. For example, arrays of low-7, PTJs are
currently used as voltage standards''! and single or multichannel SQUID systems
based upon such PTJs are used for SQUID microscopy imaging!'?!!3 or biomag-

*Combinations, such as SNINS- or SINIS-type tunnel junctions, are also possible.
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netic imaging (magnetoencephalography) 4115 Besides applications, low-T, PTJs

are also widely used for fundamental research, e.g. for studying the dynamics of
fluxons in Josephson junctions .

Although high-T. PTJs could increase the operation temperature for many appli-
cations, they are essentially used for fundamental research. They offer the great
opportunity to study the electric transport properties of the electrode material(s)
along distinct directions because the net supercurrent flows perpendicular to the PTJ
area (see e.g. Tanaka et al.''7). For example, if an s-wave superconductor (such as
Pb) is deposited on top of a c-axis oriented superconductor (such as YBayCuzO7),
the electric transport properties of the latter along its c-axis can be studied. Such
experiments were carried out on several cuprate superconductors to determine a
possible s-wave contribution to the dominant d-wave order parameter*''®. The
idea is as follows: A pure d-wave order parameter has lobes of equal amplitude but
of opposite sign within the a-b-plane, thus, the net c-axis Josephson current in a
PTJ should vanish. However, if there was a small s-wave contribution, a finite net
c-axis Josephson current should occur. Indeed, PTJ experiments on c-axis oriented
cuprates, such as YBayCuzO7 4518119 Nd,_,Ce, CuO,'?°, and BiySroCaCuyOg'?!,
with Pb as counter electrode verified the presence of a finite subdominant s-wave
component.

However, not only the (intrinsic) order parameter symmetry of the adjacent elec-
trodes is decisive for the amplitude of the Josephson current, but also several extrin-
sic effects: Since PTJs comprise at least two surfaces (one between each electrode
and the barrier), they are highly susceptible to the influence of defects preferentially
located at surfaces, such as contamination, lattice defects (dislocations or surface
reconstruction), and off-stoichiometry (impurity atoms or vacancies). In case of
superconducting electrodes, these defects can lead to a suppression of the order pa-
rameter near the surface and hence to a disappearance of the Josephson current.
However, in most cases, as in the examples given above, a finite Josephson current
is required and the fabrication process has to be optimized to minimize the influence
of surface defects.

In conclusion, PTJs are essential for both application and fundamental research,
capable to yield information on the order parameter symmetry and on surface prop-
erties of the underlying material. Therefore, we have fabricated and characterized

the first SLCO/gold/niobium (SLCO/Au/Nb) PTJs. These studies are presented
in the following section 2.2.

2.2 Summary of publication 11

In this publication, we report on electric transport measurements of SLCO/Au/Nb
PTJs as well as on x-ray photoelectron spectroscopy (XPS) and x-ray Auger-electron

spectroscopy (XAES) performed on SLCO thin films. We identified a reduced SLCO
surface layer which is probably insulating.

In-situ grown PTJs with SLCO thin films as bottom electrode, thin gold (Au) inter-
layers and niobium (Nb) thin films as top electrode were fabricated for the first time
and used for electric transport measurements. SLCO thin films were single
crystalline and c-axis oriented. Our in-plane transport data show that below the
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Nb transition temperature both electrodes are in the superconducting state. Out-
of-plane electric transport measurements across the planar SLCO/Au/Nb tunnel
junctions provide information on the interface and surface properties of the SLCO
thin films. No Josephson current was observed. However, nonlinear current-voltage
characteristics gave evidence for QP tunneling. An analysis of the QP conductance
curves revealed a single gap value A ~ 1.4meV at T' = 4.2 K, which is characteristic
for superconducting Nb. No superconducting SLCO gap was observed.

An interpretation of all these observations within the elastic tunneling model (see
section 2.1) indicates a stacking of superconducting SLCO (bulk)/normal conduct-
ing SLCO/insulating SLCO (tunneling barrier) /superconducting Au/Nb along the
sample normal. We further expect that the normal conducting/insulating SLCO
surface layer is formed during vacuum annealing of the SLCO thin film right after
growth.

In order to check the interpretation of our electric transport data, we examined
the electronic structure and valence states of the SLCO surface layer. This was
done by performing XPS and XAES measurements on SLCO thin films, which
were fabricated under nominally identical conditions as used for the bottom SLCO
electrode in the planar SLCO/Au/Nb tunnel junctions. Upon tilting the SLCO
thin films (reducing the XPS/XAES information depth from ~ 6nm to ~ 3nm),
we identified a reduced surface component (with Cu valence +1 or 0) and an ox-
idized bulk component (with Cu valence +2) via XPS measurements'?>'?*. The
observation of Cu?* in the bulk indicates fully oxidized CuQO, planes, as expected
for superconducting cuprates. In order to distinguish between Cu'* and Cu® at the
surface, XAES measurements were performed additionally, finally identifying Cu'*
to be present in the surface layer.

Furthermore, x-ray diffraction data on SLCO thin films indicated a disordered
layer of ~ 3nm thickness, probably at the SLCO surface, which is consistent with
both the XPS/XAES data and the out-of-plane transport data.

We can consistently interpret all our data, if we assume that the SLCO surface
layer with Cu'* is insulating. A likely scenario for its formation is the formation
of a gradient of disordered oxygen vacancies along the SLCO film normal within
the uppermost few nm. This could be due to the annealing step right after thin
film deposition, and hence should occur for both the SLCO thin films and for the
SLCO thin films within the SLCO/Au/Nb trilayer structures. On the one hand,
such a gradient of oxygen vacancies can explain the XPS/XAES data (i.e. change
in Cu valence states from +2 in the bulk to +1 on the surface). On the other
hand, such a gradient can be assumed to change the SLCO thin films from super-
conducting to normal conducting and finally insulating along the surface normal,
close to the SLCO thin film surface or SLCO/Au interface. This is supported by
our out-of-plane transport data. Hence, our electric transport data for the planar
SLCO/Au/Nb tunnel junctions are fully consistent with the XPS/XAES and XRD
data on our SLCO thin films.

Finally, by high-temperature vacuum annealing in the XPS/XAES setup, we trans-
formed one of the SLCO thin films from the IL phase into the infinite layer-related
(IL-r) phase and performed the first XPS/XAES studies on the latter one. We
showed, that the unit cell of the insulating IL-r phase contains mixed Cu valences
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(+1 and +2). A comparison of the IL-r spectra with the IL spectra allowed us
to pinpoint the spectral lines of the superconducting IL phase, in consistence with
literature '?°.

In conclusion, we fabricated the first PTJs based upon SLCO and showed that
the absence of CP tunneling is due to a thin reduced SLCO surface layer. Opti-
mized future samples, without reduced surface layer, might exhibit CP tunneling
and provide information on a possible s-wave component of the order parameter of

SLCO.



Chapter 3

SLCO grain boundary Josephson
junctions

3.1 Introduction

The Josephson effect takes place at weak electrical coupling of two superconduct-
ing regimes!%%1%7 Such a coupling can be realized in various ways, one example
is given by PTJs described in chapter 2. Since cuprate superconductors exhibit a
small coherence length £qp, 2%, distortions on the atomic length scale, as realized
by grain boundaries, can already act as weak links forming a Josephson junction.
To create artificially one such grain boundary Josephson junction (GBJ), a cuprate
thin film can be grown epitaxially on a bicrystalline substrate!?”. Such a substrate
is composed of two tilt single crystalline grains comprising one grain boundary,
which is transferred to the thin film during growth. Other possibilities to create
GBJs are given by biepitaxial %12 or step-edge'3°1%? techniques, as summarized
by Hilgenkamp et al.'33.

The importance of GBJs in cuprate superconductors has been demonstrated by
various experiments®3 135, Chaudhari et al.'3¢ realized the first single YBCO GBJ
and verified its functionality as a weak link. They further motivated the fabrication
of high-T,. SQUIDs based upon GBJs, which could be used for scientific and practical
purpose at temperatures up to the boiling point of liquid nitrogen (Tx, = 77K). In
the aftermath, the optimization of high-T, SQUIDs has paved the way for numerous
applications 37, such as magnetocardiology *%13% or SQUID microscopy '*°.

Regarding fundamental research, high-T, GBJs play a decisive role in experimental
tests on the order parameter symmetry of cuprates'®. An indication for d-wave
pairing is the observation of a zero-bias conductance peak (ZBCP) in QP tunneling
spectra, which shall be described briefly. As demonstrated by Hu et al.'*!, repeated
Andreev reflections'¥*!%3 of QPs at a superconductor/normal conductor (S/N) in-
terface can lead to the formation of bound states at zero QP energy (¢ = Er = 0) if
the incident and specularly reflected QPs experience gap potentials of opposite sign.
These so-called Andreev bound states (ABS) give rise to an increased zero-energy
QP density of states N (e = 0), which can be observed as a ZBCP in the QP tunnel-
ing spectra of S/N tunnel junctions!*1144145  The observation of ZBCPs in various
hole-doped '571%1 and electron-doped %2715 cuprate tunneling junctions was consis-
tently ascribed to the d-wave symmetry of the underlying materials'®. However, as
there are alternate mechanisms that could give rise for a ZBCP ™18 it is the task
of the experimenters to show that the observed ZBCPs can be traced back to ABSs
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in order to prove d-wave symmetry'®®. Moreover, the absence of a ZBCP cannot

be interpreted as evidence for s-wave pairing, as done primarily for Ndy_,Ce,CuQOy4
for example!4*1%°, Subsequent experiments identified Nd,_,Ce,CuQ, as a d-wave
superconductor %4192 demonstrating that the ZBCP had been suppresed for some
other reason, such as disorder at the S/N-interface!%® or a too thick tunneling bar-
rier 164,165

Besides ZBCPs, the shape of the QP tunneling curves can also serve as an indica-
tion for the order parameter symmetry. For a fully gapped order parameter, such
as s-wave, the subgap conductivity is U-shaped, while for an order parameter with
nodes, such as d-wave, a V-shape is obtained, which is a direct consequence of the
absence or presence of QP states close to the Fermi energy, respectively '%6. Thermal
smearing'%” and lifetime limiting processes!'®® are rounding the spectra but do not
change the substantial shape of the subgap conductivity.

To lay the foundations for all kinds of experiments based on GBJs, we fabricated
the first IL GBJs and examined their electric transport properties. The CP and QP
tunneling results are presented in the following section 3.2.

3.2 Summary of publication III

In this publication, we report on the fabrication and characterization of bicrystalline
SLCO GBJs. CP and QP tunneling was observed. Differences and similarities to
hole-doped and electron-doped (7"-compound) cuprate GBJs are discussed, giving
insight into basic properties of IL. compounds.

To fabricate SLCO GBJs, SLCO thin films were grown by pulsed laser deposition
on BTO-buffered 24° [001]-tilt symmetric STO bicrystals, as described in section
1.2. As confirmed by x-ray diffraction, SLCO thin films were c-axis oriented and
current flow was restricted to the a-b-plane.

Initially, CP tunneling was examined at various temperatures (42K < T <
19K = T.) without magnetic field. Current-voltage I(V') characteristics showed
resistively and capacitively shunted junction (RCSJ)-like behavior %17, Numerical
RCSJ simulations including thermal noise allowed us to determine specific properties
of SLCO GBJs, such as the maximum Josephson current density jo = 1.4kA/cm?,
the capacitance per junction area ¢ ~ 50 uF/cm?, and the areal resistance p, =
0.13 uQem? at T = 4.2 K, which shall be discussed briefly.

The jo value is two orders of magnitude above that of corresponding GBJs from
electron-doped T"-compounds!™172 thus, probably the highest reported j, value
for electron-doped cuprate GBJs. Furthermore, the product jop, ~ 0.18 mV is com-
parable to that of electron-doped GBJs, which did not exhibit a ZBCP'™H172 but
1-2 orders of magnitude smaller than that of hole-doped and electron-doped GBJs,
which did exhibit a ZBCP %173 However, the small value of jop, falls right on the
scaling line jop, o< 1/p,'*° found for YBCO GBJs'™, which is related to the oxy-
gen stoichiometry at the tunneling barrier'7. It is thus probably a fingerprint
of oxygen vacancies due to vacuum annealing right after deposition (see chapter
1). According to the intrinsically shunted juntion model'™, barrier defects act as
localized states, which enable resonant QP tunneling (explaining the small value of
Jopn) and reduce the energy gap A at the barrier. Furthermore, as pointed out by
Deutscher et al.'™, reduction of A yields a quadratic behavior jo oc (1—T/T.)? close
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to T,, which is in accordance with our jo(7") data and hence supports the assumption
that oxygen vacancies are present in the barrier.

As reported for YBCO'" and NCCO GBJs!™, we observed a foot structure in the
resistance R versus temperature T curves just below 7., which is due to thermally
activated phase slippage, as described by Ambegaokar and Halperin'™ in full con-
sistency with our data.

CP tunneling was examined in out-of-plane magnetic fields H at fixed tem-
perature T = 4.2 K. A Fraunhofer-like modulation pattern of the critical current
Je versus H implied homogeneous current distribution across the junctions, as usu-
ally observed for s-wave superconductors. However, regarding d-wave pairing, this
observation could also be explained if the grain boundary was unfaceted®3. By
analyzing the j.(H) patterns of GBJs with various widths w, we found that the
oscillation period AH oc w2 instead of w™!, which was explained by flux focusing
in thin films!'7®.

Finally, we observed Fiske resonances!™ and flux flow resonances!'®® as magnetic
field dependent features in the I(V') curves*. Since both resonances are related to
the propagation of electromagnetic waves in the junction, we could determine the

phase velocity (Swihart velocity)!'® to cg & 3.1 - 10°m/s, comparable to literature
values for YBCO GBJs!82:183,

80

The superconducting energy gap A was examined by means of QP tunneling
spectroscopy. For that purpose, differential conductance curves dI/dV (V) were
measured with lock-in technique, giving insight into the density of states of SLCO,
as explained in section 2.1. As for other cuprates, the gap was found to be V-shaped
in the subgap regime, which became more pronounced for decreasing temperature,
suggesting that nodes are present in the superconducting order parameter and hint-
ing at d-wave symmetry. The zero-temperature energy gap was extrapolated to
Ay =~ 2.4meV and the reduced gap ratio to 2A¢/(kpT.) =~ 3.0, in line with results
obtained on other T"-compound thin-film GBJs, where 2A/(kpT,) ~~ 2.8 —3.51%6:184,
For a d-wave order parameter, we would have expected ZBCPs which, however, were
absent in the QP tunneling spectra. This could be due to a suppression, e.g. by
strong disorder at the barrier, or due to an order parameter without sign change,
such as s-wave.

To summarize, we fabricated the first IL GBJs and found both similar and dif-
ferent electric transport properties as compared to GBJs made of other cuprates.
Regarding the order parameter symmetry of SLCO, some data suggested s-wave,
whereas others suggested d-wave pairing. Finally, the results on SLCO GBJs created
the base for further experiments, such as fabrication of SLCO tetracrystal SQUIDs,
which will be the topic of the following chapter 4.

*A Fiske resonance is a resonant interaction of the Josephson ac current with a standing elec-
tromagnetic wave in the cavity of the Josephson junction.
A flux flow resonance occurs, when Josephson vortices are accelerated by a bias current-induced
Lorentz force up to the phase velocity of electromagnetic waves in the Josephson junction.
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Chapter 4

SLCO 0- and 7-SQUID

4.1 Introduction

A class of phase-sensitive experiments allowing for a determination of the order pa-
rameter symmetry makes use of flux quantization in superconducting rings!8%156,
Due to phase coherence, a superconducting ring containing one m-junction® exhibits
a frustrated ground state of the wave function with a finite circulating supercurrent,
creating half a flux quantum (£®,/2). Crucial to the development of a 7-junction
is the sign change of the order parameter. Consequently, the observation of the
half-flux-quantum effect in such rings directly implies the existence of a m-junction
and unambiguously implies unconventional order parameter symmetry. Wollman
et al. fabricated the first 7-SQUID, a YBayCu3O7-Pb corner SQUID, which is a
superconducting loop comprising one m-junction and one conventional junction (0-
junction)3®. The half-flux-quantum effect was sensed by electric transport measure-
ments, yielding d-wave pairing in YBayCu3O;. Tsuei et al. followed this idea and
fabricated an epitaxial tricrystalline YBay;Cu3O7ring, comprising two grain bound-
ary O-junctions and one 7-junction®’. For that purpose, YBayCuszO;was grown epi-
taxially on a designed misoriented tricrystalline Sr'TiO3 substrate, resulting in a frus-
trated ground state and creating half a flux quantum within the tricrystalline ring.
They used scanning SQUID microscopy to image the half flux quantum and prove d-
wave pairing both in hole-doped3%#7 190 and electron-doped!'®! cuprates. Based on
the same idea!%!, other groups fabricated grain boundary m-SQUIDs on tetracrys-
talline substrates, both with hole-doped 9219 and electron-doped cuprates'®t. As
for tricrystalline rings, the geometry involved is designed to be frustrated for d-wave
pairing, i.e. the SQUID loop comprises one 0-junction and one 7w-junction if the order
parameter has d-wave symmetry. So far, all experiments based upon the idea of flux
quantization in superconducting rings yielded d-wave order parameter symmetry for
the cuprates and set an upper limit for a possible s-wave contribution to a few per-
cent. However, regarding electron-doped cuprates, only 7"-compounds 61192194 byt
no IL compounds have been examined with this method; except for the present work,
all experiments on IL compounds have only been performed on polycrystalline bulk
material or single crystalline thin films, but no Josephson devices, such as GBJs or
SQUIDs, have been fabricated. It is thus an issue to determine whether d-wave pair-
ing is inherent to all cuprate superconductors or if their simplest member exhibits a
different order parameter symmetry®® %7, underscoring the need for phase-sensitive
experiments on the IL compounds.

*A m-junction exhibits an inherent phase jump of 7 in the ground state, corresponding to a
negative critical current density js = jo sin(d + 7) = —jo sin(d).



18 SLCO 0- and m-SQUID

4.2 Summary of manuscript in preparation
In this section we present data of a manuscript in preparation.

J. Tomaschko, V. Leca, J. Nagel, T. Selistrovski, R. Kleiner, and D. Koelle,
Phase-sensitive evidence for d,z2_,2-wave order parameter symmetry in the parent
structure of high-T, cuprate superconductors Sri_, La, CuQOy

Using the same technique as presented in chapter 1, we fabricated SLCO dec SQUIDs
on BTO-buffered STO tetracrystals. The tetracrystal contains three identical 30 °
[001]-tilt symmetric grain boundaries and a fourth grain boundary with misori-
entation angle ¥ = 0°, as shown in Fig. 4.1. The thickness of the BTO buffer
layer is 25 nm and the thickness of the SLCO film is 22nm. Additionally, a 10 nm
thick gold layer was evaporated in-situ, protecting SLCO from degradation and act-
ing as resistive shunt for the GBJs. The midpoint of the resistive transition was
T, = 17.5K and the transition width was AT, = 1 K. The film was patterned by
photolithography and Argon ion milling to form the SQUID structures schemat-
ically shown in Fig. 4.1. Both SQUIDs have identical geometries but are tilted
by 30° with respect to each other. The left hand SQUID was patterned such
that its two junctions are formed only along a single grain boundary. Its junc-
tions have a width of w = 50 um, whereas the junctions of the right hand SQUID
have a width of w = 50 um/ cos(30°) = 58 um. The area of the rectangular hole is
A = 50pum x 75 pm in both cases. The hole of the right hand SQUID in Fig. 4.1
contains the tetracrystal point. Since the junctions along grain boundaries 1 and 4
are much wider (~ 1mm) than those along 2 and 3, the former ones do not play
an active role. Furthermore, grain boundary 4 is not a Josephson junction because
its misorientation angle is ¢ = 0°. Thus, the two active junctions of the right hand
SQUID are located at grain boundaries 2 and 3.

The crystallographic orientations of the tetracrystal were chosen to form a frustrated
ground state for the right hand SQUID if the superconductor is a d-wave supercon-
ductor. In this case, one of the two active junctions is a m-junction, as indicated
by the lobes of the potential d-wave order parameter in Fig. 4.1; we therefore refer

Figure 4.1: Schematic layout of
the investigated SQUIDs. The -
design SQUID comprises four grain
boundaries (dashed lines, 1-4). The
misorientation angle of grain bound-
ary 4 is 9 = 0°. The other grain
boundaries are 30° [001]-tilt sym-
metric. The 0-design SQUID com-
prises a single grain boundary. Cur-
rent I and voltage V pads are in-
dicated. = The lobes of a poten-
tial d-wave order parameter are also
shown, where sign change is indi-
cated by black and white.

0-design n-design

—
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to this SQUID as the m-design SQUID. In the case of an s-wave superconductor,
this SQUID is a conventional SQUID. The left hand SQUID is made such that a
conventional SQUID is formed for both d-wave and s-wave pairing; we therefore
refer to this SQUID as the 0-design SQUID. Actually, two such 0-design SQUIDs
were patterned, both yielding consistent data. For simplicity, we only present data
of one 0-design SQUID.

Electric transport measurements were performed in a four-point configuration, with
the sample mounted inside a noise-filtered and radio frequency shielded probe in
a liquid-helium dewar. Magnetic pu-metal shielding yielded a background magnetic
field puoHy ~ 10nT, as described below. A SQUID amplifier was used to allow for
low-noise measurements with voltage noise S‘l// > ~ 100pV/vHz. Magnetic fields
were applied along the [001]-direction, i.e. perpendicular to the film plane.

On the left hand side of Fig. 4.2, typical current I vs voltage V' curves are shown
for two different values of an applied magnetic field, for the m-design [Fig. 4.2 (a)]
and for the 0-design SQUID [Fig. 4.2 (c)]. On the right hand side of Fig. 4.2, the
corresponding simulations including thermal noise are shown, yielding good agree-
ment with the measured data. Note, that in Fig. 4.2 (b) an intrinsic phase difference
0y = m between the two junctions was used for simulation. For the m-design SQUID,
the unperturbed critical current per junction was determined as Iy = 12.0 uA, corre-
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Figure 4.2: Left images show current I vs voltage V' of the 7-design (a) and 0-design
SQUID (c) measured at T' = 4.2K for an applied field pugH = 0.01 T that cancels out
the background field and hence minimizes or maximizes the critical current (solid lines),
and for the smallest magnetic field that causes a maximum or minimum of the critical
current (dashed lines). Right images show corresponding simulations of I(V') curves for a
m-SQUID (b) and for a 0-SQUID (d). Measured data is superimposed as gray curves.
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sponding to a critical current density jo = 0.94 kA /cm?. The characteristic voltage
was found to be V., = I[(R,, = 10.6 1V, i.e. the normal state resistance of the Joseph-
son junctions was R, = 0.88{). The Stewart-McCumber damping parameter was
determined as 3, = 2r[yR2C/®y = 0.65, i.e. the Josephson junctions are over-
damped and have a capacitance C' = 23 pF. The inductance parameter was deter-
mined as f; = 2L,/ Py = 1.9, yielding an inductance L ~ 160 pH. The inductance
asymmetry parameter'®® was determined as o = 0.05. For the 0-design SQUID,
the simulation yielded Iy = 8.2 uA, jo = 0.75kA/cm? V., = 7.6 uV, R, = 0.93Q,
B = 0.50, C' = 23pF, B, =14, L =180 pH, and oy = 0.05. The broad resonances
centered at Vies = 7.0 4V and 7.5 4V for the m-design and for the 0-design SQUID,
respectively, will be discussed later.

On the left hand side of Fig. 4.3, the critical current I. vs magnetic field poH at
T = 42K is shown for the m-design [Fig. 4.3 (a)] and for the 0-design SQUID
[Fig. 4.3 (¢)]. The very low voltage noise of the SQUID amplifier allowed to use a
voltage criterion V, = 50nV. The simulations on the right hand side of Fig. 4.3 were
performed with the same parameters as used for /(V') simulations in Fig. 4.2 and
show good agreement with the measured data. For the m-design SQUID, an abrupt
deviation between simulated and measured data is visible at finite magnetic fields
(see inset of Fig. 4.3 (b)), which will be discussed at the end of this section. Note,
that for the m-design SQUID an intrinsic phase difference ¢ = 7™ between the two
junctions was used for simulation, whereas for the 0-design SQUID no such phase dif-
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Figure 4.3: Left images show critical current I, vs magnetic field H of the m-design (a)
and 0-design SQUID (c) measured at 7" = 4.2 K with voltage criterion V. = 50nV. Insets
show an expanded view of the zero-field minimum and maximum. Right images show
corresponding simulations of I(V') curves for a m-SQUID (b) and for a 0-SQUID (d) with
parameters as given in Fig. 4.2. Measured data is superimposed as gray curves.
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ference was used. From the SQUID oscillation period pog AH = ®g/Aeg = 0.133 uT
(m-design) and 0.176 T (0-design), the flux focusing factors were calculated as
F = Ag/A = 4.1 and 3.1, where A.g denotes the effective SQUID hole area.
The oscillation period of the sinc-shaped envelope (which is due to the finite width
of the Josephson junctions) was determined as pg AH =~ 1.1uT for the m-design
and ~ 1.4 uT for the 0-design SQUID, which is in good agreement with theoreti-
cal values including flux focusing in thin films (g AH = 1.84®q/w? = 1.13 uT and
1.52 uT, respectively) ™. A remarkable difference between the I.(H) patterns of the
two SQUIDs is visible at approximately zero magnetic field: whereas the m-design
SQUID exhibits an unconventional minimum of I.(H) at zero field, the 0-design
SQUID exhibits a maximum (see also insets in Fig. 4.3 (a) and (c)). Such a be-
havior is indicative for a superconductor with d-wave order parameter symmetry, as
previously demonstrated by similar experiments on other cuprates!'92 194,

We next show that this unconventional behavior was not mimicked by a shift of
the SQUID oscillation pattern along the magnetic field axis due to background
fields, trapped flux, or asymmetries of the SQUID. From the symmetry axis of the
sinc-shaped envelope of the I.(H) patterns, the background field is determined as
poHy ~ 10nT for both SQUIDs!'%. As the minimum of the 7-design SQUID oscilla-
tion pattern is also centered at this specific field value, the background field can be
excluded as a possible origin for the unconventional behavior. Regarding trapped
flux, both observed I.(H) dependencies could only be explained by the following sce-
nario: During any cooling cycle, exactly ® = (2n + 1)®/2 has to be sensed by Acg
of the m-design SQUID and ezactly ® = n®, has to be sensed by A.g of the 0-design
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Figure 4.4: Left images show voltage V' vs magnetic field H of the m-design (a) and
0-design SQUID (c) measured at T' = 4.2K for different bias currents /. Right images
show corresponding simulations of V(®) curves for a 7-SQUID (b) and for a 0-SQUID (d)
with parameters as given in Fig. 4.2.
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SQUID (n € IN), and the Josephson junctions of both SQUIDs have to be free from
flux. This scenario appears extremely unlikely and we also mention that after numer-
ous thermal cycles the I.(H) patterns of both SQUIDs were always identical (except
for small variations of the background field g AHy &~ +10nT), while trapped flux
should lead to remarkable deviations of the I.(H) patterns from run to run. We
thus conclude that trapped flux does not account for the observed unusual I.(H) de-
pendence of the 7w-design SQUID. Finally, we can also exclude SQUID asymmetries
as possible origin. As mentioned above, the inductance asymmetry parameter was
determined as o = 0.05, which is too small to shift the SQUID oscillation pattern
of the m-design SQUID by half a period. Furthermore, the current asymmetry ay,
the resistance asymmetry ap, and the capacitance asymmetry a¢ ' were found to
be close to zero, as shown by simulation of a set of V(®) curves (see Fig. 4.4).

To summarize, extrinsic effects can be excluded as possible origin for the observed
zero-field minimum in the I.(H) curve of the m-design SQUID. Thus, it is concluded
that the intrinsic phase difference d¢p = 7 inherent to d-wave order parameter sym-
metry accounts for the abovementioned observation. This implies predominant d-
wave order parameter symmetry of SLCO.

We next turn to the resonances visible in the I(V) curves of Fig. 4.2. An LC
resonance of the SQUID loop can be excited by the ac Josephson currents if the
Josephson frequency f; = V/®y matches the resonance frequency of the SQUID
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Figure 4.5: Left images show current I vs magnetic field H of the m-design (a) and
0-design SQUID (c) measured at T" = 4.2K at the voltage Vies of the LS resonance.
Insets show an expanded view of the zero-field maximum or minimum. Right images show
corresponding simulations of I(®) curves for a 7-SQUID (b) and for a 0-SQUID (d) with
parameters as given in Fig. 4.2. Measured data is superimposed as gray curves.
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100D fres = 1/(2m(/LC/2)1%5. By using the simulated values for L and C, we expect
a resonance at V = 7.6 uV for the w-design and at 7.3 uV for the 0-design SQUID,
which agrees well with the observed resonance voltages Vies = 7.0V and 7.5 uV,
respectively. For a m-SQUID, the two Josephson junctions oscillate out-of-phase at
zero magnetic field (due to the intrisic phase difference dp = 7) and are likely to
excite the LC resonance, whereas weak coupling occurs when the junctions oscil-
late in-phase, as for external flux ® = ®,/2. The opposite behavior is expected for
a 0-SQUID due to the lack of an intrinsic phase difference (dp = 0)'9%197. As re-
ported for tetracrystal YBayCusO; m-SQUIDs and 0-SQUIDs before!?, we observed
corresponding behavior in the SLCO m-design and 0-design SQUID, in accordance
with the interpretation that the former is a 7-SQUID and the latter a 0-SQUID
(see Fig. 4.5). Note, that the unconventional magnetic-field dependence of the LC'
resonance of a m-SQUID is a proof that the phase shift of 7 is maintained in the
dissipative voltage state of the junctions!®.

Finally, we discuss the small discontinuities visible in I.(H) and V(H) curves of
the m-design SQUID. The smallest magnetic field value at which a discontinuity oc-
curs is denoted as poHy. As sketched in Fig. 4.1, the upper SQUID loop comprises
an additional 30° GBJ, which does not play an active role for the functionality of
the SQUID due to its large dimension (w &~ 1.7mm). In the following, we demon-
strate that Josephson vortices entering or leaving this grain boundary (GB1) are
responsible for the discontinuities.

According to literature, penetration of a Josephson vortex into a Josephson junc-
tion becomes favorable beginning at a certain field value pgH. = 2®/(72\;d),
where \; is the Josephson penetration depth and d the effective magnetic thick-
ness of the barrier'”®. Measurements on SLCO GBJs with various widths w (not
shown here) yielded deviation from short-junction behavior for w2 50 pm, thus, we
estimate \; ~ 20 um. In the thin film limit, d ~ 2A, where A = A%/t is the
Pearl length, t the film thickness, and A the London penetration depth. With the
literature value A\; ~ 0.7 um® and the actual film thickness ¢ = 22nm, we calcu-
late d ~ 45 pm and poH. ~ 0.5 uT. We further estimate the flux focusing factor
as F' ~ (b/2)/(2A) =~ 1.7, where b = 150 um is the width of the current-voltage
lead comprising GB1 (see Fig. 4.1) and calculate the expected penetration field as
poHa F =~ 0.3 T, which is in fair agreement with the measured value pgHy ~ 0.1 uT.
Since an abrupt movement of a vortex is detected by the SQUID as an abrupt change
of flux, we thus interpret the first discontinuity at poHy as entering of a Josephson
vortex into GB1.

Moreover, j.(H) patterns are highly point symmetric with respect to the origin (dis-
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regarding the small background field) and no hysteresis is visible within the central
minimum of j.(H). We can explain both observations by Josephson vortices which
enter GB1 when poH exceeds poHy and which are not pinned. In this case, the
vortices change polarity when poH is reversed, in accordance with point symmetry,
and they leave GB1 when ugH falls below poHy, in accordance with non-hysteretic
behavior.

Finally, we additionally biased GB1 with a constant current, called modulation cur-
rent Inq (see Fig. 4.1), and simultaneously measured I.(H) of the SQUID. We found
that I,,4 had a strong impact on the discontinuities, as depicted in Fig. 4.6. By ap-
plying Ii0q, I.(H) patterns lost point symmetry and exhibited a pronounced mirror
symmetry with respect to the magnetic field axis. This symmetry is explained as
follows: For pugH < pugHy, GB1 does not contain any vortices, however, a circulating
current is present due to the diamagnetic behavior of the junction. The circulating
current crosses GB1 at the lower edge of the junction (close to the SQUID hole) and
at the upper edge (close to the pads). Since the junction is very long, I;,0q probably
crosses GB1 mainly at the upper edge of the junction. If I,,4 was applied paral-
lel (antiparallel) to the diamagnetic current across the upper part of the junction,
penetration of a Josephson vortex was enhanced (hindered), resulting in a decrease
(increase) of |ugHy|. Note, that the diamagnetic current changes polarity upon re-
versing the magnetic field, explaining the mirror symmetry of I.(H) for finite I0q.
To summarize, from the absolute value of pgH,; and symmetry considerations of
I.(H) with and without I,,,q, we demonstrated that the observed discontinuities
can be traced back to Josephson vortices entering (leaving) GB1 when ugH exceeds
(falls below) poHy. Note, that the zero-field minimum was a robust feature of all
I.(H) curves, which was neither affected by discontinuities nor by modulation cur-
rents up to 100 pA (not shown here). Thus, Josephson vortices within GB1 can be
excluded as a possible origin for the observed zero-field minimum of /.(H) and we
are lead to the conclusion that the order parameter of SLCO has a dominant d-wave
symmetry.



Summary and outlook

In the framework of this thesis, we present studies on the order parameter symmetry
of the parent structure of high-T, cuprate superconductors, the electron-doped infi-
nite layer compound Sr;_,La,CuO, (SLCO). The work was motivated by the facts
that SLCO has the simplest crystal structure of all cuprate superconductors and
that SLCO belongs to the minor group of electron-doped cuprates. Since the pair-
ing mechanism of high-T, superconductors has not been revealed yet, both aspects
are of fundamental importance: the simplicity of the crystal structure allows to
exclude secondary effects in advance and to explore inherent properties of cuprate
superconductors, and the fact that SLCO is electron-doped allows to compare it
to its hole-doped counterparts, particularly with regard to the question of a com-
mon pairing mechanism. For these studies, four types of samples were fabricated,
SLCO thin films, planar SLCO/gold /niobium tunnel junctions, SLCO grain bound-
ary Josephson junctions, and an SLCO tetracrystal SQUID.

Since SLCO thin films form the base for various experiments, a reproducible
fabrication process had to be established initially. The process described yielded
SLCO films with high crystalline quality and robust superconducting properties
(maximum 7, = 22 K). Pulsed laser deposition was used to grow films on two kinds
of substrates, potassium tantalate (KTO) and strontium titanate (STO). KTO was
chosen due to its large in-plane lattice constant, allowing to grow tensile strained
SLCO films, promoting electron-doping of the CuOs planes. However, since no bi-,
tri-, or tetracrystalline KTO substrates are available, STO was chosen as alterna-
tive. Prior to deposition of SLCO on STO, a barium titanate (BTO) buffer layer
had to be deposited to compensate for the small in-plane lattice constant of STO. To
induce superconductivity in the as-deposited SLCO films, they had to be annealed
under reducing conditions, as described in detail. The main issue was to remove
interstitial excess oxygen from the Sr/La planes without reducing the CuOs planes.
Finally, a study of the influence of various process parameters on the final thin film
properties was presented.

To increase T, even further, a more reactive process gas, such as nitrous oxide (N,O)
or ozone (O3) could help. Such gas would allow to oxidize the CuO, planes at sub-
stantially lower working pressure, which is known to enhance the crystalline quality
of thin film samples. Furthermore, the choice of buffer layers with lattice constants
close to that of bulk SLCO could help to reduce strain effects and thus to improve
the structural quality and superconducting properties. For that purpose, barium
strontium titanate (BagsSro5TiO3) could serve. It has an in-plane lattice constant
matching that of bulk SLCO and has already been deposited epitaxially on STO.

Motivated by the question whether c-axis tunnel currents could pass from SLCO
into a conventional superconductor, planar SLCO/Au/Nb tunnel junctions
were prepared in an in-situ trilayer process. Substantial c-axis supercurrents would



have served as evidence for a finite s-wave contribution to the order parameter of
SLCO, however, no such current was observed. To check if the supercurrent was
suppressed extrinsically, e.g. by a degraded surface of SLCO, x-ray photoelectron
spectroscopy and x-ray Auger-electron spectroscopy on SLCO thin film reference
samples were performed additionally. Thereby, a reduced copper species in the up-
permost layer of SLCO was identified, indicative of a non-superconducting surface,
explaining the absence of c-axis supercurrents in the planar tunnel junctions. As a
consequence, an s-wave component of the order parameter of SLCO could not be
excluded from the transport measurements because potential c-axis supercurrents
would have been suppressed by the reduced surface layer. However, it was pointed
out that the post-deposition reduction step, which is an integral part of the fabri-
cation of all kinds of electron-doped cuprates, induces the formation of a degraded,
non-superconducting surface, which is an important technological aspect, especially
with regard to the application of superconductors in integrated circuits.

To induce superconductivity in the surface layer of SLCO as well, the reduced copper
species has to be reoxidized. For that purpose, the vacuum annealed samples could
be exposed to oxygen for a short period at moderate temperature, so that only the
surface layer is oxidized but the rest of the film is unaffected. With this method, it
is promising to fabricate planar tunnel junctions that can provide information on a
potential s-wave component of the order parameter of SLCO.

To examine the superconducting gap of SLCO as well as potential signatures of
d-wave pairing, so-called Andreev bound states (ABSs), SLCO grain boundary
Josephson junctions (GBJs) were fabricated on BTO-buffered STO bicrystals
and used for tunneling spectroscopy. No ABSs were visible in the quasiparticle
(QP) tunneling spectra, which could be a signature of s-wave pairing. However,
the possibility that ABSs had been suppressed by extrinsic reasons, such as oxygen
vacancies at the GBJs, was discussed. Thus, the possibility of d-wave pairing was
not excluded. Moreover, QP tunneling spectra revealed a V-shaped gap, which was
most pronounced for lowest temperatures, suggesting that nodes are present in the
order parameter of SLCO, as usually observed for d-wave superconductors. Besides
QP tunneling, Cooper pair (CP) tunneling was examined at various temperatures
and magnetic fields. An extraordinary high critical current density was observed.
A remarkably regular modulation pattern of the critical current vs magnetic field
implied homogeneous current distribution across the junctions, as usually observed
for s-wave superconductors. However, regarding d-wave pairing, this observation
could also be explained if the grain boundary was unfaceted. Finally, Fiske and
flux flow resonances, as well as thermally activated phase slippage were observed,
demonstrating the proper operation of the grain boundaries as Josephson junctions.
In conclusion, both hints for s-wave and d-wave pairing have been found. However,
aspects promoting s-wave symmetry could also be explained by extrinsic effects, in
contrast to the observed V-shaped gap, promoting d-wave symmetry. It is possi-
ble that improved SLCO GBJs will exhibit ABSs in their tunneling spectra, which
would verify d-wave pairing. For that purpose, samples with increased T, and /or im-
proved quality of the crystal structure at the grain boundary have to be synthesized.

To perform a phase-sensitive test of the order parameter symmetry of SLCO, an
SLCO tetracrystal superconducting quantum interference device (SQUID)
was fabricated. The crystallographic orientations of the tetracrystalline STO sub-
strate were chosen to form a frustrated ground state of the wave function in the



SQUID if SLCO was a d-wave superconductor. An unconventional magnetic field
dependence of the critical current gave strong evidence for a frustrated ground state
and it was pointed out that this behavior was not mimicked by extrinsic effects,
such as background magnetic fields, trapped magnetic flux, or SQUID asymmetries.
These facts imply that a phase shift of # was induced intrinsically, i.e. that the
SQUID was a m-SQUID with one 0-junction and one m-junction, consistent with a
predominant d,»_,2-wave order parameter symmetry of SLCO.

As a complementary experiment, the SQUID could be imaged by means of low-
temperature scanning electron microscopy (LTSEM). On the one hand, the current
density of Josephson junctions can be imaged by LTSEM. Thus, in the ground state
of the SQUID, a negative critical current density should be observed for the m-
junction and a positive for the O-junction. On the other hand, LTSEM is able to
image single vortices. Thus, LTSEM could help to verify that there are no votices in
the vicinity of the SQUID hole and junctions which could mimick an unconventional
magnetic field dependence of the critical current.
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Thin films of the electron-doped infinite-layer cuprate superconductor Sr;_,La,CuO, (SLCO) with doping
x = (.15 were grown by means of pulsed laser deposition. (001)-oriented KTaO5 and SrTiO; single crystals were
used as substrates. In case of SrTiOs, a BaTiOs3 thin film was deposited prior to SLCO, acting as buffer layer
providing tensile strain to the SLCO film. To induce superconductivity, the as-grown films were annealed under
reducing conditions, which will be described in detail. The films were characterized by reflection high-energy
electron diffraction, atomic force microscopy, x-ray diffraction, Rutherford backscattering spectroscopy, and
electric transport measurements at temperatures down to 7 = 4.2 K. We discuss in detail the influence of

different process parameters on the final film properties.

DOI: 10.1103/PhysRevB.85.024519

I. INTRODUCTION

Cuprates exhibiting electron doping form a minor
group among high-transition temperature (high-7)
cuprate superconductors. In fact, only two families
of electron-doped cuprate superconductors are known.
These are the 7’ compounds'? Lni' Ce,CuOy4
(Ln™ = La,Pr,Nd,Sm,Eu,Gd) with maximum 7, =~ 30 K>*
and the infinite-layer (IL) compounds®”’ Sri_,Ln'Cu0O,
(Ln™ = La,Pr,Nd,Sm,Gd) with maximum 7T, ~ 43 K.%8-10
Formally, the IL crystal is a member of the
Al AlCa,_Cu,0,,44 high-T. superconductors (AT =
Tl or Bi and A" = Ca, Sr or Ba), where n = c0.>!! The
IL crystal is thus formed by alternating stacks of copper
oxide planes (CuO) and alkaline earth metal planes (A')
along the c-axis direction, forming an A"CuO, crystal. To
induce electron doping, the divalent alkaline earth metal
Al is substituted partially by a trivalent lanthanide Ln™
to form A Ln™CuO, or, as in our case, Srj_,La,CuO,
(SLCO).® Common features of cuprate superconductors,
such as apical oxygen or charge reservoir blocks, are not
present in the ideal IL structure.'” As the crystal structure
of the IL compounds is the most simple of all cuprate
superconductors, they are often denoted as “parent structure”
of cuprate superconductors.’ Due to their simplicity, they
also provide a unique opportunity to explore the basic
nature of high-7, superconductivity. However, synthesizing
high-quality IL samples is a challenging task, which explains
that IL compounds have been examined less extensively than
other superconducting cuprates. No large IL single crystals
have been synthesized so far, and only high-pressure synthesis
(~1 GPa) of polycrystalline bulk material was successful.”->10
To overcome this problem, single crystalline thin films were
grown, where the high-pressure IL phase is stabilized by
epitaxy.'»'* However, in the first attempts, SrTiO; (STO)
with an in-plane lattice constant of asyo = 3.905 A was most
often used as substrate,'>!¢ leading to compressively strained

1098-0121/2012/85(2)/024519(14)
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PACS number(s): 74.72.Ek, 74.25.F—, 81.15.Fg, 68.55.—a

IL films (bulk ay ~ 3.95A) with inferior superconducting
properties. It is known, that electron doping stretches the
Cu-O bonds because antibonding o,2_,2 orbitals in the CuO,
sheets are occupied.” Therefore the idea was to enhance the
electron-doping effect by epitaxial strain. Different buffer
layers, such as T’ compounds (LngICuO4) or BaTiO; (BTO),
with increased in-plane lattice constants were subsequently
introduced to induce relaxed or tensile strained films.!72!
Indeed, superconducting IL films were fabricated with this
method, however, still with reduced 7,. Only one group?
succeeded in synthesizing electron-doped IL films with
T, close to the bulk value by means of molecular beam
epitaxy (MBE). The key was to choose KTaO3 (KTO, with
agro = 3.988 A) as substrate, supplying tensile strain and
making buffer layers redundant. However, in a later work,??
the same group showed that they could further increase 7,
when they chose another substrate, (110)-oriented DyScOs3
(DSO), with a slightly smaller in-plane lattice constant
~3.944 A, which fits better the lattice constant of bulk
Sro,gLao,lCuOg (aSLco ~ 3.949 A).S,Q Thus gI‘OWth of SLCO
on DSO resulted in almost fully relaxed SLCO films with best
transport properties reported, so far.

Moreover, it was found that as-grown IL films contain
excess oxygen forming O?~ ions on interstitial sites in
the A Ln!" planes, which hampers superconductivity by
localizing free charge carriers and by disturbing®* the crystal
lattice. Therefore, as for T’ compounds,25 a vacuum anneal-
ing step was introduced to remove excess oxygen and to
induce superconductivity. Meanwhile, this reduction step is
commonly used for synthesis of superconducting IL films
grown by numerous techniques, such as sputtering,”®2” pulsed
laser deposition (PLD)**2! and MBE.?>?* However, too strong
reduction generates oxygen vacancies in the CuQO, planes
and destroys superconductivity.?>?”?® A secondary phase can
be formed if the oxygen vacancies arrange in an ordered
structure, referred to in literature as the “long c-axis” phase
or “infinite-layer-related” (IL-r) phase.?>2%2%-3! Its unit cell

©2012 American Physical Society
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2ﬁalL X Zﬁam X ¢y 1s a superstructure of the IL unit
cell, where ay is the in-plane lattice parameter of the IL
structure and ¢, is the extended c-axis parameter of the
superstructure (with ¢; ~ 3.6 A as compared to ¢y, ~ 3.4 A).
Hence, the main challenge in synthesizing superconducting IL
compounds is to simultaneously reduce the A} Ln!" planes
without reducing the CuO, planes.

In this work, we report on the fabrication of supercon-
ducting SLCO films (with maximum 7, = 22 K) with doping
x =~ 0.15 by means of PLD. The fabrication process is
described in detail. KTO and STO single crystals were used
as substrates. Prior to deposition of SLCO on STO, BTO films
were deposited, acting as buffer layers. The growth mode, the
evolution of the in-plane lattice parameter a, and the mor-
phology of the films was monitored in situ by high-pressure
reflection high-energy electron diffraction (RHEED). Atomic
force microscopy (AFM) revealed very flat surfaces with
asperities in the range of 1-3 unit cells (uc). X-ray diffraction
(XRD) was used to check the crystal quality and lattice
constants of the films, revealing almost completely relaxed
BTO buffer layers, moderately tensile strained SLCO films on
BTO-buffered STO and highly tensile strained SLCO films
on KTO. The stoichiometry of SLCO films on BTO/STO was
determined by Rutherford backscattering spectroscopy (RBS),
showing that the films are slightly overdoped. Current-voltage
[I(V)] characteristics and resistivity o versus temperature
T were examined by electric transport measurements at
temperatures down to 7 = 4.2 K. Finally, we discuss the
influence of different process parameters on the final film
properties, such as excimer laser energy, target-to-substrate
distance, deposition pressure, vacuum annealing time, and
vacuum annealing temperature.

II. SAMPLE FABRICATION AND EXPERIMENTAL
DETAILS

For epitaxial growth of typically 20 to 25 nm thick
SLCO films, a polycrystalline target*? with nominal doping
x = 0.125 was used. Both, (001)-oriented KTO?? and (001)-
oriented STO** single crystals (5 x 5 x 1 mm?®) were used as
substrates. When STO was used as substrate, a typically 25 to
30 nm thick BTO film was deposited prior to SLCO, acting as a
buffer layer. For that purpose, a stoichiometric, polycrystalline
target®” was used. All films were grown in an ultrahigh vacuum
system (base pressure py,. &~ 107 Pa) by means of PLD, using
a KrF excimer laser (A = 248 nm) at a repetition rate of 2 Hz.
The excimer laser energy was set to E; = (110-130) mJ and
the laser spot size on the target was A; ~ 2 mm?>. The growth
mode and the number of deposited monolayers were monitored
in situ by high-pressure RHEED. The sample temperature was
checked with a band radiation pyrometer (1.45 to 1.80 pum)
while the sample was heated with an infrared diode laser (A =
808 nm) irradiating the backside of the sample holder. Right
after SLCO film deposition, 10 to 20 nm thick gold pads were
evaporated or magnetron sputtered ex sifu through shadow
masks, to ensure low-resistive ohmic contacts. For electric
transport measurements, we performed p(7) measurements
on unpatterned films in a four-point van der Pauw geometry
with typical bias currents I = (10-100) nA. All measured
values for 7. given in the text refer to the midpoint of the
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resistive transition. For measurements of /(V') characteristics,
the films were patterned into 40 um wide bridges (with 20
or 40 um voltage pad separation) by photolithography and
argon ion milling. /(V) and p(T) curves were recorded in a
magnetically and radio frequency shielded setup using feed
lines with high-frequency noise filters. The crystal structure of
the films was characterized ex sifu by XRD equipped with a Cu
cathode and monochromator. The morphology was checked
by AFM in contact mode. RBS was performed at a 3-MeV
Van-de-Graaff accelerator to determine the stoichiometry of
the films.*>*® The accelerator can be used at energies between
0.7 and 3.7 MeV with a beam stability of ~2 keV. The pressure
is 0.5-1 x 10~* Pa and the acceleration distance is 30 m. RBS
was performed with « particles at a fixed angle of 165°. The
energy resolution of the detector is 20 keV.

A. Deposition of BTO buffer layers on STO

For as-received STO substrates, we established an in situ
annealing process prior to BTO deposition to ensure the
formation of a smooth STO surface suitable for epitaxial
growth of BTO. For that purpose, the STO substrates were
heated in oxygen at a pressure of po, = 10 Pato 7" = 1000°C
with a rate of 67 /8t = 40°C/min and kept there for ¢t =
5 min. During this period, the RHEED pattern became more
pronounced, exhibiting several Kikuchi lines and thin streaks
and spots [cf. Fig. 1(a)], typical for smoothing of the STO
surface and desorption of surface contaminants. This annealing
step further helped to enhance the reproducibility of thermal
coupling between substrate and sample holder, which were
fixed to each other with silver paste. Moreover, if STO was
heated in vacuum instead of oxygen, we observed slight
intermediate streaks in the RHEED pattern (not shown here),
which we explain by the formation of a superstructure, possibly
an oxygen-deficient phase. After STO annealing, the substrate
was cooled down in pg, = 10 Pa oxygen to 7' = 700 °C with
a rate of 67 /6t = —40°C/min. The power of the heating
diode laser was locked during preablation and ablation,
leading to a sample temperature typically in the range of
T = (670-700)°C. The energy of the excimer laser was set to
E; =110 mJ at a target-to-substrate distance drs = 65 mm.
Before ablation, the target was preablated with 500 laser pulses
to get a clean and stoichiometric surface. Then 900 pulses at
a repetition rate of f; = 2 Hz were used for deposition of the
BTO film. As the morphology of BTO is of great importance
for the properties of the SLCO films, the as-deposited BTO
films had to be annealed. Therefore the sample was heated up
with 67" /6t = 40 °C/min in deposition pressure po, = 10 Pa
to T =900 °C and annealed for ¢, = 15 min. We found that
heating and anneling in oxygen is essential because bare
vacuum annealing led to the formation of a superstructure,
probably an oxygen deficient phase, as observed by the
formation of intermediate streaks in the RHEED pattern (not
shown here). After oxygen annealing, the oxygen was turned
off and the samples were annealed additionally for 7z, = 30 min
in vacuum at 7 = 900 °C to remove possible excess oxygen
from BTO, which could diffuse into the SLCO and hamper
the reduction of the latter. An analysis of the BTO annealing
procedure will be given in Sec. IIIA 1. After oxygen and
vacuum annealing, the BTO films were cooled down in vacuum
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FIG. 1. (Color online) (a) RHEED patterns during preparation of BTO. (1) STO substrate before deposition, (2) BTO after growth of
approximately 2 unit cells, (3) end of BTO deposition, (4) begin of BTO oxygen annealing, (5) begin of BTO vacuum annealing, and (6) end
of BTO vacuum annealing. (b) Main graph shows intensity oscillations of the RHEED specular spot during growth of BTO (arrows). Inset
shows the evolution of the in-plane lattice constant agpo during preparation of BTO as derived from RHEED patterns illustrated in (a). The
value of step 7 was determined after cooling the sample in vacuum. Horizontal lines indicate the in-plane lattice constants of STO (literature
value 3.905 A) and BTO (determined by XRD, 3.994 A). (c) AFM image of the BTO surface. The root mean square roughness is 0.15 nm and

the maximum step height is 0.8 nm, corresponding to 2 uc BTO.

(Pvac <1072 Pa) at a rate of 87 /6t = —20°C/min to the
deposition temperature of SLCO.

B. Deposition of SLCO on BTO buffered STO

The SLCO films were deposited in situ after BTO had been
deposited on STO as described in Sec. [T A. At T = 550°C,
the pressure was increased to po, = 20 Pa. The power of the
heating diode laser was locked during preablation and ablation,
resulting in a temperature of 7 = (575 % 10) °C. To minimize
reoxidation of the previously vacuum annealed BTO film, the
preablation of SLCO was started immediately after turning on
the oxygen flow. The excimer laser was set at f; = 2 Hz at an
energy of E; = 130 mJ and the target-to-substrate distance to
drs = 60 mm. 500 pulses were preablated and 600-850 pulses
were ablated. To remove excess oxygen incorporated during
SLCO growth, the oxygen flow was turned off immediately
after deposition and the sample was annealed in vacuum for
typically #, = (20 & 5) min. During vacuum annealing, the
temperature increased to 7 = (600 £ 10) °C and the pressure
decreased to pya. &~ 107 Pa. The streaky RHEED pattern
got more pronounced but slight intermediate streaks, formed
during deposition probably due to excess oxygen, did not
vanish completely [cf. Fig. 3(a)]. After vacuum annealing,
the heating diode laser was turned off and the sample cooled
down in vacuum to room temperature within 7 ~ 1 h.

C. Deposition of SLCO on KTO

Contrary to STO, KTO substrates were not annealed in
vacuum at high T prior to deposition, because it is known
that such annealing leads to the formation of a rough surface,
probably due to the formation of reduced forms of tantalum
oxide on the surface.?! Thus, KTO was heated up in vacuum
(Pvac ~ 105 Pa)to T =550°C at a heating rate of 67 /6t =

10°C/min. Then, the pressure inside the PLD chamber was
increased to po, = 20 Pa and the power of the heating
diode laser was locked, leading to a substrate temperature
of T = (580 =% 10)°C. The target-to-substrate distance was
adjusted to drs = 60 mm and the energy of the excimer laser
to E;, = 130 ml] at arepetition rate of f;, = 2 Hz; 500 and 850
pulses were preablated and ablated, respectively. To remove
excess oxygen, the oxygen flow was turned off immediately
after deposition and the sample was vacuum annealed for
typically 7, = (10 & 5) min. During annealing, the pressure
decreased to pyac &~ 107> Pa and the temperature increased to
T = (605 £ 5) °C. Finally, the heating diode laser was turned
off and the sample cooled down to room temperature.

III. CHARACTERIZATION OF THIN FILMS

In this section, typical properties of the BTO and SLCO
films are presented. For simplicity, only representative mea-
surements are shown and discussed. The influence of different
process parameters on the final film properties will be
discussed in Sec. IV.

A. Characterization of BTO on STO
1. RHEED and atomic force microscopy

During deposition, heating and annealing, the evolution of
the in-plane lattice constant agto and the morphology of the
BTO films were analyzed by means of RHEED, as shown
in Figs. 1(a) and 1(b). By use of Bragg’ law (2asin6, =
ni, where 0, is the angle of the nth order maximum and
A the de Broglie wavelength of the diffracted electrons),
apro can be determined. Small-angle approximation yields
agro/dsto ~ Gn,STO/G,,,BTO. ‘With the lattice parameter asto =
3.905 A (see Ref. 37) and with the angles 6, extracted from
RHEED patterns, we determined agro. The inset of Fig. 1(b)
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shows the mean value of agto determined during growth of
ten comparable BTO films. Error bars denote the standard
deviation. We found that the first unit cells of BTO were
highly compressively strained because after deposition of
~2uc BTO (cf. step 2 in Fig. 1), the lattice constant was
determined as agro &~ 3.92 A, which is close to asto. Yet,
due to the large lattice mismatch of 2.2 % between bulk
BTO with agro = (3.992 £ 0.002) A (see Refs. 38 and 39)
and STO, the BTO films relaxed during growth, which was
observed as an increase of agro from its initial value to
~3.99 A at the end of deposition (step 3). The relaxation
of BTO was further directly visible in the RHEED pattern
because three-dimensional (3D) signatures occurred in the
initially two-dimensional (2D) pattern during deposition (cf.
steps 2 and 3). This allows us to identify the growth mode
of the BTO films as a mixture of 2D layer by layer and
3D island growth, which is known as Stranski-Krastanov
growth.40 Moreover, this observation is in accordance with the
disappearance of intensity oscillations of the RHEED specular
spot after ~5 uc, as depicted in Fig. 3(b). During subsequent
heating in oxygen (steps 3 and 4) and annealing in oxygen
(steps 4 and 5), a smoothing of the BTO surface was observed
because 3D admixtures diminished, leaving a mostly streaky,
2D pattern with Kikuchi lines. Moreover, agto increased to
~4.00 A after oxygen annealing (step 4). Such an increase
of a, usually going along with a decrease of ¢, is a common
feature observed during oxidation of oxides.*' During vacuum
annealing (steps 5 and 6) and cooling (steps 6 and 7) the
BTO film was reduced, resulting in a decrease of agro to its
final value of ~3.995 A. As RHEED is a surface sensitive
method, contrary to XRD, the final in-plane lattice constant
agto ~ 3.995 A indeed corresponds to the uppermost unit
cells, which are decisive for epitaxial growth of SLCO. In
conclusion, tensile strain can be provided to SLCO by use of
BTO as buffer layer.

The morphology of the BTO films was furthermore ex-
amined by AFM. As shown in Fig. 1(c), AFM revealed
a very smooth surface with a root mean square roughness
RMS =~ 0.15 nm and a maximum step height of ~0.8 nm. This
result corresponds to steps of 1 to 2 uc and is in accordance
with a smooth BTO surface as observed by RHEED.

intensity (counts/s)

intensity (counts/s)

43 44 45 46 47 48
20 (degree)
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2. X-ray diffraction

Figure 2 shows XRD data of a typical BTO film on STO.
The film is aligned along the a/b axis of STO, as found by ®
scans around the sample normal (not shown here). The BTO
(002) peak yields a ¢ axis constant of 4.041 A. Interference
fringes around the (002) peak of BTO in Fig. 2(a), known as
Laue oscillations,*? indicate high crystalline quality along the
film normal and a flat surface. Narrow rocking curves with
typical full width at half maximum FWHM = 0.1 ° [cf. inset
of Fig. 2(a)] confirm the high crystalline quality of the films.

The reciprocal space map in the main graph of Fig. 2(b)
yields an in-plane lattice constant of agro = 3.989 A.As XRD
provides integral information on the crystal structure, the very
sharp BTO (303) peak without any extension along the (100)
direction shows that the major part of the film is relaxed. This
observation is in accordance with the RHEED results presented
in Sec. IIT A 1, which showed that the film was almost fully
relaxed after annealing.

The inset of Fig. 2(b) displays the correlation of the lattice
parameters agro and cgro for ~60 BTO films prepared under
varying conditions. In particular, the deposition temperature
was varied between 7 = 650 and 750 K and some films were
only annealed in oxygen, whereas others were additionally
annealed in vacuum. These variations most likely result in
BTO films with varying oxygen content. As commonly known,
an increase of agro leads to a decrease of cgro, which is
ascribed to an increasing degree of oxidation. This assumption
will be confirmed in Sec. IV A. We determined mean values
of agro = (3.994 4 0.006) A and cgro = (4.026 £0.011) A,
which are close to the bulk lattice constants agro = (3.992 +
0.002) A and cgro = (4.031 £ 0.002) A,3¥3° confirming that
the BTO films are relaxed. Note that the XRD value of agto
coincides with the surface value determined by RHEED (cf.
Sec. Il A1). Thus the surface layer is coherently relaxed
with the bulk. However, RHEED oscillations of the spec-
ular spot, observed at the beginning of deposition, yielded
an extrapolated film thickness of (79 £4) uc, i.e., tgro =
(32 £ 2) nm, whereas Laue oscillations of XRD ®-20 scans
revealed a film thickness typically 2—-3 nm smaller than the
value determined by RHEED. This points to a thin layer, which

() -
e‘fs? °©
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S Ele. (402 o%
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FIG. 2. (Color online) XRD data of BTO on STO. (a) Main graph shows the (002) region of a ®-20 scan and inset shows the rocking
curve of the BTO (002) peak. (b) Main graph shows reciprocal space mapping of the (303) region of SLCO and BTO. Inset displays the linear
dependence of the BTO lattice parameters agro and cgro. The dashed line is a linear fit.
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is noncoherently strained with the bulk. We interpret this as a
compressively strained BTO layer close to the interface with
STO. As known from literature, such an interface layer does
exist and it comprises most of the dislocations.*® It is likely
that such a strained interface layer does not contribute to Laue
oscillations.

To conclude Sec. III A, we found that the BTO films have a
flat and relaxed surface, which makes them suitable to be used
as buffer layers for epitaxial growth of tensile strained SLCO
films.

B. Characterization of SLCO on BTO/STO
1. RHEED and atomic force microscopy

For SLCO films deposited on BTO/STO, typically (20 &
10) intensity oscillations of the RHEED specular spot could
be observed before they vanished [cf. Fig. 3(b)]. The RHEED
oscillations revealed a growth rate of (8.2 +£0.5) pls/uc,
yielding a film thickness of fs;co = (26 &2) nm for 600
pulses. At the end of deposition, sharp and streaky RHEED
patterns with some fade 3D dots as a result of increased surface
disorder were observed as illustrated in Fig. 3(a). As in the
case of BTO, this implies a Stranski-Krastanov growth mode.
However, weak intermediate streaks in the RHEED pattern
could be observed during film growth that did not vanish during
annealing [cf. Fig. 3(a)]. Note that for identical settings, those
streaks did not appear when SLCO was deposited on KTO. The
possible origin of the streaks will be discussed in Sec. IVC 1,
hinting at excess oxygen that could not be removed.

The inset of Fig. 3(b) illustrates the evolution of the in-plane
lattice constant as;co during deposition and annealing of
SLCO, where step 7 corresponds to step 7 of Fig. 1. The
data were acquired from ten samples fabricated under similar
conditions and the error bars represent the standard deviation.
As derived from step 8, SLCO begins to relax immediately.

PHYSICAL REVIEW B 85, 024519 (2012)

At the end of deposition, it has an in-plane lattice constant
of asLco ~ 3.93 A, which is remarkably small as compared
to the bulk value of 3.967 A determined by XRD after
vacuum annealing (cf. Sec. III B 2). We explain this as follows.
During deposition, excess oxygen is incorporated in the SLCO
film, leading to an elongated ¢ axis and a shortened a axis.
During vacuum annealing, excess oxygen desorbs, leading to
an increase of the a axis, as observed by RHEED in steps 10
and 11. However, the SLCO bulk value determined by XRD is
not reached. This discrepancy is supposedly due to the fact that
RHEED is a surface-sensitive method, yielding different lattice
parameters than found for the bulk because of different surface
structure or composition. Indeed, in a recent paper, we have
proven the existence of a thin (~3 nm), oxygen deficient SLCO
surface layer, which most probably forms during vacuum
annealing.** Such a reduced SLCO surface layer explains well
the small in-plane parameter asy co observed by RHEED.
Additionally to RHEED, we checked the morphology of
the SLCO films with AFM. A typical AFM image is shown
in Fig. 3(c). The RMS was determined as 0.35 nm and the
maximum step height as 1.0 nm, corresponding to 3 uc SLCO.
Therefore the film is quite flat, confirming the RHEED results.

2. X-ray diffraction

Figure 4(a) shows an XRD ®-20 scan of a typical BTO-
buffered SLCO film. From the position of the SLCO (002)
reflection, the c-axis parameter is calculated as 3.412 A. A set
of comparable films with T, close to 20 K [cf. inset of Fig. 4(b)]
revealed a mean value of cg co = (3.408 & 0.002) A, which
is close to the value reported for Sry9Lag  CuO, films on DSO
substrates (~3.410 A ).2* As deduced from Laue oscillations
of the SLCO (002) peak and from narrow rocking curves [cf.
Fig. 4(a)], the films have a high crystalline quality and a flat
surface. Large angle ®-20 scans (20 = 0-90 °) revealed only
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FIG. 3. (Color online) (a) RHEED patterns during preparation of SLCO on BTO/STO. (1) STO substrate before deposition, (7) BTO buffer
layer before SLCO deposition, (8) SLCO after growth of ~2 unit cells, (9) end of SLCO deposition, (10) begin of SLCO vacuum annealing,
and (11) end of SLCO vacuum annealing. (b) Main graph shows intensity oscillations of the RHEED specular spot during growth of SLCO on
BTO/STO. Deposition started at t = 0. Inset shows the evolution of the in-plane lattice constant agy co during preparation of SLCO as derived
from RHEED patterns illustrated in (a). Steps 1-7 are discussed in Sec. IIl A1. Horizontal lines indicate the in-plane lattice constants of STO
(literature value 3.905 A) and BTO (mean value determined by XRD, 3.994 A). (c) AFM image of the SLCO surface. The root mean square
roughness is 0.35 nm and the maximum step height is 1.0 nm, corresponding to 3 uc SLCO.
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FIG. 4. (Color online) XRD data of SLCO on BTO/STO. (a) Main graph shows the (002) region of a ®-20 scan and inset shows the
rocking curve of the SLCO (002) and BTO (002) peaks. (b) Main graph shows reciprocal space mapping of the (303) region. Inset displays 7,
vs c-axis parameter for a set of SLCO films grown under comparable conditions. Superconductivity (SC) is expected only to occur within the

shaded region.

one phase, confirming that the SLCO film is single phase with
IL crystal structure. All films are aligned along the a/b axis
of STO, as found by ® scans around the sample normal (not
shown here).

With the aid of two-axes scans around the SLCO (303)
reflection, as shown in the main graph of Fig. 4(b), we
determined the in-plane lattice constant asyco = 3.963 A.The
films with T, close to 20 K exhibited a mean value of as;.co =
(3.967 £ 0.002) A, which is somewhat larger than the reported
value of 3.955 A for Sry  Lag.9CuO, films on DSO.2? However,
as compared to the BTO buffer layers with a mean value
of agto = 3.994 A (cf. Sec. 1 A2), agco is rather small.
We explain this difference primarily by the interplay of
lattice mismatch (between BTO and SLCO) inducing tensile
strain, and excess oxygen inducing compressive strain. Other
influences, such as (oft-)stoichiometry (different ionic radii)
might also contribute to the final value of ag; co. Altogether,
this results in SLCO films on BTO/STO with inferior tensile
strain, as illustrated in the main graph of Fig. 4(b), where a
shift of the SLCO (303) peak along the (100) direction with
respect to the BTO (303) peak is visible.

The inset of Fig. 4(b) shows the correlation of the transition
temperature 7, and the out-of-plane lattice constant csco for
a set of SLCO films fabricated under comparable conditions.
No superconducting transition was observed for csico >
3.415 A and T, was highest for smallest csp.co. This observa-
tion is explained by the amount of incorporated excess oxygen,
which expands the ¢ axis and hampers superconductivity, as
described in Sec. I. We explain data points well inside the
shaded region by nonideal process conditions, e.g., by too high
vacuum annealing temperature, leading to oxygen vacancies in
the CuO; planes, which again decreases 7. We note that more
films followed this trend, however, for clarity, we only show
data points for films prepared under comparable conditions as
described in Sec. I B.

3. Rutherford backscattering spectroscopy

To determine the stoichiometry of the BTO-buffered SLCO
films, we performed RBS on two samples.3® The first sample

had a thickness of 24 nm and a T, of 14.9 K. As determined
by XRD, the lattice parameters were aspco = 3.963 A and
cseo = 3.411 A, ie., the film had a slight amount of excess
oxygen. Simulations showed that the separation of the La and
the Ba peak in the backscattering spectrum is stronger for lower
o energies. 3%+ For this reason, measurements were performed
at 1213 keV. The resolution of the detector at this energy is
20 keV 1213 keV = 1.6 %. Two independent measurements
yielded consistent data and were performed to allow for a
deduction of the double standard deviation 2o . The data were
fitted numerically using a simplex algorithm.*> The measure-
ments are shown in Fig. 5 and the results are summarized
in Table I. Note, that the Sr peak (at ~1000 keV) stemming
from the SLCO film is separate from the Sr box (ending
at ~970 keV) stemming from the STO substrate because of
the energy loss of « particles crossing the intermediate BTO
film.

For stoichiometric SLCO with a sum formula
Sr;_,La,CuO,, the sum of Sr and La atoms equals
the number of Cu atoms. In our case, it is (29.4 +
5.3) x 101 atoms/cm? = 34.7 x 10'° atoms/cm?, which is

1400 T T T
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c Y o "N e
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FIG. 5. (Color online) Two Rutherford backscattering spectra
(open symbols) of an SLCO film on BTO/STO measured in two
independent runs (1 and 2). Solid lines are numerical fits to the data.
The determined stoichiometry is given in Table I.
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TABLE 1. Areal density (in units of 10" atoms/cm?) as deter-
mined by numerical fits of RBS data measured on a BTO-buffered
SLCO film on STO. The two independent measurements are labeled
as 1 and 2. Errors of the numerical fits are denoted in parentheses.
The error of the mean value is the double standard deviation 2¢.

Meas. Sr La Cu

1 29.34(9.78) 5.40(0.13) 36.21(12.07)
2 29.46(9.77) 5.11(0.14) 34.57(11.47)
mean 29.39[0.11] 5.25[0.29] 35.39[1.64]

very close to the determined amount of Copper (35.4 x
10" atoms/cm?). Therefore an off-stoichiometry between
(Sr/La) and Cu can be excluded within experimental ac-
curacy. Thus, from RBS data, we extract a sum formula
Srg.84Lag.16Cu0,, showing that the sample is overdoped with
respect to the doping level of the target (x = 0.125). The
second sample examined by RBS yielded similar results with
x = 0.14. Note that RBS fits have only been performed on the
high-energy part of the spectrum where the peaks of Ti, Cu, Sr,
Ba, and La are visible and not for the low-energy part where the
oxygen peak is visible. To summarize our RBS measurements,
we determined the doping level of BTO-buffered SLCO films
as x ~ 0.15, i.e., the samples are overdoped with respect to
the doping level reported for SLCO films exhibiting maximum
T (Xopt = 0.10)?* and to the solid solution level reported
for polycrystalline bulk SLCO (x4 = 0.10).2 Note that the
maximum 7, of our SLCO films was 22 K, which can be
explained by overdoping. However, other influences such as
excess oxygen or defects may also contribute to a reduction of
T. from its maximum value of 43 K.

4. Electric transport measurements

Figure 6 shows a typical p(T) curve of an unpatterned
SLCO film on BTO/STO. The superconducting transition
at T, =16.8 K has a width of AT.~ 1 K. The highest
T, achieved was 22 K. The room-temperature resistivity is
300k ~ 0.2 mQcm, which is comparable to the values re-
ported for YBa,Cu3;O7_; single crystals and high-quality thin
films. We further observed an almost linear po(7') dependence
for T 2 100 K, which was explained by scattering due to spin
fluctuations in the CuO, planes in case of YBa,Cu307_;.%° The
residual resistance ratio is RRR ~ 2, which is somewhat lower
than the value reported for optimally doped Srg 9oLy 10CuO,
films on KTO, where RRR =~ 3.22 Possible explanations for
the reduced 7, and RRR are excess oxygen in the (Sr/La)
planes, oxygen deficiency in the CuO, planes, lattice defects,
impurities, or off-stoichiometry. As shown in Sec. IV, both
excess oxygen and oxygen deficiency lead to semiconducting
or insulating p(7) behavior. Moreover, lattice defects or
impurities lead to a finite resistance at low temperatures, where
electron-phonon scattering is negligible, leading to a reduced
RRR. After o(T) measurement, the SLCO film was patterned
to allow for determination of the critical current density j.(T).
The p(T) behavior measured with these bridges (not shown
here) coincided with the p(T') behavior determined by van der
Pauw measurement prior to patterning, which confirms that
patterning did not affect the properties of SLCO. We measured
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FIG. 6. Resistivity vs temperature of an unpatterned SLCO film
on BTO/STO. Inset shows the current-voltage characteristics of a
40 um wide bridge at T = 9.8 K.

I(V) curves in the temperature range 42K < T < T, as
shown in the inset of Fig. 6 for T = 9.8 K. The I(V) curves
were hysteretic, probably due to heating. At T = 4.2 K, we
found a critical current density j.(4.2 K) = 2.1 x 10® A/cm?,
which is 1 to 2 orders of magnitude lower than the values
reported for YBCO at T = 4.2 K but coincides with that of T’
compounds such as Nd,_,Ce,CuQ,.*’

C. Characterization of SLCO on KTO
1. RHEED and atomic force microscopy

During initial growth of SLCO on KTO, typically (10 £ 5)
RHEED oscillations could be observed, as displayed in
Fig. 7(b). This value is somewhat lower than what is found for
SLCO on BTO/STO (cf. Sec. IIIB1). A possible explanation
is given by the fact that KTO was not vacuum annealed
before deposition of SLCO, leading to enhanced island growth
(increased step density) due to worse substrate-film interface
and thus to a faster disappearance of RHEED oscillations.
The oscillations revealed a growth rate of (8.5 &= 1.0) pls/uc,
corresponding to a film thickness of s co = (34 &= 4) nm for
850 pulses. At the end of deposition, the RHEED pattern
revealed a 2D surface with fade 3D admixtures, possibly due
to 3D islands or small droplets on the surface [cf. Fig. 7(a)].
Together with the intensity evolution of the specular spot, we
can thus identify a Stranski-Krastanov growth mode.*’ Note,
that for SLCO films on KTO, no intermediate streaks were
observed, which is different from what we found for SLCO
films on BTO/STO.

Figure 7(c) shows an AFM image of SLCO on KTO.
The root mean sqaure roughness is RMS = 0.35 nm and
the maximum step height is ~1.0 nm, i.e., the maximum
roughness is caused by asperities of 3 uc. The morphology
of SLCO on KTO is thus comparable to the morphology of
SLCO on BTO/STO. Note that extra structures visible in the
AFM image, i.e., bright lines and dark holes, stem from the
KTO substrate, which was not annealed prior to deposition.

2. X-ray diffraction

Atypical XRD ®-20 scan of SLCO on KTO is shown in the
main graph of Fig. 8(a), indicating that the film is single phase
with an IL crystal structure. About ten Laue oscillations can be
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FIG. 7. (Color online) (a) RHEED patterns during preparation of SLCO on KTO. (1) KTO substrate before deposition, (2) SLCO after
growth of ~2 unit cells, (3) end of SLCO deposition, (4) begin of SLCO vacuum annealing, (5) end of SLCO vacuum annealing, and (6)
sample at room temperature. (b) Intensity oscillations of the RHEED specular spot during growth of SLCO on KTO (marked by arrows).
Deposition started at r = 0. Inset presents a zoom, showing growth of ~3 uc in detail. (c) AFM image of the SLCO surface. The root mean
square roughness is 0.35 nm and the maximum step height is 1.0 nm, corresponding to 3 uc SLCO. The darker regions stem from holes in the

as-received KTO substrate.

identified, pointing to a uniform crystal structure along the ¢
axis and a flat film surface. Moreover, the narrow rocking curve
with FWHM = 0.09 ° demonstrates high crystalline quality of
the film. The c-axis parameter is calculated as 3.400 A. For
comparable films, exhibiting 7 close to 20 K, the mean value
was csLco = (3.401 £ 0.005) A, which coincides well with
the value ¢ = (3.400 + 0.003) A reported for SrpgLag ;CuO,
films on KTO.23*8

Reciprocal space mapping around the (303) reflection was
used to determine the in-plane lattice parameter asyco. As
displayed in Fig. 8(b), the SLCO film is under tensile epitaxial
strain with as co = 3.986 A, which is close to the substrate
parameter agto = 3.988 A. The mean value for films with
T. close to 20 K was asico = (3.982 + 0.004) A, which is
somewhat larger than the value (3.972 + 0.006) A reported
for SI'()'QLa()‘] CuO, films on KTO.23‘48
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The inset of Fig. 8(b) shows the dependence of T, on the
lattice constant csy co. As found for SLCO on BTO/STO (cf.
Sec. III B2), an upper limit for cs; co where superconductivity
occurs can be identified empirically (cspco < 3.415 A).

We now compare the XRD data of SLCO films on
BTO/STO (cf. Sec. I B2) with XRD data of SLCO films on
KTO. Table II comprises a summary of XRD data typically
measured for SLCO films grown on both types of substrates.
It is obvious that SLCO films on KTO show higher peak in-
tensities, narrower rocking curves and more Laue oscillations,
i.e., better crystalline quality. More important, the a axis (¢
axis) is larger (smaller) for SLCO films on KTO, resulting in a
smaller ratio c¢/a = 0.854 for SLCO films on KTO, compared
to 0.859 for SLCO films on BTO/STO, i.e., SLCO films on
KTO are more tensile strained. It is thus remarkable that both
kinds of samples exhibit similar electric transport properties

20
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FIG. 8. (Color online) XRD data of SLCO on KTO. (a) Main graph shows the (002) region of a ®-20 scan and inset shows the rocking
curve of the SLCO (002) peak. (b) Main graph shows reciprocal space mapping of the (303) region. Inset displays 7, vs c-axis parameter for a
set of SLCO films grown under comparable conditions. Superconductivity (SC) is only observed within the shaded region.
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TABLE II. Comparison of typical XRD data for SLCO films
grown on different substrates. All data refer to the (002) reflection.
The FWHM corresponds to the rocking curve and the number of Laue
oscillations (osc.) to the ®-20 scan. cs co and as;co are the mean
values of films with 7, =~ 20 K.

Intensity FWHM CSLCO asLco
Substrate (cps) (deg) osc. (A) (A)
BTO/STO ~1000 ~0.15 ~4 3.408 3.967
KTO ~2000 ~0.11 ~8 3.401 3.982

(cf. Sec. III C 3), in particular the same maximum 7, =~ 20 K,
whereupon tensile strain was believed to enhance electron
doping of the CuO,-planes and therefore increase 7..”7-1922
For illustration, Fig. 9 shows the correlation of the transition
temperature 7, vs c/a ratio for SLCO films deposited on both
kinds of substrates. Itis obvious, that SLCO films on BTO/STO
are superconducting for ¢/a < 0.862, whereas SLCO films on
KTO are superconducting for c/a < 0.858. To explain this
difference, we refer to the work of Karimoto et al.; on the one
hand, they showed that compressively strained SLCO films
on STO are not superconducting,'’?*> whereas tensile strained
SLCO films on KTO are superconducting with 77 = 39 K.
On the other hand, they found that relaxed SLCO films on DSO
exhibit slightly improved electric transport properties with
T? = 41 K.»* Thus, whereas compressive strain hampers
superconductivity, both relaxed and tensile strained films
exhibit comparable superconducting properties. Therefore
despite exhibiting different degrees of tensile strain, it is
in accordance with literature that our SLCO films show
comparable electric transport properties.

3. Electric transport measurements

Figure 10 shows p(T) of an SLCO film on KTO with
T. = 18.0 K. The transition width is AT, ~ 1 K. The room-
temperature resistivity is p3pox = 0.16 mQcm and RRR =~
2. We observed hysteretic /(V) curves, as shown in the
inset of Fig. 10 for T =10 K. At T =4.2 K, we found a
critical current density j.(4.2 K) = 2.0 x 10° A/cm?, which
is comparable to the value found for SLCO on BTO/STO, cf.
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FIG. 9. (Color online) Transition temperature 7. vs c¢/a ratio
for SLCO on BTO/STO and on KTO. The shaded regions, where
superconductivity is found to occur, clearly reveal two different
regimes of tensile strain.

PHYSICAL REVIEW B 85, 024519 (2012)

0.16
| 1=100 pA
t
= 012}
o
S
3 voltage (V)
z 0.08 - -0.2-0.1 0.0 0.1 0.2 T
B 5| T=10.0K
(0]
= 004} 0
'5;
0.00 L

0 50 100 150 200 250 300
temperature (K)

FIG. 10. Resistivity vs temperature of an unpatterned SLCO film
on KTO. Inset shows current-voltage characteristics of a 40 um wide
bridge at 7 = 10.0 K.

Sec. III B 4. Altogether, despite of slightly superior crystalline
properties of SLCO films on KTO, their electric transport
properties are quite similar to those of SLCO films on
BTO/STO.

IV. DISCUSSION OF PROCESS PARAMETERS AND
VACUUM ANNEALING

In this chapter, the influence of different process parameters
on structural and electric properties of BTO and SLCO films
are discussed.

A. Influence of process parameters on BTO
1. Substrate temperature

We examined the influence of the substrate temperature
Tgro during deposition of BTO on its final lattice parameters.
BTO films grown at comparable temperatures Tgro = (670 +
15)°C and oxygen pressure po, = 10 Pa were analyzed by
means of XRD. The lattice parameters were determined as
apro = (3.994 £0.003) A and cpro = (4.021 £0.003) A.
Another set of samples grown at higher substrate temperature
Tsto = (760 £ 15) °C revealed lattice parameters of agro =
(3.988 4 0.006) A and cpro = (4.033 £ 0.007) A. Thus, for
increasing substrate temperature, the ¢ axis increases and the
a axis decreases. As known from literature, reduction of BTO
results in an increased c¢/a ratio. We therefore interpret our
result as follows. Athigh T, oxygen is more mobile than at low
T, leading to an enhanced desorption of oxygen already during
film growth. The films deposited at high 7 are consequently
more reduced and have a larger ¢/a ratio than those grown at
low T.

Moreover, by means of RHEED, we found that a superstruc-
ture emerged when BTO was deposited at Tpto < 650°C,
which may be the result of surface defects. Therefore, for
the deposition pressure po, = 10 Pa, Tgto values higher than
650 °C were used.

2. Vacuum annealing
As described in Sec. II A, BTO films were annealed at
T, ~ 900°C in oxygen (po, = 10 Pa) for f, = 15 min and
subsequently at the same temperature in vacuum (pPyae S
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1073 Pa) for 7, = 30 min. To examine the influence of this
vacuum annealing step on the lattice constants, we also
fabricated some reference samples that were only annealed
in oxygen but not in vacuum. Those films revealed a larger in-
plane lattice constant agro = (3.992 4 0.005) A and a smaller
out-of-plane lattice constant cgto = (4.026 = 0.013) A as
compared to the films with additional vacuum annealing
[agto = (3.988 & 0.006) A and cgro = (4.033 £ 0.007) Al
From this observation we can conclude that reduction by
vacuum annealing leads to an increase of the c/a ratio,
in accordance with literature. Furthermore, it supports the
interpretation given in Sec. IV A 1.

B. Influence of process parameters on SLCO
1. Excimer laser energy

In this section, we report on the influence of the excimer
laser energy E;, on SLCO films. For that purpose, we fixed all
other parameters and varied E; . By analyzing the RHEED os-
cillations during deposition of ~30 SLCO films on BTO/STO,
we found that the number of pulses needed to deposit one
unit cell SLCO (pls/uc) decreased approximately linearly
with increasing laser energy. For a target-to-substrate distance
drs = 60 mm, the values determined during deposition were
(9.3 £0.5) pls/uc at 110 mJ, (8.2 £ 0.5) pls/uc at 130 mJ,
and (6.7 £ 0.5) pls/uc at 150 mJ, as displayed in Fig. 11. It
is obvious that higher E; yields a higher plasma density and
thus an increased growth rate.

To analyze the impact of varying laser energy on the lattice
parameters, we compare two representative SLCO films on
BTO/STO, prepared identically except for E;. One film was
prepared with E;, = 130 mJ and the other with E;, = 150 mJ.
As the growth rate increased with increasing £, 550 and 400
pulses were deposited, respectively, to end up with the same
film thickness. The resulting lattice parameters were cspco =
3.410 A and as co = 3.965 A for E; = 130 mJ as well as
CSLCO = 3.419 A and asypco = 3.962 A for EL =150 IIIJ,

13 — . .
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3 7 .
(2]
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FIG. 11. (Color online) Number of laser pulses needed to deposit
one monolayer (determined by RHEED oscillations) of SLCO on
BTO/STO at an oxygen pressure po, = 20 Pa vs excimer laser
energy. The solid line is a linear fit to the data acquired at a target-
to-substrate distance drs = 60 mm. Inset shows the dependence of
the growth rate on the oxygen pressure (for fixed £, = 130 mJ and
d’[‘s =60 mm)
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i.e., the c¢/a ratio increased with increasing laser energy.
This effect can be attributed to an enhanced incorporation
of excess oxygen: a laser pulse with higher E; creates more
high energetic particles in the plasma. Therefore more oxygen
is activated in the surrounding process gas and incorporated
into the SLCO, which would well explain the increased c/a
ratio. However, we can only speculate about this dependence
and further examination is needed to verify this assumption.

2. Target-to-substrate distance

Another degree of freedom is given by the distance drg
between target and substrate. It is obvious that an increase of
drs should reduce the growth rate because of the dilution of the
plasma in outer regions. Indeed, we observed such behavior
by analyzing RHEED oscillations of 25 SLCO films deposited
on BTO/STO at similar conditions but with varying drs. The
values for drg = 50, 60, and 70 mm at fixed £; = 130 mJ were
(5.4+£0.5),(8.2£0.5),and (11.2 £ 0.5) pls/uc, respectively,
as displayed in Fig. 11. As discussed in Sec. IV B 1, higher E,
probably leads to an enhanced incorporation of oxygen. We
want to interpret this result in another way: higher E; leads to
an expansion of the plume and consequently to a change of the
relative position of the substrate within the plume. Actually,
this corresponds to a situation, where the laser energy was kept
constant but the substrate was moved closer to the target. Thus
we expect that the oxygen concentration should increase with
decreasing drs, too. To check this idea, we deposited a film
at drs = 50 mm and another at drs = 70 mm and compared
their lattice parameters. To end up with the same film thickness
(tsLco & 23 nm), 350 and 770 pls were ablated, respectively.
The resulting lattice parameters were cspco = 3.410 A and
aspco = 3.966 A as well as CSLCO = 3.406 A and aspco =
3.969 A, supporting the above-mentioned idea. To conclude,
we found that smaller drg results in an increased c/a ratio,
probably due to enhanced incorporation of excess oxygen.

To remove excess oxygen, we prepared a sample iden-
tical to that deposited at drs = 50 mm but with additional
in situ vacuum annealing (¢, = 40 min) at lower temperature
(T, = 350°C). The lattice constants of this sample were
csLco = 3.408 A and agico = 3.969 A, which is close to the
parameters of the sample prepared at 70 mm without additional
low-temperature annealing. This confirms that excess oxygen
was indeed responsible for the increase of the c¢/a ratio, which
is both dependent on E; and on drs. Finally, we want to
mention that the Sr and/or La concentration, i.e., the doping
level x, is probably also dependent on E; and drs; in a naive
approach, the heavier La (mp, = 138.91 u)*’ should dominate
the inner regions of the plasma because of its high inertia,
whereas the lighter Sr (mg, = 87.62 u)?7 should dominate the
outer regions. Yet, a validation of this idea goes beyond the
scope of this work.

3. Deposition pressure

To analyze the influence of oxygen pressure on the SLCO
films, we prepared films at po, =20 Pa and po, =40 Pa
and compared their properties. RHEED oscillations of 25
SLCO films on BTO/STO revealed an increase of the growth
rate with increasing po,. The values were (8.2 £ 0.5) and
(6.4 £ 0.5) pls/uc, respectively, which is illustrated in the inset
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of Fig. 11. However, not only the growth rate but also the lattice
constants changed. The lattice parameters of a film grown at
Po, = 20 Pa were cspco = 3.408 A and asco = 3.969 A,
while for a film grown at po, = 40 Pa these values were
csico = 3412 A and ag o = 3.965 A. Again, we attribute
this increase of the c¢/a ratio to enhanced incorporation of
excess oxygen, which is plausible, because higher oxygen
pressure provides more active oxygen during film growth.

C. Vacuum annealing

1. Vacuum annealing time

A series of SLCO films deposited on BTO/STO under
similar conditions but with varying vacuum annealing time
f, showed that there is an optimum annealing time 7;" =
22 min. As shown in Fig. 12(a), T, increases with increasing
annealing time and reaches a maximum value of 17.1 K
after 22 min, before decreasing again. The room-temperature
resistivity p3pox shows the opposite behavior with a minimum
at 1,7 =22 min, which we explain as follows. For 7, < tfpt,
excess oxygen is removed from SLCO. As excess oxygen
forms O~ ions on interstitial sites, it traps free charge carriers
from the CuO, planes, which increases the resistivity and
suppresses superconductivity. Therefore ps;pox decreases and
T, increases with the removal of excess oxygen, as reported
before.”’*® We further observed the reduction process by
analyzing the evolution of the lattice constants with proceeding
t,, as displayed in Fig. 12(b). In accordance with literature?’*®
we found that the ¢ axis decreases and the a axis increases
monotonically during reduction. Furthermore, we found that
the unit cell volume V increases as well [cf. inset of Fig. 12(b)],
which is a well-known behavior of various oxides when
being reduced.*! The decrease of 7, and the increase of
p300k for #, > 22 min is attributed to the formation of oxygen
vacancies in the CuO;-planes. In hole-doped cuprates, oxygen
vacancies in the CuO; planes are known to decrease the charge
carrier concentration and to weaken the antiferromagnetic
spin fluctuation/correlation of the d-electrons, suppressing
7.4 For the IL compounds, however, it has been shown
that oxygen vacancies in the CuO, planes can even induce
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superconductivity.’'’? The idea is that those vacancies lead to
electron doping of the CuO; planes, even without trivalent
cation doping. However, as oxygen vacancies are lattice
defects at the same time, too strong reduction of the CuO,
planes finally leads to suppression of superconductivity.

In the case of IL, a secondary phase can be formed if
oxygen vacancies arrange in an ordered structure, which is
called “infinite-layer-related” (IL-r) phase. It can be easily
identified by means of XRD due to its elongated ¢ axis of
CiL_r ~ 3.6 A. Figure 13(a) shows p(T') and an XRD ®-20
scan of the (002) reflection of an SLCO film containing both
phases, i.e., the IL and IL-r phase. The c-axis constants are
determined as c¢sico = 3.405 A and ¢y, = 3.614 A. The
widths of the corresponding rocking curves are Awsico =
0.11°and Awy _; = 0.12 ° (not shown here). Laue oscillations
of the (002) reflection are visible for both phases, allowing to
determine their thickness. For each phase, we found a thickness
of (22 &+ 1) nm, which is close to the total film thickness
determined by RHEED oscillations (s co &~ 25 nm). This
implies that both phases coexist side by side and not on top of
each other. We reported on the same observation in a recent
paper.** In conclusion, the formation of the IL-r phase is a
process that develops laterally on distinct nuclei and not along
the film normal. Furthermore, we found that the IL and the IL-r
phase can be imaged by optical microscopy due to different
optical reflection. Figure 13(b) shows optical micrographs of a
single phase SLCO film (with IL crystal structure, top images)
and of a double phase SLCO film (with IL and IL-r crystal
structure, bottom images). Whereas on top of the single phase
film only droplets are visible (black spots with a diameter
of a few micrometers), the double phase film shows several
gray regions with an average size of ~30 x 30 um?. As these
regions were always correlated to signatures of the IL-r phase
in XRD scans, we identify them as the IL-r phase. Furthermore,
the micrographs verify the proposed lateral formation process
of the IL-r phase, as deduced from XRD measurements. As
illustrated in Fig. 13(a), the IL-r phase is semiconducting,
which supports the findings of Zhou ef al.?® but contradicts
the interpretation of Karimoto et al.>*3? who suggest metallic
behavior for the IL-r phase. As in our sample the IL-r and

(a) annealing time (min) (b)
15 20 25 30 35 3.420 |
17 /\ + 10.28 T i {
= 7 g ) 3418 [T
e -~ = s 13.968 =
< 16 s /. 1024 E < % 3.968
15 \\ 5 o B 416y { 5370 increasin 5
s . 4 8 : : &
o 20 & & 341a] e 5365 H P {3964 2
- o  rlo- - o 2 o
£0.15¢ 2 3412 i ~~~~~~ < 53.60 ML 2
3] — F--=--35 min T > * 13.960
o | . 53.55 :
€010l F--25minf O 34108 ~——F S
z —22minf | 8 %, 0858 0860 o
=005} ---20min] | gz 34087 = c/a 13.956 &
g ............. 15 min| 3406 L e {
2 0.00 ! ! L L L ! ! ! L N
0 50 100 150 200 250 15 20 25 30 35

temperature (K)

annealing time (min)

FIG. 12. (Color online) (a) Resistivity vs temperature of SLCO films deposited on BTO/STO with varying vacuum annealing time #,. Inset
shows the dependence of the transition temperature and of the room-temperature resistivity vs #,. (b) Dependence of the lattice parameters
asi.co and csico Vs t,. Inset shows the evolution of the unit cell volume V = acho X csLco With #,. Lines are guides to the eyes.
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FIG. 13. (a) Resistivity vs temperature of SLCO on BTO/STO, exhibiting both IL and IL-r phase, as confirmed by XRD ®-20 scans of
the (002) region (cf. inset). (b) Optical micrographs of a single phase IL film (top) and of a film with both phases, IL and IL r (bottom). The
regions with IL-r phase are visible as gray islands (cf. text), droplets are visible as black spots.

the IL phase coexist side by side, we can also observe
the fingerprint of the latter as onset of superconductivity
at T ~ 18 K. Yet, a full transition was not observed. With
further reduction of the sample, the superconducting signature
vanished completely, resulting in a dominantly IL-r phase
thin film with more pronounced semiconducting/insulating
transport properties (not shown here).

All results reported in Sec. IVC1 concerning vacuum
annealing of SLCO on BTO/STO could be verified qual-
itatively for SLCO on KTO, too. For simplicity, we will
therefore only give a summary of the most important data
and point out the main differences to SLCO on BTO/STO.
A series with vacuum annealing time varying between 5
and 20 min showed, that 7, was highest (7, = 18.3 K)
when the room-temperature resistivity was lowest (p3px =
0.16 mQcm). However, we found a remarkable difference to
SLCO on BTO/STO concerning the optimum annealing time.
Whereas SLCO on BTO/STO had an optimum annealing time

15" = 22 min, SLCO on KTO required an annealing time of
1s” = 10 min, which corresponds to the value reported by

Karimoto et al..?>*® As discussed in Sec. IIIC, SLCO films
on BTO/STO exhibit less tensile strain, as compared to the
films grown on KTaOs substrates. Karimoto et al.?? proposed
that it is difficult to remove excess oxygen from compressively
strained SLCO films. This is due to a reduced in-plane lattice
constant asyco, hindering the large 02~ jons to diffuse and
desorb from the crystal. Regarding SLCO films on BTO/STO,
this implies that longer annealing time is necessary to obtain
a comparable degree of reduction as in the case of SLCO
on KTO, conforming to our observation. We further want to
note, that RHEED patterns of SLCO on BTO/STO exhibited
intermediate streaks [cf. Fig. 3(a)], pointing to a superstructure,
possibly due to excess oxygen, which would well support the
above-mentioned interpretation.

For SLCO on KTO, the lattice constants and the unit cell
volume showed the same monotonic behavior as found for
SLCO on BTO/STO, i.e., with increasing vacuum annealing
time, the a axis increased, the ¢ axis decreased, and the unit
cell volume V increased.

Finally, too long vacuum annealing of SLCO on KTO
ended up in the formation of an IL-r phase, which showed

semiconducting electric transport behavior and was visible in
optical micrographs.

2. Vacuum annealing temperature

In this section, we analyze the influence of vacuum
annealing temperature 7, on the properties of SLCO films. We
prepared two sets of SLCO films on KTO that were annealed
at T, = 550°C and 600 °C, respectively. Figure 14(a) shows
the p(T') behavior of those films. Regarding 7, = 550°C, it
is obvious that an increase of ¢, from 5 to 25 min leads to
a decrease of p(T), in accordance with the results presented
in Sec. IVC 1, which was explained by removal of excess
oxygen. However, to induce a superconducting transition, ¢, >
25 min is required at this reduced annealing temperature. For
comparison, two films annealed for 7, = 5 and 10 min at 7, =
600 °C are additionally plotted in Fig. 14(a). Already afterz, =
5 min vacuum annealing a superconducting transition with
T. = 14.5 K was observed, which reached its maximum value
of T, = 17.5 K after ¢, = 10 min. In conclusion, removal of
excess oxygen is strongly dependent on 7,, in accordance
with literature.?22’ For SLCO on BTO/STO, we observed the
qualitatively same behavior (not shown here), yet with double
vacuum annealing time necessary, as described in Sec. IVC 1.

Finally, we want to describe a combination of high- and
low-temperature vacuum annealing as introduced by Li et al.?’
As found by XRD and electric transport measurements, some
films still contained too much excess oxygen, although having
been vacuum annealed at T, = 600 °C. To remove the residual
excess oxygen, those samples were additionally annealed in
vacuum (pyae < 107 Pa) at T, &~ 340 °C for 7, = 40 min. In
most cases, the second low-temperature vacuum annealing
step was sufficient to enhance or induce superconductivity, as
shown in Fig. 14(b). This can be explained by the fact that
excess oxygen only occupies weakly bond interstitial sites
and can thus diffuse and desorb even at low 7},. Yet, it requires
further examination whether all excess oxygen can be removed
at low T, or if a (previous) annealing step at high T}, is crucial.
Furthermore, it was not essential if the low 7, annealing step
was performed after the sample had been exposed to ex situ
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FIG. 14. (Color online) (a) Resistivity vs temperature for SLCO on KTO vacuum annealed under different conditions. The films of the first
series were annealed at 7, = 550°C for 5, 15, and 25 min, and the films of the second set were annealed at 7, = 600 °C for 5 and 10 min.
(b) Normalized resistance vs temperature of an SLCO film on BTO/STO after 20 min vacuum annealing at 7, = 600 °C and after additional
40 min vacuum annealing at 7, = 340°C. The inset shows XRD ©-20 scans before and after the second annealing step, yielding a c-axis
constants of 3.415 and 3.407 A, respectively. A small contribution of the IL-r phase is visible at 2@ a2 50.5°, after the additional vacuum

annealing.

conditions or if it was performed in situ directly after high-7,
annealing; both methods lead to comparable results.

V. CONCLUSIONS

To summarize, we report in detail on the fabrication of
single-crystalline thin films of the electron-doped infinite-
layer superconductor Sr;_,La,CuQO, (SLCO) by means of
pulsed laser deposition and on their characterization by in
situ and ex situ techniques. (001)-oriented SrTiO3; (STO) and
KTaO; (KTO) single crystals were used as substrates. Prior
to deposition of SLCO on STO, a single-crystalline BaTiO3
(BTO) thin film was deposited, acting as a buffer layer. In case
of KTO, no buffer layers were deposited. The growth mode, the
evolution of the in-plane lattice constant a, and the morphology
of the BTO and SLCO films were monitored in situ by
high-pressure reflection high-energy electron diffraction. We
observed a Stranski-Krastanov growth mode, both for BTO and
SLCO films and found that BTO films relaxed after growth
of a few unit cells. Atomic force microscopy revealed very
flat surfaces of BTO and SLCO with asperities in the range
of a few unit cells. X-ray diffraction was used to determine
the lattice constants of the films. Fringes and narrow rocking
curves indicated high crystalline quality. A comparison of our
thin film lattice constants a and ¢ with literature bulk values
showed that BTO buffer layers were (almost) relaxed, SLCO
films on BTO-buffered STO (BTO/STO) moderately tensile

strained, and SLCO films on KTO highly tensile strained.
However, SLCO films on both kinds of substrates showed
comparable electric transport properties. Furthermore, the
stoichiometry of SLCO films on BTO/STO was determined
by Rutherford backscattering spectroscopy. It revealed slight
overdoping (x =~ 0.15) as compared to optimally doped SLCO
polycrystals (x = 0.10). Moreover, we determined a critical
current density of j*?% ~ 2 x 10° A/cm? and a maximum
T. of ~22K ~ %TJ’““‘. Finally, we discussed the influence
of various process parameters on the thin film properties,
such as varying excimer laser energy E|, target-to-substrate
distance drs, deposition pressure po,, vacuum annealing
time #,, and vacuum annealing temperature 7, and show
that these parameters directly influence the oxygen con-
tent of the SLCO films and hence their electric transport
properties.
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Electric transport across Sr;_, La, CuO,/Au/Nb planar tunnel junctions and x-ray photoelectron

and Auger-electron spectroscopy on Sr;_,La, CuQO, thin films
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Thin-film planar tunnel junctions with the electron-doped infinite-layer superconductor Sr;_,La, CuO, (SLCO)
with x ~ 0.15 as bottom electrode, a thin Au interlayer, and Nb as top electrode were fabricated and characterized.
Measurements of electric transport across these junctions provide information on the interface and surface
properties of the SLCO thin films. No Cooper pair tunneling is observed; however, nonlinear current-voltage
characteristics give evidence for quasiparticle (QP) tunneling across a thin insulating SLCO barrier at the
SLCO/Au interface, with a single gap value ~1.4 meV, originating from superconducting Nb. The absence of
a superconducting SLCO gap in the QP conductance curves indicates a thin normal-conducting SLCO layer
below the insulating SLCO barrier. To examine its origin, x-ray photoelectron spectroscopy (XPS) and x-ray
Auger-electron spectroscopy (XAES) on SLCO thin films were performed. We observe a Cu valence of 41 in the
SLCO surface layer (within ~3 nm thickness) and of 42 in deeper regions, as expected for fully oxidized CuO,
planes in the bulk. Hence, the XPS and XAES results for the SLCO films are consistent with the QP tunneling
spectra observed for our planar SLCO/Au/Nb junctions.

DOI: 10.1103/PhysRevB.84.064521

I. INTRODUCTION

Both, hole- and electron-doped high-transition-temperature
(T,) cuprate superconductors have been synthesized and
investigated intensively throughout the past two decades.
On the electron-doped side only two families of cuprate
compounds are known. These are the 7’ compounds'?
L,_,Ce,CuO4 (L = La,Pr,Nd,Sm,Eu) with maximum 7, =
30 K and the infinite-layer (IL) compounds®* Sr;_,L,CuO,
(L = La,Pr,Nd,Sm,Gd) with maximum 7. = 43 K. The IL
crystal structure is formed by alternating stacks of CuO, and
Sti_x(Ly) (a-b) planes along the c-axis direction. The charge
reservoir block, commonly present in cuprate superconductors,
as well as apical oxygen do not exist in the ideal IL crystal
lattice.” Electron doping is suggested because the nominal
Sr and L valences are +2 and +3, respectively.* As the
crystal structure of the IL compounds is the simplest of all
cuprate superconductors, they provide a unique opportunity to
explore the fundamental nature of high-7, superconductivity.
For the same reason, they are often referred to as the “parental
structure” of cuprate superconductors.® However, due to severe
difficulties in the synthesis of high-quality samples, the IL
cuprates have been much less examined than any other
cuprate superconductors. In particular, no large single crystals
of the IL compounds have been synthesized so far, and
the synthesis of polycrystalline bulk material requires high
pressure (21 GPa).”® To overcome this problem, epitaxially
grown, single-crystal IL thin films have been fabricated, where
the pressure is supplied by epitaxial strain.'®!" Karimoto
et al."? succeeded in synthesizing electron-doped IL thin films
with 7, close to the bulk value by molecular beam epitaxy
(MBE) on KTaO3 (KTO) substrates, supplying tensile strain,
which is believed to support the electron-doping effect for
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the CuO; planes. Moreover, they confirmed that, under the
oxidizing conditions generally used during deposition, vacuum
annealing of the as-grown film is essential for superconduc-
tivity to emerge. Without this reduction step, excess oxygen
occupies interstitial sites in the Sr(L) planes and localizes
electrons, which in turn hampers superconductivity. This
reduction step was established in T’ compounds before'® and
is nowadays a common synthesis step for IL thin films grown
by various techniques, such as sputtering,'"'* pulsed laser
deposition (PLD)'>!% and MBE.'>!” Yet, too strong reduction
ends up in the formation of ordered oxygen vacancies in the
CuO; planes. This phase is called the “long-c-axis” phase or
the “infinite-layer-related” (IL-r) phase,'>!® which suppresses
superconductivity.'>'* The unit cell of the IL-r phase is a
superstructure of the IL unit cell with lattice parameters
2«/§ap X Zﬁap x ¢, where a, is the in-plane parameter
of the perovskite-type IL structure with tetragonal symmetry
and c¢; is the superstructure-extended c-axis parameter with
cs ~3.6A (compared to ¢ & 3.4 A for the IL structure).

To examine the influence of vacuum annealing on the sur-
face of our PLD-grown Sr;_,La,CuQO; (SLCO) thin films, we
performed surface-sensitive electric transport measurements,
x-ray photoelectron spectroscopy (XPS) and x-ray Auger-
electron spectroscopy (XAES). Our transport measurements
were carried out on planar SLCO/Au/Nb tunnel junctions.
Quasiparticle tunneling was observed, which we attribute
to an insulating barrier at the SLCO/Au interface and a
thin normal-conducting SLCO layer below this barrier. To
identify its origin, XPS studies on SLCO thin films were
performed, revealing a reduced Cu species with valence +1
in the surface layer (~3 nm thick) of SLCO. This result
is consistent with the findings of other groups'*' who
performed corresponding studies on CuO and Cu,O samples.

©2011 American Physical Society
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Moreover, to our knowledge, we performed the first XPS and
XAES studies on the (insulating) IL-r phase, allowing us to
pinpoint the spectral lines of the superconducting IL phase
by comparing the spectra with each other. Furthermore, x-ray
diffraction studies indicate the presence of an approximately
3-nm-thick disordered SLCO surface layer, supporting our
planar tunneling, XPS, and XAES results.

II. SAMPLE FABRICATION AND EXPERIMENTAL
DETAILS

A polycrystalline Sr;_,La,CuO, (x = 0.125) target>? was
used for epitaxial growth of 25- to 30-nm-thick SLCO films
on (001) KTO substrates’® at 580°C and 20 Pa oxygen
pressure, by pulsed laser deposition, using a KrF (A =248 nm)
excimer laser with a repetition rate of 2 Hz. The base pressure
of the PLD chamber was 107% Pa. In situ high-pressure
reflection high-energy electron diffraction (RHEED) was used
to monitor the growth mode and growth rate by counting the
number of deposited monolayers within the first 5 to 30 unit
cells. In order to remove excess oxygen from the Sr/La planes,
after thin-film deposition the samples were annealed in vacuum
(107> Pa) at 580 °C for 5—10 min before cooling down to room
temperature.

For the fabrication of planar tunnel junctions, the samples
were transferred in vacuum (“in situ”) to an electron beam
evaporation chamber, where a S5-nm-thick Au layer was
evaporated on top of SLCO. The Au thickness was sufficient
to cover all asperities of the underlying SLCO layer; atomic
force microscopy in contact mode on SLCO thin-film reference
samples revealed a root mean square roughness of 0.3 to
0.7 nm. Subsequently, the samples were transferred in situ
to a magnetron sputtering chamber where a 21-nm-thick Nb
film was sputtered on top of the Au layer. The SLCO/Au/Nb
trilayers were removed from the deposition system and
patterned to form planar SLCO/Au/ND junctions with lateral
dimensions of 5 x 30 um? by standard photolithography and
Ar ion milling. This involved sputtering of an additional
5-nm-thick Au layer and subsequently a 100-nm-thick Nb
layer, which was etched down to 75 nm thickness later on
during the patterning process (see Fig. 1). For a detailed
description of the fabrication process see Ref. 24. Altogether,
we fabricated two chips, each of which had five SLCO/Au/Nb
junctions with nominally identical geometry. Electric transport

(a) (3)
AU/NDb finger___

FIG. 1. (Color online) Schematic layout (a) and micrograph (b) of
planar SLCO/Au/ND junction. The stacking sequence from bottom to
top is SLCO (26 nm)/Au (5 nm)/Nb (21 nm)/Au* (5§ nm)/Nb* (75 nm).
The first three layers forming the junction were deposited in situ. The
uppermost two layers (labeled with *) are required for the patterning
process (Ref. 24).
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properties were measured in the temperature range 7 =
(4.2-300) K in a magnetically and radio frequency shielded
setup using feed lines with high-frequency-noise filters.

In order to obtain element-specific information regarding
the chemical state (valence) of SLCO, XPS and XAES were
performed. For these studies, two SLCO thin films—SLCO-1
and SLCO-2—were grown under the same conditions, with
the same thickness, as described above and transferred to the
XPS/XAES setup immediately after growth to minimize sur-
face contamination. The system (base pressure 5 x 1078 Pa)
consists of a SPECS XR 50 Mg K « x-ray source and a SPECS
Phoibos 100 hemispherical energy analyzer. The pass energy
was set to 20 eV for all experiments, yielding an energy
resolution of &1 eV. By tilting the sample about an angle
0, the information depth could be further reduced by a factor
of cosf. In our experiments the samples were measured at
6 = 0° (normal incidence) and 6 = 60° (grazing incidence),
corresponding to an information depth of ~6 and ~3 nm,
respectively. The samples could be heated in the XPS/XAES
setup to examine the effect of vacuum annealing. After
initial XPS analysis, sample SLCO-1 was annealed at low
temperature (T =~ 350 °C, r = 30 min) and sample SLCO-2 at
high temperature (7 =~ 550°C, t = 5 min) and then measured
again. For data obtained after annealing in the XPS/XAES
setup we refer to these samples as SLCO-1a and SLCO-2a.
After XPS analysis, the crystal structures of the SLCO thin
films were characterized by x-ray diffraction (XRD) using a
Panalytical X Pert system equipped with a Cu cathode and
monochromator.

III. ELECTRIC TRANSPORT PROPERTIES

In this section we present and discuss results obtained on the
electric transport properties of one of the planar SLCO/Au/Nb
junctions. A second junction on the same chip and two other
junctions on the second chip showed very similar behavior.

A. Technical aspects

For electric transport measurements, the sample was con-
tacted in a two-point arrangement, with bias current / flowing
from pad 1 along the SLCO layer, through the SLCO/Au/Nb
junction and the Au/Nb finger to pad 3 (see Fig. 1); the voltage
V was detected across the same two pads. For T below the
Nb transition temperature 7, np, the Au layers are expected
to become superconducting due to the proximity effect. In
this case, we have a four-point arrangement. Electrodes 1
and 2 were used for characterization of the 39-pum-long and
30-um-wide bottom SLCO layer (see Fig. 1).

To sort out parasitic signals from the upper Au layer, we
checked the above-mentioned proximity effect by fabricating
areference Nb/Au/Nb junction, which had the same geometry
as the SLCO/Au/ND junction. The fabrication process for this
reference sample was nominally identical to the process for the
upper Nb-Au-Nb layers in the SLCO/Au/Nb/Au/Nb samples,
i.e., the Au layer and the upper Nb layer were deposited
after exposing the bottom Nb layer to ex situ conditions.
Below T, v, the reference sample showed no voltage drop
up to the critical current I, N, of the Au/Nb finger. Thus,
for T <T,np and I < I, N, any voltage signal detected

064521-2
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FIG. 2. (Color online) Resistance R vs temperature 7 measured
across the SLCO/Au/ND junction (R.3) and along the SLCO bottom
layer (R,.,). Inset: R(T') of the unpatterned SLCO/Au/ND trilayer.

for the SLCO/Au/Nb/Au/Nb samples must stem from the
SLCO/Au/Nb junction.

B. Resistance vs temperature

Figure 2 shows measurements of the resistance R;3
[from (1) to (3)] and of the resistance R;., [from (1) to
(2)] vs temperature T. For R;.3 (across the SLCO/Au/Nb
junction), two resistive transitions are visible, which we
attribute to the transitions of SLCO (7, spco = 15.5 K) and
Nb (T, xp = 8.7 K) with transition widths AT, si co &~ 2 Kand
AT, np = 0.1 K, respectively. From Rutherford backscattering
spectroscopy we determined a doping of x ~ 0.15, which is
slightly above the doping of our target.>> Hence, our films
are overdoped, which explains the reduced 7. as compared
to optimally doped SLCO with x ~ 0.10.*'?> The residual
resistance below T, np has to be assigned to the SLCO/Au/Nb
junction (cf. Sec. IIT A), which will be discussed in Sec. III C.

The R;,(T) curve for the bottom SLCO layer yields a
T, sLco which coincides with the SLCO transition measured
across the junction, as expected. The inset of Fig. 2 shows
R(T) of the unpatterned SLCO/Au/Nb trilayer from the same
chip measured prior to junction pattering in a van der Pauw
geometry. The resistive transition occurs at 15.5 K, which
demonstrates that 7, sico is not affected by the junction
patterning process.

For the resistance measurement on the unpatterned trilayer,
we expect the normal-state resistance to be dominated by the
Au/Nb layer with much lower resistivity as compared to the
SLCO layer. Neglecting the contribution from the thin Au layer
gives a lower bound for the normal-state resistivity of the Nb
film in the trilayer of p, np &~ 8 €2 cm. This value is slightly
larger than typical p, np values for our Nb thin films; however,
this is consistent with the relatively small residual resistance
ratio of 2 as determined from the inset shown in Fig. 2.

From the Au/Nb normal-state resistivity as determined
above, we can estimate the normal-resistance contribution
Ry, AuNp of the Au/NDb finger (75 um long and 5 um wide)
connecting the SLCO/Au/Nb junction with pad 3 (see Fig. 1).
This yields R, au/nb = 15 €2, which is in very good agreement

PHYSICAL REVIEW B 84, 064521 (2011)

with the residual resistance R;_3 measured across the patterned
junction in the range T, no < T < T¢ s1.co (see Fig. 2).
Finally, comparing the values R, ;3 =79 Q and R, 1.0 =
93 Q of the normal resistance R, slightly above T, si.co, we
find R, sLco = 58 €2 for the normal resistance of the bottom
SLCO film between pads 1 and 2 and normal-resistance
values for the three pads R,; = 17.5 Q (i = 1,2,3), if we
assume that they are identical and if we take into account that
R, sico/2 will contribute in series with R, au/np t0 Ry 123.
From R, sico we calculate a normal-state resistivity of the
SLCO film p, sp.co = 0.12 mS2 cm, which is within the range
of typical values 0.1 to 0.2 m2 cm for our SLCO films; i.e.,
the patterning process seems not to severely affect p, si.co-

C. Current-voltage characteristics

Figure 3(a) shows (current-biased) /(V') characteristics of
the SLCO/Au/NbD junction, in the temperature range 4.2 <
T < 8.9 K. Two main transitions are visible, the first to
Ri3 =15 Q and the second to R;3 =44 Q. According to
the above discussion of the R(T) curves in Fig. 2, the first
transition can be identified as the switching of the Au/Nb
finger to the normal state and the second transition to the
switching of the SLCO film between pads 1 and 3 to the
normal state (with resistance R, sico/2 = 29 2), which is
also consistent with the observation that the second transition
persists to temperatures above 8.7 K, i.e., it has to be attributed
to SLCO.

In Fig. 3(b), the low-voltage behavior of the I(V) curves
is displayed. Two main features are obvious: (i) Cooper
pair tunneling is not observed, and (ii) the I(V) curves
are nonlinear, possibly due to the presence of an insulating
tunneling barrier. This explains the residual resistance below
8.7 K as observed in the R 3(T) curve shown in Fig. 2. Both
points will be discussed in the following.

1. Absence of Cooper pair tunneling

If the barrier between superconducting Nb and SLCO was
(electrically) too thick, no Cooper pair tunneling could be
observed. However, a too thick Au interlayer between Nb and
SLCO can be ruled out because of the previously described
proximity effect. Instead, a plausible explanation might be
based on the formation of an oxygen gradient along the ¢ axis
of the SLCO film. As described in Sec. II, a reduction step right
after SLCO film growth is necessary to obtain superconducting
properties. This reduction step possibly generates a gradient,
with decreasing oxygen concentration toward the SLCO
surface. As shown elsewhere,” an oxygen-deficient phase has
normal conducting or even insulating electric properties. Such
an insulating SLCO surface could act as a tunneling barrier.

2. Nonlinear tunneling curves

By numerical differentiation, the low-voltage regime of
the 7(V) curves was transformed into differential conduc-
tance d1/dV (V) curves, which are shown in Fig. 3(c). A
superconducting gap A ~ 1.4 meV is visible, which can be
assigned to Nb. The presence of the Nb gap is a clear indication
for quasiparticle tunneling from the superconducting Au/Nb
electrode through a tunneling barrier, which is formed near
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FIG. 3. (Color online) Transport characteristics of a planar
SLCO/Au/Nb junction for different temperatures: (a) I(V) curves
over large voltage range |V| < 300 mV and (b) zoom-in of low-
voltage regime |V| < 3 mV. (c) Differential conductance curves
dl/dV(V).Inset shows d1/dV(V)atT = 8.9 K on a larger voltage
scale.

the SLCO/Au interface, into normal-conducting SLCO. We
did not find any indication for the presence of an SLCO
gap in the d1/dV (V) curves for T < T, np. Furthermore,
the inset of Fig. 3(c) shows the dI/dV (V) curve at T =
8.9 K > T, np with a constant conductance and no gaplike
feature up to |V| = 53 mV. Thus, we have to conclude that
there is no tunneling from superconducting SLCO across the
barrier. Our data suggest a “stacking” of superconducting
SLCO/normal-conducting SLCO/insulating SLCO (tunneling
barrier)/superconducting Au/Nb along the sample normal.
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IV. X-RAY PHOTOELECTRON SPECTROSCOPY

To examine the chemical state of the SLCO surface,
XPS and XAES were performed on the two SLCO thin-
film reference samples (SLCO-1 and SLCO-2), which were
transferred to the XPS/XAES setup immediately after growth.
For data taken after annealing in the XPS/XAES setup we refer
to those samples as SLCO-1a and SLCO-2a. The adventitious
carbon 1s line was used to calibrate the binding-energy scale,
assuming a binding energy of 284.6 eV for hydrocarbons. For
all XPS data shown below, the peak centers, Gaussian widths,
and intensity ratios were determined by numerical fits.?® For
better clarity we do not show the fitting curves in the graphs
below. Instead, all fitting results are summarized in Table 1.

A. XPS of the infinite-layer phase

Figure 4 shows XP spectra of the O 1s (a), the Sr 3d (b), and
the Cu 2p (c) orbitals, for both normal (0°) and grazing (60°)

(a) Oxygen 1s

1.0 |

. , .
(b) Strontium 3d
1.0 |-

0.5

normalized intensity

00F ]

138 136 134 132 130 128

T T T T T T T T
c) Copper 2
1 o L (©) Copper 2p )

970 960 950 940 930
binding energy (eV)

FIG. 4. (Color online) XPS data from SLCO-1 (with IL crystal
structure) showing relevant photoemission signals for O 1s (a),
Sr 3d (b), and Cu 2p (c) lines at normal incidence 0° and tilt
angle 60°, corresponding to information depths of 6 and 3 nm,
respectively.
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TABLE I. Core-level binding energies (eV) as determined by numerical fitting of the XPS data. The two components (see text) are labeled
as 1 and 2, respectively. The Gaussian peak width is denoted in parentheses. The intensity ratio /,//, is determined by the ratio of the areas
beneath the according peaks. For Sr, AE denotes the splitting of the doublet (j = 3/2 and 5/2). The superconducting IL bulk component
is marked with an asterisk (x) and the insulating IL-r bulk component with a dagger (}) (see text). All unmarked components are surface

components.
Cu 2])3/2 Sr 3d5/2 Ols
Sample 1 2 11/12 1 AE 2 AE 11/12 1 2 11/12
SLCO-1  (0°)  932.3(1.6) 934.3(1.5* 3.5 131.3(1.0)* 1.8 1327(1.8) 1.7 1.3 5282(1.D)* 530.7(14) 0.6
60°)  932.4(1.3) 934.1(1.7)* 8.6 131.4(1.2)* 20 133.0(1.4) 1.9 05 5282(0.8)* 530.7(2.8) 0.1
SLCO-2a (0°) 932.4(1.6)) 933.8(1.5" 0.8 131.8(1.0) 1.8 132.8(14) 18 05 528.6(1.0)
(60°)  932.4(1.6)"  934.0(2.0)f 14 131.9(1.)F 1.9 133.0(1.4) 1.8 0.3  5289(1.5) 530.50.8) 1.3

incidence. The data were collected on the superconducting thin
film SLCO-1, which had a single-phase IL crystal structure
even after annealing in the XPS/XAES setup, as confirmed by
subsequent XRD measurements (see Sec. VI).

1. Oxygen Is

In Fig. 4(a) two components can be identified in the
spectrum. By tilting the sample to 60°, the high-energy peak
increased whereas the low-energy one decreased. Thus, the
first one is identified as a surface component and the second
one as a bulk component.

Vasquez et al.”’ showed that the peak at rather low binding
energy of 528.2 eV belongs to oxygen in the CuO, planes
of common electron-doped cuprate superconductors, where
copper has a valence of +2. The surface component at 530.7 eV
is a mixture of adsorbed oxygen-containing species, mostly
water, and compounds like Sr(OH), and SrCOj;, which may
have formed when the sample was in contact with ambient
air. Also, surface species of the CuO, planes (which are not
charge neutral due to the reduced symmetry in the uppermost
layer) could contribute to the high-energy peak. We found
that this peak drastically decreased upon heating the sample
to around (300-350) °C (not shown here), hinting at water
contamination because all other compounds are not volatile
under the prevailing conditions. However, the high-energy
peak did not disappear completely after annealing, supporting
the fact that other surface compounds are present.

2. Strontium 3d

Due to spin-orbit coupling, the strontium 3d orbital is split
into a doublet with j = 3/2 and 5/2. The XPS data shown in
Fig. 4(b) reveal a superposition of two doublets. The two peaks
within each doublet show a separation of (1.8 +0.1) eV and
an intensity ratio of 3:2, as expected. For the high- and the low-
binding-energy doublets, the j = 5/2 line is located at 132.7
and 131.3 eV, respectively. Under grazing incidence, the high-
binding-energy doublet gains intensity at the expense of the
low-binding-energy doublet. Thus, the first one is identified as
a surface component and the second one as a bulk component.

According to Vasquez et al.,”’ the bulk doublet originates
from the superconducting SLCO phase and the surface doublet
from a carbonate (SrCO3). Nevertheless, a hydroxide such as
Sr(OH), and an oxide such as SrO are also candidates for this
surface component. In other studies?®=! the Sr 3ds /2 peak for

the hole-doped cuprate superconductor Bi,Sr,CaCu,Og was
found at a binding energy of (132.3 £ 0.5) eV, which is close
to our result. Compared to the binding energy of elemental Sr
at 134.2 eV or of bulk SrO at 135.1 eV,* the binding energy
found in cuprate superconductors is quite low. This shift toward
lower binding energy, as compared to the corresponding metal
or simple oxide, is a common feature of various elements
in cuprate superconductors.?’ It is the environment and the
electronic correlation in these complex materials that lead to
this shift.

Upon annealing the sample at (300-350) °C, the half-width
of the surface peak increased, but no substantial change
in the strontium spectra was observed (not shown here).
As mentioned above, Sr-containing contaminations are not
volatile under these conditions. The broadening is usually
attributed to effects such as charging or nonstoichiometry.

3. Copper 2p

From the Cu 2p core-level spectra, the oxidation state of
copper can be derived, as found by XPS studies on Cu, Cu,0,
and CuO samples'®? as well as on complex high-temperature
superconductors like Bi-Sr-Ca-Cu-O (Refs. 28,33) and Y-Ba-
Cu-0.3* In fact, the main lines are known to stem from the
screened Cu 2p°3d'°L final state of Cu?*, where L stands
for a hole on the ligand oxygen, and from the screened Cu
2p°3d'° final state of Cu'™, whereas the satellites are known
to stem from the unscreened Cu 2p°3d° final state of Cu’*.
In the latter case, the d shell is not full and the satellite line
shape is governed by multiplet splitting, resulting in a broad
peak structure.>**> The absence of the satellite is thus a fast
and reliable sign that there are no Cu* ions in the compound.
Note that the center position of the Cu 2p3/? main line is only
weakly dependent on the oxidation state of copper: As Tobin
et al.*® have shown, the 2p;)» peaks of Cu, Cu,0, and CuO
are centered at 932.6, 932.4, and 933.6 eV, corresponding to
Cu®, Cu'*, and Cu®* valences, respectively. This allows us to
distinguish Cu?* from a reduced species, Cu'* or Cu®, but not
to distinguish Cu'* from Cu®. For that purpose, we refer to
the Auger-emission studies presented in Sec. V.

The Cu 2p spectrum of our sample shown in Fig. 4(c)
has a doublet with main lines at 932.3 eV (Cu 2p3,,) and
952.2 eV (Cu 2p;2). A closer look reveals a shoulder on
the high-binding-energy side of these lines, indicating the
presence of a second copper species. The lines of this species
are situated at 934.3 and 954.2 eV. Moreover, satellites at
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FIG. 5. (Color online) Comparison of XP spectra of the superconducting IL (full symbols) and the insulating IL-r sample (open symbols).
Upper graphs show normal (0°) and lower graphs grazing incidence (60°) for O 1s (a), Sr 3d (b), and Cu 2p (c). The clear differences between
the spectra allow us to exactly identify the superconducting phase as well as surface contaminations.

around 942 and 962 eV are visible. Tilting our sample, i.e.,
decreasing the information depth, leads to the disappearance
of the satellites and the high-energy doublet. Accordingly, the
surface component is identified as a (strongly) reduced copper
species with Cu'* or Cu® valence, whereas the bulk component
is clearly identified as the oxidized phase with Cu?* valence,
which is expected for CuO, planes in common cuprate
superconductors. Note, that electric transport measurements
on our SLCO thin films* showed that excessive vacuum
annealing of a previously superconducting film leads to loss of
superconductivity. This allows us to interpret the oxidized bulk
phase as the superconducting phase and the reduced surface
phase as a normal-conducting phase. This is an important result
because it goes hand in hand with the results of the planar
tunneling measurements described in Sec. IIIC.

In addition to SLCO-1 and SLCO-2, we investigated
another sample (not shown here), called SLCO-3, which was
not vacuum annealed right after deposition. Instead, it was
immediately cooled down in situ (while the pressure was
reduced to 10> Pa) to room temperature and was hence
less reduced as compared to SLCO-1. This was confirmed
by means of XPS: Under normal incidence, both the satellites
and the main lines characteristic for Cu>* were more strongly
developed in SLCO-3 as compared to SLCO-1. Furthermore,
after annealing SLCO-1 at (300-350) °C in the XPS chamber,
the Cu®* species decreased slightly (not shown here). Thus,
comparing the Cu 2p XP spectra of SLCO-1, SLCO-1a, and
SLCO-3, we find that the Cu?* lines decreased with increasing
annealing time, i.e., we clearly see the effect of vacuum
annealing on the Cu valence.

B. XPS of the infinite-layer-related phase

Sample SLCO-2a was vacuum annealed in the XPS/XAES
setup at 550 °C for 5 min. During this procedure, a substantial
secondary phase emerged, as shown in Sec. VI by means of
XRD. This oxygen-deficient phase is called the long-c-axis
phase or infinite-layer-related phase. It is characterized by
ordered oxygen vacancies.'>'8 As shown elsewhere,? the IL-r
phase is electrically insulating and not superconducting.

For simplicity, in the following the sample SLCO-1 is
referred to as “IL” (because of its single-phase IL crystal

structure) and the annealed sample SLCO-2a is referred to
as “IL-r” (because of its dominant IL-r crystal structure).
The XP spectra of the IL-r phase differ strongly from those
of the IL phase. For comparison, both spectra are shown in
Fig. 5. Additionally, the relevant XPS data of the IL-r phase
are summarized in Table I, labeled as SLCO-2a, allowing a
direct comparison with the XPS data of the IL phase, labeled
as SLCO-1.

1. Oxygen Is

The IL-r spectra in Fig. 5(a) exhibit two components, a
weak surface component at high binding energy (530.5 eV)
and a strong bulk component at low binding energy (528.8 +
0.2 eV). The bulk peak of the IL phase at 528.2 eV is
absent in the IL-r spectra. Note that superconductivity is also
absent in the IL-r phase. Thus, we can definitely assign the
peak at 528.2 eV to the superconducting phase, confirming
the discussion of Sec. IV A. The IL-r surface component at
530.5 eV was also present on the surface of the IL sample. As
discussed before, this component can possibly be identified
as SrCO; or Sr(OH),. However, as the spectral weight of this
surface component decreased strongly upon vacuum annealing
at 550 °C, some of the adsorbates must have been evaporated.
At these elevated temperatures, water may no longer be found
and also Sr(OH), should have desorbed.

2. Strontium 3d

As for oxygen, the Sr spectra of the IL-r phase differ
strongly from those of the IL phase, as shown in Fig. 5(b).
The IL-r spectra exhibit two doublets, i.e., two components,
with the high-energy one at Es5, = (132.9+0.1) eV on the
surface and the low-energy one at E5;, = (131.9+0.1) eV in
the bulk. The two peaks (for j = 5/2 and j = 3/2) within each
doublet are separated by (1.8 = 0.1) eV. The bulk doublet of
superconducting IL at E5, = (131.4 & 0.1) eV is absent in the
spectra of the nonsuperconducting IL-r phase. Thus, we can
pinpoint this doublet to the superconducting phase, confirming
the discussion of Sec. IV A. Instead, the bulk component of
the IL-r phase shows a positive chemical shift of +0.5 eV
compared to SLCO. This result is consistent with the findings
of Nagoshi et al.3” They showed that the core-level energies of
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Bi,Sr,CaCu,0g, YBa,Cu3 07, and related cuprates are lower
in the superconducting and higher in the normal-conducting
phase. They attribute this to a different Madelung potential
due to changes in bond length with varying charge carrier
concentrations in the copper oxide planes. Moreover, the
absolute binding energies are comparable to our results,
both for superconducting and for normal-conducting samples.
Finally, the IL-r surface doublet was also present in the
IL surface phase. As discussed before, this component can
possibly be ascribed to SrCO;3 or Sr(OH),, i.e., to surface
adsorbates.

3. Copper 2p

Figure 5(c) shows that the 0° and 60° spectra of the IL-r
phase are very similar to the 0° spectrum of the IL phase.
As discussed in Sec. IV A, the 0° spectrum of the IL phase
shows two components, an oxidized bulk component with
Cu?* valence and a reduced surface component with Cu'* or
Cu valence. As the IL-r spectrum does not show a pronounced
dependence on the information depth, we can conclude that
Cu of different valences is distributed throughout the entire
IL-r sample and none of them is restricted to the surface, in
contrast to the IL sample.

To identify the valence of the reduced species, either Cu'+
or Cu’, we performed x-ray Auger-electron spectroscopy. The
results for both samples, IL and IL-r, are presented in Sec. V.

V. X-RAY AUGER-ELECTRON SPECTROSCOPY

While the satellite in the Cu 2p XP spectrum is a clear
indication for Cu??, it is much harder to distinguish between
Cu and Cu'*, because the main lines are overlapping. For this
purpose, we examined the Cu L3 Mys M5 Auger signal, which
changes not only its position depending on the valence, but also
its shape. The initial states of the Cu L3 MysMy4s Auger process
are the final states of the Cu 2p XP process, i.e., 2p°3d'°L
and 2p°3d° for divalent copper and 2p>3d'? for monovalent
copper. The corresponding Auger final states are 3d%L and
3d” for divalent copper and 3d® for monovalent copper.'’
In CuO, Cu;0, and Cu samples, the Auger main lines were
detected at kinetic energies of (918.0 £ 0.2), (916.7 £ 0.2),
and (918.6 £ 0.2) eV, corresponding to divalent, monovalent,
and elemental Cu, respectively.?!*%3%-3 However, in super-
conducting cuprates like Bi-Sr-Ca-Cu-O (Refs. 28 and 29) and
Y-Ba-Cu-0,** the Cu L3 MysMys lines are typically shifted by
+0.5 eV due to the more complex chemical environment.

In Fig. 6 we present XAES data of the IL phase, the IL-r
phase, and a Cu foil.*> The Cu foil, serving as a reference
for Cu®, had a purity of 99.9 % and was cleaned in situ by
sputtering prior to measurement. For all spectra, the intensities
are normalized to zero at a kinetic energy of 930 eV and
to unity at 910 eV. For better clarity, the different curves
are shifted equidistantly along the vertical axis (normalized
intensity) by 1. The dashed lines at 917.2,918.5, and 919.1 eV
indicate the values for Cu'*, Cu®>*, and Cu® according to
the literature, shifted by the above-mentioned +0.5 eV to
account for the effect of the chemical environment. For the
same reason, the Cu® spectrum was shifted by +0.5 eV as
well. The characteristic structure of the Cu’ spectrum from
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FIG. 6. (Color online) X-ray excited Cu L3 M4s M4s Auger spectra
of superconducting IL, insulating IL-r, and Cu reference sample,
for normal (0°) and grazing incidence (60°). Curves are shifted
equidistantly along the vertical axis by 1. The dashed lines indicate
the peak positions of Cu®, Cu'*, and Cu>* as expected for cuprate
superconductors according to the literature (see text).

the Cu foil with its sharp main line and its multiplet features®!
allows for an unambiguous identification of elemental Cu.

In the IL and IL-r spectra shown in Fig. 6, two main
peaks are visible, one centered at ~915 eV and the other at
918.5 eV. The two peaks are clearly separate in the IL phase
but broadened and overlapping in the IL-r phase. We want to
point out that a satellite, typically centered at 912-915 eV,
is a common Auger feature of copper, copper oxides, copper
dihalides, and superconducting cuprates. As the discussion of
the satellite goes beyond the scope of this work, we refer to
the work of Ramaker** and the literature cited therein. In the
following, we will therefore focus on the main line.

A. XAES of the infinite-layer phase

As in our XP spectra, we can identify an XAES peak in
Fig. 6 related to the superconducting phase, now at 918.5 eV,
which is most prominent in the IL sample at normal emission.
This peak has also been observed at the same energy in
hole-doped cuprate superconductors like Y-Ba-Cu-O (Ref. 34)
and Bi-Sr-Ca-Cu-0.?%% There, the Cu valence relating to
this peak was determined as +2, in accordance with our
XPS studies presented in Sec. IVA. We can further rule
out the possibility that this peak stems from elemental Cu
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because it is not possible to generate elemental Cu by an
annealing step similar to ours?>?! and because elemental Cu is
highly susceptible to reoxidation in ambient air, even at room
temperature. Furthermore, in contrast to the sharp main line
of Cu’, the main line of our IL sample is much broader. This
broadening is generally observed in various copper oxides,
such as Cu,0, CuO, Bi-Sr-Ca-Cu-0, or Y-Ba-Cu-O, and it is
attributed to Cu d—O p hybridization.*

Together with our XPS results (cf. Sec. IV A), we can now
identify the valence of the reduced surface species as +1 and
rule out elemental Cu due to its absence in the Auger spectra.
As described above, we expect a line relating to Cu'* in our
Auger spectra at a kinetic energy of 917.2 eV. Indeed, a shift of
the spectral weight toward lower kinetic energy was observed
upon tilting the sample, hinting at Cu'*. Yet a clear peak was
not observed.

B. XAES of the infinite-layer-related phase

The XPS analysis on the IL-r phase did not reveal a
remarkable variation of the Cu valence with information depth
[cf. Fig. 5 (c)]. Again, XAES gives some more insight into
this system, showing that there is some difference between
bulk and surface (cf. Fig. 6). The broad XAES bulk spectrum
with its maximum at 916.6 eV can only be explained by a
superposition of peaks stemming from Cu** and Cu!* as
well as the satellite, in full agreement with our XPS results.
Upon tilting, the spectral weight shifted toward lower kinetic
energy, pointing to a dominant Cu'* species on the surface.
However, a weak signal relating to Cu®* is still visible
in the surface spectrum, again in agreement with our XPS
results.

We can finally calculate the Auger parameter,*> which is
defined as the sum of the core-level binding energy (e.g., Cu
2 p3,2) and the kinetic energy of the appropriate Auger electron
(e.g., Cu L3MysMys). For Cu>* we find 934.1 +918.5 =
1852.6 eV and for Cu'* 932.4 +916.6 = 1849.0 eV. Note
that those values are even more strongly separated from each
other than those reported for Bi-Sr-Ca-Cu-O (1851.8 and
1848.9 eV),? or for CuO and Cu,O (1851.7 and 1848.9 eV).%

To conclude with Secs. IV and V, we detected divalent Cu
in the bulk of the IL and mono- and divalent Cu in the bulk of
the IL-r samples. Upon increasing the surface sensitivity, we
found dominantly monovalent Cu on top of all samples.

VI. X-RAY DIFFRACTION

A. XRD of the infinite-layer phase

Figure 7 shows XRD data of the two films SLCO-1a and
SLCO-2a that were previously examined by XPS and XAES
(see Secs. IV and V). Both samples are c-axis oriented, as
found by ¢ scans (not shown here). For SLCO-1a, which
was vacuum annealed at 350 °C, no secondary phase could
be identified, even in high-resolution ®-2® scans, i.e., the
sample is single phase with IL crystal structure and a c-axis
parameter of 3.402 A. Laue oscillations are visible, indicating
high crystallographic quality along the film normal. The film
thickness calculated from these oscillations is 23 &= 1 nm,
corresponding to 68 & 3 unit cells (uc). Reciprocal space
mapping of the SLCO (303) peak showed a very sharp peak
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FIG. 7. (Color online) XRD data of (single-phase) IL thin-film
SLCO-1a and of the strongly vacuum-annealed thin-film SLCO-2a
with dominant IL-r phase. Main graph shows ®-20 scans. Inset
shows rocking curves around the (002) peaks.

without any extensions along the (100) direction (not shown
here), i.e., the film is coherently strained. The in-plane lattice
parameter was determined as 3.987 + 0.002 A which is close
to the lattice parameter of the cubic KTO template, 3.9883 A.

RHEED oscillations during film growth indicated a film
thickness of 76 & 3 uc, corresponding to 26 4= 1 nm, in contrast
to the thickness determined by Laue oscillations. The thickness
difference of a few nanometers can be attributed either to
a defect-rich interface region close to the substrate or to a
disordered film surface. Indeed, by means of XPS and XAES
(see Secs. IV and V), a reduced SLCO surface layer with
dominantly monovalent Cu was identified. We therefore favor
the latter interpretation. Yet the absence of any signs of an IL-r
phase in the XRD data of SLCO-1a implies that the reduced
surface is not the IL-r phase. One possible explanation would
be that the reduced surface still has an IL crystal structure but
with (unordered) oxygen vacancies in the CuO; planes.

B. XRD of the infinite-layer-related phase

SLCO-2a, which was vacuum annealed at 550 °C, has an
IL-r phase as major component and the IL phase as minor
component. The c-axis parameters were determined as 3.598 A
for the major and 3.400 A for the minor component. Again,
Laue oscillations indicate high crystallographic quality along
the film normal. With the aid of these oscillations, the film
thickness was determined as 23 &+ 2 nm for IL-r and 22 &+ 2 nm
for the infinite layer, i.e., the two phases coexist side by side
and not on top of each other.

These results imply that the formation of the IL-r phase is
not a process that develops along the film normal (from the
surface to the bottom or vice versa) but it develops laterally on
distinct nuclei. As shown elsewhere, the coexistence of those
two phases can even be imaged with an optical microscope due
to their different optical reflection. We observed islandlike
areas, which supports our interpretation of the XRD data
described here. Moreover, the rocking curve of the IL-r (002)
peak (for SLCO-2a) shows an increased full width at half
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maximum Aw = 0.14° compared to the single-phase IL (002)
peak (for SLCO-1a) with Aw = 0.10°. We interpret this as a
fingerprint of lattice distortions due to the coexistence of the
two phases.

VII. CONCLUSIONS

We fabricated in situ—grown planar thin-film SLCO/Au/Nb
junctions and investigated their electric transport properties.
Our in-plane transport data show that below the Nb transition
temperature, both electrodes are in the superconducting state.
Regarding out-of-plane electric transport across the junctions,
the absence of Cooper pair tunneling and the presence of
quasiparticle tunneling from superconducting Nb (identified
by a clear gap feature) to normal-conducting SLCO clearly
indicates the presence of an insulating SLCO barrier layer
on top of a normal conducting SLCO layer at the interface
between the superconducting bottom SLCO electrode and the
Au interlayer. Such an insulating/normal-conducting SLCO
surface layer is likely to be formed during vacuum annealing
of the infinite layer cuprate superconductor SLCO after film
growth.

In order to check the interpretation of our electric transport
data, we examined the electronic structure and valence states
of the SLCO surface layer. This was done by performing XPS
and XAES measurements on two SLCO thin films, which
were fabricated under nominally identical conditions as for the
bottom SLCO electrode in the SLCO/Au/Nb junctions. After
high-temperature vacuum annealing in the XPS/XAES setup,
one of the two SLCO films was reduced, which transformed
this film predominantly into the infinite-layer-related phase,
while the other film was examined as representative for the IL
phase. Upon tilting the IL sample (reducing the XPS/XAES
information depth from ~6 to ~3 nm), we identified a reduced
surface (with Cu valence +1 or 0) and oxidized bulk (with Cu
valence +2) component via XPS measurements. In order to
determine the Cu valences at the surface, XAES measurements
were performed, which identified Cu't on the surface of
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both the IL and IL-r samples. The comparison of XP spectra
of superconducting IL and nonsuperconducting IL-r samples
allows us to relate the bulk signals for Sr, O, and Cu in the
IL sample to the superconducting IL phase. Moreover, this
comparison also allows us to identify the signatures of the IL-r
component in the XP/XAE spectra and shows that the unit
cell of the IL-r compound contains mixed Cu valences (+1
and +2). X-ray diffraction data indicate a disordered surface
layer of ~3 nm thickness, which is consistent with both the
XPS/XAES data and the out-of-plane transport data.

We can consistently interpret all our data, if we assume that
the SLCO surface layer with Cu valence +1 is insulating. A
likely scenario for its formation is the formation of a gradient
of disordered oxygen vacancies along the SLCO film normal
within the uppermost few nanometers. This could be due to
the annealing step right after film deposition, and hence should
occur for the SLCO films as well as for the SLCO films within
the SLCO/Au/ND trilayer structures. On the one hand, such
a gradient of oxygen vacancies can explain the XPS/XAES
data (i.e., change in Cu valence states from +2 in the bulk to
+1 on the surface). On the other hand, such a gradient can
be assumed to change the SLCO films from superconducting
to normal conducting and finally insulating, along the surface
normal, close to the SLCO film surface or SLCO/Au interface.
This is supported by our out-of-plane transport data. Hence,
our electric transport data for the SLCO/Au/Nb junctions are
fully consistent with the XPS/XAES and XRD data on our
SLCO thin films.
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Electric transport across Sr;_,La,CuO;/Au/Nb planar tunnel junctions and x-ray
photoelectron and Auger-electron spectroscopy on Sr;_,La,CuQO, thin films

J. Tomaschko, C. Raisch, V. Leca, T. Chassé, R. Kleiner, and D. Koelle

This supplement describes in detail the patterning
procedure for planar tunnel junction (PTJ) fabrication,
which is based on optical lithography and Ar™ ion
milling. We use a self-alignment process for final defi-
nition of the PTJ area, which ensures alignment of the
metallic wiring layer with the upper electrode of the PTJ
and which prevents exposure of the junction edges to
chemicals during any time in the patterning process. The
PTJs were patterned in four steps, which we denote as
(I) contact pad patterning, (II) edge isolation, (III) met-
allization, and (IV) junction milling.

During Ar* milling (beam energy 0.3keV), the sample
was mounted on a water-cooled (T = 8°C) copper block
which reduces heating of the sample. A shutter in front
of the sample was used to mill in intervals of ¢, = 5s
open and t. = 10s closed. This helps to avoid excessive
heating of the sample surface, which might induce inter-
diffusion at the interface and oxygen loss in the SLCO
layer, which has a detrimental effect on the Cooper pair
or quasiparticle tunneling properties.

I. CONTACT PAD PATTERNING
This step defines the contact pads of the PTJ. Fig-
ure 1(a) shows a cross section of the as-grown sample,

indicating the stacking sequence. The 26 nm thick SLCO
and the 21 nm thick Nb electrodes are separated by a

(a) (b)
VIV VY A

0 R R >

FIG. 1: Contact pad patterning: cross sections of the sam-
ple, (a) prior to patterning, (b) before, and (c) after Ar* ion
milling and removal of PR. (d) shows top view correspond-
ing to (c); white dashed line indicates the position of cross
sections AB shown in (a)-(c).

5nm thick Au layer, protecting both electrodes from mu-
tual reduction or oxidation, respectively. In a first step,
the sample was coated by photoresist (PR) which was
patterned by optical lithography [c.f. Fig. 1(b)]. Subse-
quently, the sample was loaded into the milling chamber
and the regions exposed to Art ions were milled down
into the KTO substrate. Figure 1(c) shows the cross sec-
tion after PR removal in acetone and Fig. 1(d) shows the
corresponding top view.

II. EDGE ISOLATION

The next step provides isolation of the contact pads
and of the short edges of the PTJ by an SiO, layer and
at the same time defines the length (along AB) of the
PTJ. Here, a mask was used which had essentially the
same geometry as the one used for contact pad pattern-
ing. However, the structures on this mask are slightly
smaller, i.e. their edges are shifted by 10 pum with re-
spect to the previous mask; c.f. Fig. 2(a). Furthermore,
ArT ion milling is stopped after milling into the bottom
SLCO electrode as indicated in Fig. 2(b). Subsequently,
we sputtered ~ 10nm of SiOg in a Ar/Oq atmosphere (at
200 Pa), followed by lift-off. This process results in the
structure shown in Figs. 2(c) and (d).

(@) (b)
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FIG. 2: Edge isolation: cross sections of the sample, (a)
before, and (b) after Ar' ion milling into the bottom SLCO
layer. (c) shows the structure after deposition of an SiO2
layer and lift-off patterning (removal of PR). (d) shows top
view corresponding to (c); white dashed line indicates the
position of cross sections AB shown in (a)-(c).




III. METALLIZATION

Step III provides a connection between the upper Nb
electrode of the PTJ and pad (3). This step starts with
preparation of a lift-off mask [c.f. Fig. 3(a)], which covers
everywhere, except for the light grey areas in Fig. 3(d).
Subsequently, the sample is milled for a few seconds to
remove the degraded Nb surface (~ 1nm) which formed
during the the previously described patterning process.
Then, a 5 nm thick Au protection layer is sputtered with-
out breaking the vacuum, before transferring the sample
to the Nb sputtering setup and depositing 100 nm of Nb.
This Au/Nb bilayer is patterned by lift-off and will be
used as a milling mask in step IV. Figures 3(b) and (c)
show vertical (AB) and horizontal (C'D) cross sections,
respectively, after this step. Figure 3(d) shows the cor-
responding top view at the end of this metallization pro-
cess. The width of the central Au/Nb strip (along C'D)
defines the width of the PTJ.

00 WL

I
O
0 LEELLL

FIG. 3: Metallization: cross sections of the sample, (a) after
patterning a lift-off mask, and (b),(c) after Au/Nb bilayer
deposition and lift-off patterning (removal of PR). (d) shows
top view corresponding to (b) and (c); white dashed lines
indicate the position of the cross sections AB and C'D shown

in (a), (b), and (c).

IV. JUNCTION MILLING

Step IV is the final patterning step of the PTJ, using
a self-alignment method. Here, the whole sample area is
milled with Art, without any PR [c.f Fig. 4(a)]. During
milling, the areas uncovered by the 100 nm thick Nb top
layer are milled down to the KTO substrate or to the
bottom SLCO electrode as shown in Figs. 4(b) and (c),
respectively. This step is possible, as the Nb top layer
is thicker than the Nb electrode of the SLCO/Au/Nb
trilayer. The final top view, shown in Fig. 4(d), is a
schematic representation of the optical image shown in
Fig. 1 in the main paper.
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B
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FIG. 4: Junction milling: cross sections of the sample, (a)
at the start of Art milling, and (b),(c) after Art milling. (d)
shows top view corresponding to (b) and (c); white dashed
lines indicate the position of the cross sections AB and CD
shown in (a), (b), and (c).
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Importance of grain-boundary Josephson junctions in the electron-doped infinite-layer cuprate

superconductor Sr;_,La, CuO,

J. Tomaschko,! V. Leca,!? T. Selistrovski,! R. Kleiner,! and D. Koelle!*

'Physikalisches Institut — Experimentalphysik I and Center for Collective Quantum Phenomena in LISA*, Universitiit Tiibingen,

Auf der Morgenstelle 14, DE-72076 Tiibingen, Germany

2Faculty of Applied Chemistry and Materials Science, University Politehnica of Bucharest, Gheorghe Polizu Street 1-7,

Bucharest RO-011061, Romania
(Received 6 September 2011; published 5 December 2011)

Grain-boundary bicrystal Josephson junctions of the electron-doped infinite-layer superconductor
Sr;_,La,CuO, (x = 0.15) were grown by pulsed laser deposition. BaTiOs-buffered 24° [001]-tilt symmetric
SrTiO; bicrystals were used as substrates. We examined both Cooper pair (CP) and quasiparticle (QP) tunneling
by electric transport measurements at temperatures down to 4.2K. CP tunneling revealed an extraordinary high
critical current density for electron-doped cuprates of j. > 10> A/cm? at 4.2 K. Thermally activated phase
slippage was observed as a dissipative mechanism close to the transition temperature. Out-of-plane magnetic
fields H revealed a remarkably regular Fraunhofer-like j.(H) pattern as well as Fiske and flux-flow resonances,
both yielding a Swihart velocity of 3.1 x 10° m/s. Furthermore, we examined the superconducting gap by means
of QP tunneling spectroscopy. The gap was found to be V shaped with an extrapolated zero-temperature energy

gap Ao ~ 2.4 meV. No zero-bias conductance peak was observed.

DOI: 10.1103/PhysRevB.84.214507

I. INTRODUCTION

Only two families of electron-doped high transition tem-
perature (high-7,) cuprate superconductors are known: the
T’ compounds'? and the infinite-layer (IL) compounds®™
A Ln™MCuO, (where A" is a divalent alkaline-earth metal
and Ln" is a trivalent lanthanide). The IL compounds exhibit
the simplest crystal structure among all cuprate supercon-
ductors and are therefore predestined to examine the nature
of high-T, superconductivity. However, as the fabrication of
high-quality superconducting IL samples is challenging, these
compounds have been less examined than any other cuprate
superconductor. High-pressure preparation is necessary to
stabilize the superconducting IL phase, yielding polycrys-
talline bulk material.*® To obtain single-crystalline samples,
IL thin films were deposited epitaxially on single-crystalline
templates.”"!! After it had been shown that compressive strain
hinders electron doping of the CuO, planes, buffer layers
were introduced,'® enhancing the 7. close to the maximum of
43 KM

The importance of grain-boundary Josephson junctions
(GBJs) in the high-T, cuprates has been demonstrated by
various experiments (see, e.g., reviews 12-14, and refer-
ences therein). Chaudhari et al.'® realized the first single
YBa;Cu3zO7_s (YBCO) GBJs. They showed that such GBJs
act as weak links, which later on have been used, e.g., for
the realization of sensitive high-T, superconducting quantum
interference devices (SQUIDs).!® In particular, cuprate GBJs
played a decisive role in experimental tests on the determina-
tion of the superconducting order-parameter symmetry of the
cuprates.!” For example, Alff et al.'® observed an increased
conductance across various high-7. GBJs at low voltage, a
so-called zero-bias conductance peak (ZBCP), which was
explained by the formation of zero-energy surface states
[so-called Andreev bound states (ABS)] due to d-wave pairing
of the underlying material.'*! Tsuei et al.?? revealed d-wave

1098-0121/2011/84(21)/214507(6)
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PACS number(s): 74.50.4r, 74.72.Ek, 61.72.Mm, 74.25.Sv

pairing in YBCO with superconducting rings containing three
GBJs. Schulz et al®® realized an all high-7. 0-7-SQUID
comprising two YBCO GBJs with phase shifts of 0 and 7,
respectively, to prove d-wave pairing in YBCO, and later
on a similar experiment was done for the electron-doped T’
compound La,_,Ce,CuO4_s.2* And Lombardi er al.?® found
an oscillatory dependence of the critical current density j.
on the GBJ misorientation angle, as an indication of d-wave
pairing in YBCO.

However, so far all experiments on IL cuprates have only
been performed on bulk polycrystals or single-crystalline
thin films, but no Josephson devices have been fabricated.
Very recently, we reported on thin-film planar Sr;_,La,CuO,
(SLCO)/Au/Nb junctions,?® which showed quasiparticle (QP)
tunneling, but no Cooper pair (CP) tunneling. In this work,
we report on the fabrication and characterization of SLCO
bicrystal GBJs. We found high j. well below T, thermally
activated phase slippage close to T, very regular Fraunhofer-
like j. vs magnetic field H patterns, as well as Fiske and
flux-flow resonances as remarkable features of CP tunneling.
QP tunneling essentially revealed a well-defined, V-shaped
gap but did not show any ZBCP. Such devices may give new
insights into basic properties of the IL cuprates and allow for
a comparison with the properties of GBJs based on other hole-
and electron-doped cuprates. Moreover, the pairing symmetry
of the IL cuprates is still an open question and phase-sensitive
experiments based on SLCO GBJs could help find the answer.

II. SAMPLE FABRICATION AND EXPERIMENTAL SETUP

To fabricate SLCO GBJs, we deposited SLCO thin films on
BaTiO;-buffered symmetric [001]-tilt StTiO3 bicrystals with
misorientation angle 6 = 24° by pulsed laser deposition (cf.
Ref. 26). Further details will be described elsewhere.”’ Four
chips, each with seven junctions, have been fabricated and
characterized. All SLCO GBJs showed comparable properties,

©2011 American Physical Society
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which verifies reproducibility of our data. For simplicity, data
presented in this work stems from one chip. The SLCO films
with thickness # ~ 25 nm are c-axis oriented, as confirmed by
x-ray diffraction, i.e., current flow is restricted to the ab plane.
Each chip was patterned via standard photolithography and
argon ion milling to create junctions with widths w ranging
between 10 and 1000 pum. Electric transport measurements
were performed in a four-point configuration, with the sam-
ple mounted inside a noise-filtered, magnetically and radio
frequency shielded probe in a liquid-helium dewar.

III. ELECTRIC TRANSPORT PROPERTIES AT ZERO
MAGNETIC FIELD

Figure 1(a) shows bias current I vs voltage V characteristics
(IVCs) of a 50-um-wide junction at various temperatures 7'
and H = 0. The IVCs are resistively and capacitively shunted
junction (RCSJ) -like and do not show a significant excess
current. At low T there is a small hysteresis [cf. inset of
Fig. 1(a)], corresponding to a Stewart-McCumber parameter
B, =2m IOR,ZIC / @ slightly above 1. Here, I is the maximum
Josephson current in the absence of thermal noise, and R, and
C are the normal resistance and capacitance of the junction,
respectively; @ is the magnetic flux quantum. By comparison
of measured IVCs with numerical RCSJ simulations including
thermal noise, we determined S.(7) and the noise parameter
(thermal energy divided by Josephson coupling energy)
['(T) =2mkpT/ [1o(T)Py]; kp is the Boltzmann constant.

With the 4.2-K values 8. = 3.5 and I' = 0.01 and the
measured R, = 10 @2, wefind [ = 17.6 A and C = 0.65 pF.
The 4.2-K value for I corresponds to a critical current density
jo &~ 1.4KkA /cm?. This value is two orders of magnitude below
jo values for corresponding (6 = 24°) YBCO GBIJs,”® but
two orders of magnitude above j, of GBJs from electron-
doped T’ compounds such as Nd,_,Ce,CuQOy_s (NCCO)®
and La,_,Ce,CuO,4_s (LCCO),% thus, probably the highest
reported jp value for electron-doped cuprate GBJs. The 4.2-K
value for C corresponds to a capacitance per junction area
C/A ~ 50 uF/cm?, which is by a factor of ~20 larger than
typical C/A values of YBCO GBJs.!43!

With increasing T, jo decreases nonlinearly, as shown in
Fig. 1(b). For 10 K < T < 19K, we find a power-law behavior
Joox (1 = T/T.)* with o = 2.0 & 0.1. Such quadratic behav-
ior was explained by a reduction of the order parameter A at
the GB interface due to the small coherence length & of the
cuprate superconductors.’? For lower T, high-7,. GBJs usually
exhibit a linear jo(7T) dependence.'* Contrary to that, we
observed a monotonous decrase in |dj,/dT| with decreasing
T below ~9 K. This resembles the behavior of an early
YBCO GBI, reported by Mannhart et al.** in good agreement
with the Ambegaokar-Baratoff relation,>* which is valid for
superconductor-insulator-superconductor (SIS) junctions.

Figure 1(c) shows R(T') curves measured with different bias
currents /. To access the normal resistance R, of the GBJ,
in one case an overcritical current / = 30 A was applied.
We found, that R, increases from 7.1 to 10.1  when T is
lowered from 19 to 4.2 K, corresponding to an areal resistance
pn = R,A = 0.09-0.13 £ Qcm?. Thus, p, is in between the
values reported for YBCO GBJs (10731072 1 Qcm?)?3

PHYSICAL REVIEW B 84, 214507 (2011)
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FIG. 1. (Color online) Electric transport characteristics at H = 0
for 50-um-wide SLCO GBJ. (a) Current-voltage curves at different
temperatures. Inset shows an expanded view. Curves for decreasing
I are shown as dashed lines. The horizontal dotted lines indicate
the values used for / in (c). (b) Critical current density j, vs 7.
Values (full symbols) were determined by RCS]J fits of the IVCs. The
line is a parabolic fit of the data for 7 > 10 K. (c) Resistance vs
temperature, measured with different bias currents. The curve shown
for I =30 pnA =~ 21.(4.2K) corresponds to the normal resistance
R, of the junction. Open symbols show the calculated resistance
according to the Ambegaokar-Halperin (AH) model.

and the values for GBJs from the T’ compounds NCCO
(1-10 2 cm?)?® and LCCO (30-130 2 cm?) GBJs.>®

We further find IyR, ~ 0.18 mV at 4.2 K, which is
comparable to values for NCCO GBJ 5,22 but one to two orders
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of magnitude smaller than the products (~ 1-8mV) reported
for LCCO GBJs* or YBCO GBJs.?® We note that our values
of IyR, and jj fall right onto the scaling line IyR, 1/,0,1'5
shown by Gross and Mayer*® for YBCO GBIJs, which was
suggested to be related to the oxygen stoichiometry at the
barrier. Thus, we speculate that our small IpR, product is a
fingerprint of oxygen vacancies at the barrier due to vacuum
annealing?®?’ of the as-deposited SLCO films, which would
also be in line with the conclusions of Hilgenkamp and
Mannhart.'* The intrinsically shunted junction (ISJ) model'+3
is based upon such barrier defects, which are supposed to form
localized states. On the one hand, localized states suppress A
at the grain-boundary interface. On the other hand, they enable
resonant QP tunneling across the barrier. The former point is in
accordance with our observed quadratic jy(7') behavior close
to T, and it further explains the small IR, products. The
latter one explains the small p,, because resonant tunneling
is consistent with a highly transparent barrier. Finally, we
want to remark, that our small IyR, product is comparable
to values reported for those 7”’-compound GBJs?*** which did
not exhibit a ZBCP.

‘We next discuss the resistive transition, which is also shown
in Fig. 1(c) as the R(T') curve measured with small bias current
I =1 pA. Upon decreasing T, we first find a sharp decrease
in R, which we associate with the transition of the SLCO
film to the superconducting state, with 7, = 19.0 K and the
width of the resistive transition AT, ~ 0.5 K. We note that
the observed value of T, is only about half of the maximum
T, value reported for SLCO.>!! This can be attributed to
nonoptimum doping of our SLCO films (x = 0.15) and/or to
strain effects due to the lattice mismatch of the BaTiO3 buffer
layer and SLCO (apro = 3.997 A, afik, = 3.949 A).2637
For T < T, down to ~15K, we observe a “foot structure”
in R(T). Such behavior has been observed, e.g., in YBCO and
NCCO GBIJs before and was attributed to thermally activated
phase slippage (TAPS),>3 as described by Ambegaokar
and Halperin.*® Within the AH model, a finite resistance
due to TAPS is given by R,(T) = R,(T)J; *[[~(T)]. Here,
Jolx] is the modified Bessel function of the first kind.
We calculate R,(T') using the quadratic jo(7) dependence
close to T, [cf. Fig. 1(b)], and the measured R,(T). Similar
calculations for other SLCO GBJs with different widths also
yielded very good agreement. Thus, we verified that TAPS
is present in our samples and is responsible for the finite
slope of the I(V) curves (dI/dV|y—o # 00) close to T.
[cf. Fig. 1(a)].

IV. ELECTRIC TRANSPORT PROPERTIES VS
MAGNETIC FIELD

Figure 2(a) shows IVCs of the 50-pum-wide junction at
different magnetic fields H and constant 7 = 4.2 K. H was
applied perpendicular to the film plane. The modulation of
the critical current density j.(H) (measured with a voltage
criterion V. = 5 uV) is shown in Fig. 2(b) (lower curve). We
observed a remarkably regular Fraunhofer-like pattern with
oscillations visible throughout the entire scanned field range
(265 uT) (here, we only show the pattern for |[puoH| < 30 uT
for clarity). The oscillation period uoA H for this junction is
1.6 4T. In the thin-film limit (A%/l > w; Ar is the London
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FIG. 2. (Color online) (a) Current-voltage curves of 50-um-
wide SLCO GBI for different values of H | ¢ axis (T = 4.2 K).
(b) Magnetic field dependence of the critical current density j. and the
currents j; and j, at the first and second Fiske resonance, respectively.
For comparison with j.(H ), an ideal Fraunhofer patten is also shown.
The inset shows the oscillation period oA H of j.(H) vs the width of
four SLCO GBJs as full circles. The theoretical dependence (Ref. 40)
woAH = 1.84®,/w? is shown as a solid line. (c) Current-voltage
curves, with the normal current /, = V/R, subtracted from the
bias current, for uoH = 1.3-3.9 uT. Vertical lines indicate Fiske
resonances and arrows indicate the position of the flux-flow resonance
(FFR) maximum (for 1.3 and 3.9 uT). The inset shows the linear
magnetic field dependence of the FFR maximum.

penetration depth), a perpendicular field is focused into the
GBJ by the superconducting electrodes and the modulation
period becomes® o AH = 1.84®/w?, which is independent
of L. By analyzing four junctions with different widths w on
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the same chip, we verified this dependence, as shown in the
inset of Fig. 2(b).

At |V] & 65 and 130 uV, resonant features appear in the
IVCs [cf. arrows in Fig. 2(a), labeled as “1%” and “2""]. The
amplitude of enhanced current (as compared to a linear IVC)
shows an oscillatory dependence on H with the same period as
Jc(H). Thisis showninFig. 2(b), where we also plot the current
densities j; = j(65uV) and j, = j(130 uV) at the first and
second resonance, respectively. The first resonance has its
minima when j.(H) and the second resonance are near their
maxima [cf. vertical dotted line in Fig. 2(b)], characteristic for
Fiske resonances,*! i.e., standing electromagnetic waves in the
junction. The Fiske resonances appear at equidistant voltages
V, = ®ocsn /2w, where cg denotes the Swihart Velocity42 and
n=1,2,3,.... From the measured V, we find cg = 3.1 x
10° m/s, which is comparable to ¢Y2© ~ 107 m/s found
for YBCO GBIJs.3'*3 For the 10-, 20-, and 100-pm-wide
junctions the first Fiske resonance appeared at V| = 316, 167,
and 31 uV, respectively, yielding c¢s = 3.1, 3.2, and 3.0 x
10° m/s.

In Fig. 2(c), the current I, = V /R, has been subtracted
from the bias current / to show the resonances in the IVCs (for
various values of H) more clearly. For some field values, the
positions of the Fiske resonances are marked by vertical dashed
lines. Besides Fiske resonances, a resonance is visible with its
maximum position V,, shifting o« H (cf. arrows and inset). The
peak height of this resonance decreases monotonically with
H, which is indicative of a Josephson flux-flow resonance
(FFR).** The peak position of the FFR in thin-film GBJs is
given by® V,, = dgcsuoH F, where dp denotes the effective
barrier thickness and F =~ ®/(wdpuoA H) accounts for flux
focusing.40 The inset in Fig. 2(c) shows V,, vs uoH. From
the slope V,,/uoH = (84 £ 2) V/T and uoAH = 1.6 uT we
extract cg = (3.2 0.1) x 10° m/s, in agreement with the
value determined from Fiske resonances.

V. QUASIPARTICLE TUNNELING SPECTRA

We now turn to quasiparticle tunneling spectra. Figure 3(a)
shows differential conductance curves, G(V) =dI1/dV(V),
of the 20-um-wide junction for voltages |V| < 15 mV. The
curves were measured with lock-in technique. Coherence
peaks are clearly visible at voltages near £5 mV. To show
that G(V) indeed probes the density of states (DOS) we have
integrated the G(V) curves between —15mV < V < 15mV
[cf. inset of Fig. 3(a)]. The maximum deviation from the
value at 4.2 K is ~1%, i.e., within experimental accuracy,
the total DOS is constant. At |[V| > 10 mV G(V) increases
linearly with V. Such a V-shaped background conductance
G,(V) has also been reported for 7’-compound GBJs*>#°
and is indicative of a normal state DOS increasing linearly
with energy. To determine G,(V,T) we use the expression
G,(V,T)=e! ﬁ ffooo N, (E)[f(E —eV)— f(E)|dE, with
N.(E) a|E|+band f(E)=[1+exp(E/kgT)]~!, which
is fitted to the measured G(V) curves (for |V| > 10 mV) for
different values of 7. The resulting G,(V,T) exhibit some
rounding at low voltages, as illustrated in the left inset of
Fig. 3(b) for T = 4.2 K. Figure 3(b) shows the normalized
conductance G(V)/G,(V) for temperatures between 4.2 and
159 K.
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FIG. 3. (Color online) (a) Differential conductance G(V) of
20-pum-wide SLCO GBI for different values of 7. The inset shows
the integral of the G(V') curves vs T for —15mV < V < 15mV and
the deviation from the integral at 4.2 K. (b) Normalized conductance
G/G,(V) at various temperatures. The left inset shows the normal
state conductance G,(V) at 4.2 K used for normalization. The
development of the coherence peak position V,, with temperature
is illustrated in the right inset.

For a fully gapped superconductor the subgap conductivity
is U-shaped while for an order parameter with nodes a
V-shape is obtained.*” Thermal smearing*® and lifetime limit-
ing processes* are rounding the spectra but do not change the
substantial shape of the subgap conductivity. Both Figs. 3(a)
and 3(b) show that in the subgap regime the conductance is V
shaped. Moreover, the V shape becomes more pronounced for
decreasing temperature. These findings suggest that nodes are
present in the superconducting order parameter.

The normalized G(V)/G,(V) curves revealed a slight
increase of the coherence peak position V., with increasing T
[cf. right inset in Fig. 3(b)]. Such behavior is usually explained
by thermal smearing, although, according to BCS theory, the
increase of V,, should be more pronounced.*® 7'-compound
GBlJs, however, even revealed a decrease of V., with in-
creasing 7.*>% Furthermore, in GBJs V,,(0) = 2A/e.4748 A
parabolic fit extrapolated to V,(0) = (4.8 £ 0.2) mV, yielding
Ao =(2.4+0.1) meV for the 20-um-wide junction. Other
junctions with different widths revealed essentially the same
value. We thus find a reduced gap ratio 2A/(kpT.) = 3.0 &+
0.2, which is somewhat lower than the BCS value 3.5.5° We
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note that our data are in contrast to low-temperature scan-
ning tunneling microscopy (STM) results reported for poly-
crystalline SrggLag;CuO, bulk samples51 with T, =43 K,
where the gap was determined to Ay = (13 £ 1) meV, yield-
ing 2A¢/(kgT.) = 7.0 £ 0.5. However, our data are in line
with results obtained on other 7’-compound thin-film GBJs,
where 2A¢/(kpT,) = 2.8-3.5.%% Furthermore, according to
an empirical dependence of the reduced gap ratio on T, a
ratio of ~4 is expected for samples with 7. = 19 K (cf. Wei
et al.>? and the literature cited therein), which is also close to
our data.

The conductance spectra of our junctions did not show
a zero-bias conductance peak.!*>** For Nd,_,Ce,CuQy4_s,
the absence of a ZBCP in GBJ QP spectra has primarily
been interpreted as evidence for s-wave pairing.'® However,
subsequent experiments identified Nd,_,Ce,CuO4_s as a
d-wave superconductor®® indicating that the ZBCP has been
suppresed, e.g., by strong disorder at the barrier, reducing the
QP mean-free path [, to a value below the in-plane coherence
length &,;, and therefore suppressing the constructive interfer-
ence of electron- and hole-like QPs forming Andreev bound
states.”® We also refer to the work of Giubileo et al.’’ who
performed point-contact spectroscopy on Pri_,LaCe,CuO4_,
crystals. They showed, that depending on the barrier strength
Z, different conductance regimes were accessible, the high-Z
tunneling regime and the low-Z contact regime, where ZBCPs
only occurred in the latter one. Thus, from the absence of
a ZBCP in our QP spectra, we cannot conclude s-wave
pairing.
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VI. CONCLUSIONS

In summary, we have fabricated high-quality GBJs from the
electron-doped infinite-layer superconductor Sr;_,La,CuO,
(x =0.15) deposited on 24° symmetric [001]-tilt SrTiO;
bicrystals. While in many respects these junctions are compa-
rable to GBJs made of other cuprates, there are also differences.
For example, the Josephson critical current density of up to
1.4 x 10> A/cm? at 4.2 K is remarkably high for electron-
doped cuprates. The magnetic field dependence of the critical
current follows a nearly perfect Fraunhofer pattern which is
quite unusual for 24° cuprate grain-boundary junctions. As for
other cuprates, the quasiparticle spectra of our GBJs are V
shaped in the subgap regime indicative of a superconducting
order parameter with nodes. For a d-wave order parameter
we would have expected zero-bias conductance peaks which,
however, were absent in our samples. It remains to be shown
whether this is due to a suppression, e.g., by strong disorder
at the barrier or due to an order parameter without sign
change.
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