Magnetic Tunnel Junctions and
Superconductor/Ferromagnet Hybrids
Investigated by Low-Temperature Scanning
Laser Microscopy

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultét
der Eberhard Karls Universitat Tiibingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften
(Dr. rer. nat.)

vorgelegt von
Robert Werner
aus Laupheim

Tiibingen
2011



Tag der miindlichen Qualifikation: 1. Februar 2012

Dekan: Prof. Dr. Wolfgang Rosenstiel
1. Berichterstatter: Prof. Dr. Dieter Kolle

2. Berichterstatter: Prof. Dr. Reinhold Kleiner



Abstract

Low-temperature scanning laser microscopy (LTSLM) allows the investigation of lo-
cal properties in thin film structures in a broad temperature range. Depending on
the sample under investigation, LTSLM can map various kinds of physical proper-
ties such as the current distribution or the magnetic microstructure. In this thesis,
the correlation between local and integral magnetotransport properties in thin-film
superconductor/ferromagnet (S/F) hybrids and magnetic tunnel junctions are in-
vestigated.

In S/F hybrids composed of Pb/BaFe;5019, we studied experimentally the effect
of the stripe like domain structure of the BaFe 2019 substrate on the magnetore-
sistance of superconducting Pb microbridges. A thin insulating layer between Pb
and the ferromagnet ensures pure electromagnetic coupling between the antagonis-
tic phenomena of singlet superconductivity and ferromagnetism. Two bridges with
different orientation with respect to the stripe-like domain walls (parallel and per-
pendicular) were probed by LTSLM. In this technique, the sample is locally heated
in the thin film (z,y) plane by a laser beam, which can induce a detectable voltage
change AV(z,y), depending on the physical properties of the heated area. The
resulting voltage images can visualize various physical properties, depending on the
investigated sample. Direct verification of the formation of inhomogeneous super-
conducting states in the Pb bridges, induced by the inhomogeneous stray field of
the ferromagnet and their manipulation by an external magnetic field were obtained
by LTSLM. In particular, the localized state of domain-wall superconductivity was
visualized in a sample where exactly one domain wall is running along the center of
the Pb bridge, inducing a superconducting path for the current. Another state of
localized superconductivity, called edge superconductivity, was probed in Nb micro-
bridges. In an external magnetic field applied perpendicular to the sample surface,
superconductivity survives at the edges even for fields larger than the upper critical
field H., for bulk superconductivity.

The interaction between superconductivity and ferromagnetism was also studied in
heteroepitaxially grown bilayers composed of ferromagnetic Lag7Cag3MnO3 on top
of superconducting YBayCuzO7 (YBCO). The focus was on transport properties as
well as on magnetic ordering and orbital occupation at the interface. We found, that
a significant reduction of the superconducting transition temperature 7, of single
YBCO thin films occurs only for a layer thickness below 10nm. The suppression of
T, in the bilayers was only slightly stronger compared to single YBCO films. Our
x-ray magnetic circular dichroism measurements confirm recently published data of
an induced magnetic moment on the interfacial Cu by the ferromagnetically ordered
Mn ions. However, we observe a significantly larger Cu moment than previously
reported, indicating stronger coupling between Cu and Mn at the interface. This
can explain the reduced suppression of 7T, in our samples.

Magnetic tunnel junctions (MTJs) were investigated by LTSLM to correlate integral
magnetotransport measurements with local sample properties. We have performed
resistance versus magnetic field measurements for a MTJ based on Lag 5519 35 MnO3
(LSMO) with SrTiOg3 barrier, grown by molecular-beam epitaxy. Magnetoresistance
measurements show a large field window of extremely high tunneling magnetoresis-



tance (TMR) at low temperature which reached about 1900 %. This is the highest
TMR value reported so far. Assuming identical interfaces, this TMR ratio corre-
sponds to an interfacial spin polarization of ~ 95 %. Studies with LTSLM allow the
determination of the local relative magnetization orientation of the two electrodes
as a function of magnitude and orientation of the external magnetic field. Sweeping
the field amplitude at fixed orientation revealed magnetic domain nucleation and
propagation in the junction electrodes. The results show that LTSLM can be used
to link the magnetic microstructure to the integral magnetotransport properties and
thus provides a valuable tool for further investigations of MTJs. Moreover, the ob-
tained information on the relative magnetization orientation could not be obtained
by any other imaging technique, so far.



Kurzfassung

Die Tieftemperatur-Rasterlasermikroskopie (TTRLM) erméglicht die Untersuchung
lokaler Eigenschaften von Diinnfilmstrukturen in einem breiten Temperaturbereich.
Abhéngig von der untersuchten Probe lassen sich durch die TTRLM verschiedenste
physikalische Eigenschaften wie zum Beispiel die Stromverteilung oder die mag-
netische Mikrostruktur abbilden. In dieser Arbeit wird die Beziehung zwischen
lokalen und integralen Magnetotransport-Eigenschaften von Diinnfilmstrukturen aus
Supraleiter/Ferromagnet Hybriden und magnetischen Tunnelkontakten untersucht.
In S/F Hybriden aus Pb/BaFe;3019 wurde experimentell der Effekt der ferromag-
netischen Streifendoménen des BaFe;5019 Substrates auf den Magnetowiderstand
von supraleitenden Pb Briicken untersucht. Eine diinne isolierende Schicht zwis-
chen Pb und dem Ferromagnet garantiert eine rein elektromagnetische Wechsel-
wirkung zwischen den gegenséatzlichen Phanomenen von Spin-Singulett Supraleitung
und Ferromagnetismus. Es wurden zwei Briicken mit unterschiedlicher Orientierung
beziiglich der streifenartigen Doménen (parallel oder senkrecht) mittels TTRLM un-
tersucht. Bei dieser Technik wird die Probe lokal in der Filmebene (x,y) mit einem
Laser erwiarmt. Je nach Eigenschaft der bestrahlten Fliche kann dies zu einer mess-
baren Spannungsanderung AV (x,y) fiihren. Die dabei entstehenden Spannungs-
bilder konnen verschiedenste physikalische Eigenschaften abbilden. Mit Hilfe der
TTRLM konnte ein direkter Nachweis von Zustdnden inhomogener Supraleitung in
den Pb Briicken erbracht werden. Desweiteren konnte gezeigt werden, dass sich die
Zustinde durch ein externes Magnetfeld manipulieren lassen. Insbesondere wurde
der Zustand der Doméanenwandsupraleitung in einer Briicke abgebildet, in der genau
eine einzige Domédnenwand entlang der Mitte der Briicke verlduft und welche einen
als supraleitenden Pfad fiir den Strom induziert. Ein weiterer Zustand lokalisierter
Supraleitung wurde in Nb Briicken untersucht, die sogenannte Randsupraleitung.
Dabei existiert die Supraleitung an den Probenrédndern in einem externen Mag-
netfeld senkrecht zur Probenoberfliche, auch wenn das Feld grofser als das obere
kritische Feld H.y ist.

Die Wechselwirkung von Supraleitung und Ferromagnetismus wurde auch in het-
eroepitaktisch gewachsenen Bilagen aus ferromagnetischem Lag7;CagsMnO3 und
supraleitendem YBayCuzO; (YBCO) untersucht. Dabei lag der Schwerpunkt auf
den Transporteigenschaften sowie der magnetischen Ordnung und den elektronis-
chen Eigenschaften an der Grenzfliche. Eine deutliche Unterdriickung der kritischen
Temperatur 7, von YBCO Diinnfilmen trat erst unterhalb einer Dicke von 10 nm auf.
In Bilagen war die Unterdriickung im Vergleich zu einzelnen YBCO Diinnfilmen nur
etwas starker. Mit Hilfe von Rontgenabsorptionsspektroskopie mit zirkular polar-
isierten Rontgenstrahlen konnten kiirzlich erschienene Messungen eines induzierten
magnetischen Moments auf Cu Atomen durch die ferromagnetisch geordneten Mn
Momente an der Grenzfliche bestitigt werden. Jedoch zeigte die vermessene Probe
ein deutlich stirkeres Cu Moment, was fiir eine stdrkere Wechselwirkung an der
Grenzflache spricht. Dies konnte die relativ geringe Unterdriickung von 7, in un-
seren Proben erkldren.

Magnetische Tunnelkontakte (MTK) wurden mittels TTRLM untersucht um die
lokalen und integralen Eigenschaft miteinander zu korrelieren. An Lag 551935 MnOs3



(LSMO) basierten MTK mit Sr'TiO3 Barriere wurden Widerstandsmessungen in Ab-
héngigkeit vom &uferen Magnetfeld durchgefiihrt. Die LSMO/SrTiO3/LSMO Tri-
lagen wurden mittels Molekularstrahlepitaxie gewachsen. Widerstandsmessungen
in Abhéngigkeit des dufseren Magnetfeldes zeigen einen grofen Magnetfeldbereich
mit sehr hohem Tunnelmagnetowiderstand (TMR), welcher bei tiefen Temperaturen
einen Wert von bis zu ~ 1900 % erreicht. Dies ist bisher der hochste gemessene TMR
Wert iiberhaupt. Unter der Annahme von identischen Grenzflichen ergibt sich da-
raus eine Spinpolarisation an den Grenzflichen von ungefihr 95%. Mit Hilfe der
Abbildungen konnte lokal die relative Magnetisierung in Abhéngigkeit von Richtung
und Grofe des angelegten Magnetfeldes bestimmt werden. Beim Durchfahren des
Magnetfeldes zeigen die Abbildungen die Bildung und die Ausbreitung von Doménen
in den ferromagnetischen Elektroden. Die Ergebnisse zeigen, dass durch TTRLM
eine Beziehung zwischen der lokalen magnetischen Struktur und den integralen Mag-
netowiederstandskurven hergestellt werden kann. Dariiber hinaus erhélt man Infor-
mation iiber die Verteilung der relativen Orientierung der Magnetisierung beider
Elektroden, was bisher mit keiner anderen Abbildungstechnik mdglich war.
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Introduction

Transition metal oxides with strong electron correlations form since many years an
active and constantly growing research field of solid state physics.'™ The interplay of
spin, charge and orbital degree of freedom leads to a number of different phenomena
such as ferroelectricity, ferromagnetism, antiferromagnetism and superconductivity. *
In strongly correlated electron systems, interfacial properties can be crucial for the
macroscopic behavior of the system and they can differ significantly from those of
the bulk compounds. This allows for the possibility to create new physical states
which do not exist in bulk compounds.® The most prominent example of unexpected
interface effects is the system LaAlO3/SrTiO3.%" Though both materials are insu-
lators, a quasi-two dimensional electron liquid is formed at the interface which even
becomes superconducting. Another possibility is the combination of oxide mate-
rials with different ordering phenomena. Of special interest is the combination of
two antagonistic phenomena such as superconductivity and ferromagnetism in an
all oxide heterostructure.®? While superconductor/ferromagnet (S/F) hybrid struc-
tures based on metallic ferromagnets and conventional superconductors have been
investigated in detail,'? there are much less studies on S/F systems involving oxide
materials. 114

Interface properties also determine the characteristics of many devices such as pn-
junctions, metal-oxide-semiconductor field-effect transistors or magnetic tunnel junc-
tions (MTJs). In the latter one, the tunnel magnetoresistance (TMR) which is the
figure of merit of MTJs, depends on the spin polarization at the interface.'® The
higher the spin polarization, the higher the TMR ratio. It has been shown that the
interfacial spin polarization can be increased by the so-called “interface engineering”,
where the doping profile is gradually changed at the interface.'%!” Beside that, im-
proving the TMR ratio as well as the switching behavior needs investigations of the
impact of the magnetic microstructure on the integral magnetotransport properties.
The domain structure is also crucial in electrically decoupled S/F hybrids where the
stray field of the ferromagnetic domains can lead to inhomogeneous superconduc-
tivity, tunable by an external magnetic field H.'822 This leads to a complex H — T
phase diagram with various different states of inhomogeneous superconductivity.
While fingerprints of this inhomogeneous states have been found in magnetotrans-
port measurements, '° a clear correlation between integral and local properties is still
lacking for most states?2.

Since many years, low-temperature scanning laser microscopy (LTSLM) is used to
map various kinds of physical properties such as the critical current or critical tem-
perature distribution in superconducting thin films or the magnetic domain struc-
ture in ferromagnetic thin films and to correlate them with integral transport mea-



surements. 2?24 Therefore, LTSLM seems to be a valuable technique, to visualize
inhomogeneous properties in S/F hybrids as well as in MTJs.

In the framework of this thesis, the transport and interface properties of S/F hybrids
composed of YBayCuzO; (YBCO) and Lag;Cag3MnO3 (LCMO) have been probed.
Due to the similar crystal structure of these materials, it is possible to combine
the different ordering phenomena in epitaxial heterostructures with well defined
interfaces. The aim of our investigations was to improve the understanding of the
influence of LCMO on YBCO transport properties as well as the electronic and
magnetic properties at the interface.

MTJs based on the half-metal oxide Lag 5510 35 MnO3 (LSMO), grown by molecular-
beam epitaxy (MBE), were investigated. LSMO has a Curie-temperature well above
room temperature and it is, due to its spin polarization of about 100 %, a promising
candidate for high TMR ratios at room temperature. We used MBE, as it is the
growth technique with the highest growth control on the atomic scale and it allows
to adjust the doping level at any time during the growth process. It is therefore the
most suitable technique to realize MTJ with engineered interfaces. But first, the
idea was to grow and pattern reproducible MTJs and to probe the influence of the
local microstructure on the integral magnetotransport by LTSLM.

The technique of LTSLM was also applied to electrically decoupled S/F hybrids
composed of Pb/BaFe;5019. Here we focused on the electrical characterization of
the S/F hybrid and the visualization of inhomogeneous states of superconductivity
at different positions in the H — T phase diagram, induced by the stray field of the
domain structure in the ferromagnetic substrate. A correlation between local and
integral properties should be established. In these studies we included investigations
on Nb microbridges, where we probed one particular case of inhomogeneous super-
conductivity, localized at the samples edges.

This thesis is organized as follows:

The first part of chapter 1, gives a general introduction to the field of S/F systems,
followed by a detailed overview on states of inhomogeneous superconductivity in elec-
trically decoupled S/F hybrids and superconducting bridges in an external magnetic
field. In the following, the signal mechanism of LTSL.M which was used to investigate
states of inhomogeneous superconductivity is described. Subsequently, the most im-
portant findings of the publications dealing with inhomogeneous superconductivity
are summarized. The next section gives an introduction to interface effects of elec-
trically coupled YBCO/LCMO bilayers, followed by a summary of the main results.
The content of chapter 2 are MTJs. The first paragraph gives an introduction to
MTJs and describes open issues in this field. The paragraph thereafter summarizes
the main results of the electrical characterization of LSMO/SrTiO3/LSMO MTJs.
The last section in this chapter summarized the investigations of local properties of
a MTJ by LTSLM. The publications on which this thesis is based on are attached
after the bibliography.









Chapter 1

Superconductor /ferromagnet hybrids

This chapter presents investigations on superconductor/ferromagnet hybrids. The
first paragraph will briefly introduce the interplay between ferromagnetism and su-
perconductivity and motivate the research. In the framework of this thesis, vari-
ous aspects of two superconductor/ferromagnet systems have been studied. Electric
transport and interface properties were investigated in YBayCuzO7/Lag7Cag3sMnO;
bilayers with both materials in direct electrical contact, while in electrically decou-
pled Pb/BaFe;3019 hybrids, the aim was the visualization of inhomogeneous super-
conductivity. Although it is not an superconductor/ferromagnet hybrid, studies of
inhomogeneous superconductivity in Nb bridges are included in this chapter, as they
complete the experiments on Pb/BaFe 5019 hybrids.

1.1 Introduction

Superconductivity and ferromagnetism are two ordering phenomena which have been
investigated in detail over the past decades. While, initially, both phenomena were
investigated separately, the interest in combining and exploring the interaction of
both phenomena under various circumstances has been increasing in the last years.
Ferromagnetism and superconductivity are two antagonistic phenomena, as ferro-
magnets tends to align the electron spins parallel, due to the exchange interactionf,
while the superconducting condensate is formed by Cooper-pairs (CPs) which con-
sist of two electrons (or holes) with opposite spin orientation (spin-singlet state).
These fundamental differences make it very unlikely to find the phenomena of spin-
singlet superconductivity and long-ranged ferromagnetism (FM) in bulk materials.
It should be noted, that beside the spin-singlet state (S = 0), CPs can also be in the
spin-triplet state (S = 1), which leads to completely different interaction between
superconductivity and ferromagnetism. Only spin-singlet superconductivity will be
considered in the following, if not stated otherwise.

The interaction between both phenomena was first considered by Ginzburg,?® who
described the suppression of superconductivity by a pure electromagnetic interaction
which will be shortly described in the following. Besides the opposite spin alignment

"The exchange interaction is a quantum mechanical effect, based on the Pauli Principle and the
coulomb repulsion. For details see Blundell et al..?®
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in spin singlet CPs, the electrons have wavenumbers k with opposite sign, corre-
sponding to an opposite momentum p = hk. According to classical electrodynam-
ics, electrons get diffracted in a magnetic field by the Lorentz force F, o< (p x H).
Since the electrons of the CPs have opposite momentum, the field of the ferromagnet
creates a Lorentz force in opposite directions, leading to pair-breaking of the CPs.
Such a suppression of superconductivity is called the “orbital effect”. Another effect
which suppresses superconductivity in presence of FM is the so-called “paramag-
netic effect”. This effect is based on the exchange interaction between the magnetic
moments and the electrons of the CP which favors parallel spin alignment and thus
suppresses CP formation. The first experimental investigations of this effect were
made by Matthias et al., who observed a reduction of the critical temperature 7, by
introducing magnetic impurities in conventional superconductors.?”

A compromise between both phenomena was theoretically proposed by Anderson
and Suhl.?® They predicted that superconductivity and FM can coexist, if the fer-
romagnetic domain size is much smaller than the superconducting coherence length
éaL, which is the length scale for the suppression of the superconducting order pa-
rameter. Such a non-uniform magnetic ordering is called “crypto-ferromagnetism”.
In this case superconductivity can survive, as the CPs see a vanishing averaged mag-
netization.?® Alternatively, it was theoretically proposed, that superconductivity
and FM can co-exist, if the superconducting order parameter is spatially modulated
(FFLO-state).3%32 While the superconducting ground state is usually characterized
by a zero value of the pairing momentum, the exchange field of the ferromagnet leads
to a nonzero value of the pairing momentum and thus to a different superconducting
state.

Due to the antagonism of both phenomena, the discovery of truly ferromagnetic
superconductors like UGe, and URhGe was highly unexpected.??3* However, it
turned out, that the CPs in this materials are not in the spin-singlet state but
in the spin-triplet state. Since spin-triplet CPs are formed by electrons with parallel
spin-orientation, the paramagnetic-effect can not harm the pairing mechanism and
thus superconductivity is not suppressed.

Since the coexistence of superconductivity and long-range FM is very unlikely to
exist in bulk compounds, the competing ordering phenomena can be studied in
artificial superconductor /ferromagnet (S/F) structures where both phenomena are
physically separated. The layers in artificial S/F systems can be either in direct
electric contact or they can be electrically decoupled. First, the properties of sys-
tems in direct electric contact will be discussed. Typically, the paramagnetic effect
is much stronger than the orbital effect and dominates the properties of the system.
But in artificial S/F systems, the paramagnetic effect is limited to the interface re-
gion. At the interface, CPs penetrate into the ferromagnet (proximity-effect) on a
certain length scale while simultaneously spin-polarized particles are injected into
the superconductor close to the interface and superconductivity is suppressed (in-
verse proximity effect)3>. This coexistence in the interface region results in a unique
opportunity to study the interplay of superconductivity and FM. This leads to a
large number of interesting physical phenomena such as Josephson m-junctions,3
long range proximity effect,?”3® strong magnetoresistance in F/S/F structures, 3?40
induced FM in the superconductor at S/F oxide interfaces® and many more. An
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overview of S/F structures in electrical contact can be found in recent reviews. 1041

It should be noted, that only recent progress in thin film growth and sample fabri-
cation have made it possible to investigate these effects, which mainly occur at the
nanoscale range.

Another class of S/F systems are electrically decoupled S/F layers, e.g by an insu-
lating layer in between. In this case, the paramagnetic effect is prevented and the
systems only interact via the orbital effect. In other words, superconductivity is only
influenced by the magnetic stray field of the ferromagnet. So far, the focus of exper-
imental investigations was primarily on the pinning properties of superconducting
thin films with arrays of magnetic dots***? and planar S/F bilayers!®19:44-46  Tn
the latter case, superconductivity is influenced by the nonuniform magnetic field of
the domain structure in the ferromagnet. In such a system, the conditions for the
appearance of superconductivity are modified by the magnetic stray field of the do-
mains which results in the formation of inhomogeneous superconducting states and
an exotic dependence of the superconducting critical temperature 7, on the external
magnetic field.19:22:46-50

A detailed introduction about the appearance of inhomogeneous states in S/F hy-
brids depending on temperature and external magnetic field will be given in the
following section.

1.2 Inhomogeneous superconductivity

1.2.1 Introduction

In purely electromagnetically coupled planar S/F hybrids, superconductivity is af-
fected only by the stray field of the ferromagnet Hpgy. Bulk superconductivity is
destroyed, if Hgy is larger than the upper critical field H., for a type-II supercon-
ductor. More precisely, in a planar thin film structure, it is the field component
perpendicular to the surface which destroys superconductivity, because HZ is usu-
ally much smaller than the parallel critical field H(‘:'2 This can bee seen by a simple
estimate of the critical fields, H5 ~ ® /&%, and H(|:|2 ~ ®y/({qLDs), where @ is the
flux quantum and D, the sample thickness. For D, < &qr, HZ is much smaller than
Hl‘Q.E‘l This is the case if D, is small enough, or if the sample temperature T is close
to the critical temperature T, where &qp, diverges!. Therefore, only the out-of-plane
component Hiy, will be considered in the following discussion and Hep = H.

An external magnetic field H can be used to manipulate the effective field which
suppresses superconductivity. If H is applied in the same direction as Hgy,, super-
conductivity can be destroyed, if |Hgy; + H| > Hy while superconductivity can be
turned on, if |Hgy — H| < Hep. If we assume a domain structure where the domains
have an out-of-plane component with opposite sign, superconductivity is suppressed
above the domains with parallel magnetization orientation (positive domains), while
it is enhanced above domains with antiparallel magnetization orientation (negative
domains). The state, when superconductivity is turned on in the negative domains

fean(T) = éan(T = 0K)/\/1=T/T.
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by H, is called reverse-domain superconductivity (RDS). The state when super-
conductivity survives above positive domains, is called parallel-domain supercon-
ductivity (PDS). RDS and PDS have been observed experimentally in transport

measurements of Pb/BaFe;2019, Nb/BaFe 3019, and Al/BaFe;3019 hybrid struc-
tures, 20:45,52,53

While RDS and PDS are inhomogeneous “bulk” states, another state of inhomoge-
neous superconductivity in S/F systems is localized above domain walls. This state
of localized superconductivity has been theoretically investigated by Buzdin and
Mel'nikov, which considered a step-like distribution of Hgy,.2! They have demon-
strated, that superconductivity will survive in the vicinity along the step, even if
the amplitude Hg; is larger than H.. This state of localized superconductivity
is called domain-wall superconductivity (DWS). The onset of DWS depending on
H and Hg, has been estimated by Aladyshkin et al..*” First experimental finger-
prints of DWS were found by transport measurements of a Nb thin film on top
of a BaFe;,019 single crystal, separated by a thin insulating layer.!® In the same
samples, Fritzsche et al. visualized different states of inhomogeneous superconduc-
tivity by low-temperature scanning laser microscopy (LTSLM).?? Details about the
signal mechanism of LTSLM will be described later. While the regime of RDS and
PDS was successfully visualized, no indication for DWS was found in these experi-
ments. This was mainly attributed to the rather complex domain structure (bubble
domains) of the BaFe;50yq single crystal.'

Similar to DWS, localized superconductivity can also appear at the surface of a
superconductor in an external magnetic field. This state is called surface supercon-
ductivity (SuSc). It is well known, that so-called surface or bound states can be
generated by the presence of boundaries in a material.®*% The formation of sur-
face bound states for the superconducting order parameter was first considered by
Saint-James and de Gennes.?®5” They showed that localized superconductivity at
a superconductor/vacuum or superconductor/insulator interface can nucleate in H
larger than the upper critical field H., for bulk superconductivity. The upper critical
field for SuSc is given by H.3 ~ 1.7H.,. Experimental evidence for SuSc has been
found by dc transport8%! or inductive measurements®? shortly after the theoretical
prediction in 1963.%% Later on, other methods such as ac-susceptibility and per-
meability measurements,%2% magnetization measurements, 57 surface impedance
measurements®® and tunneling spectroscopy® confirmed the existence of SuSc when
H was applied parallel to the surface. While two different regions for bulk and SuSc
were clearly observed for fields parallel to the surface, no signature for SuSc was ob-
served when H was applied perpendicularly. The in-plane field dependence of the
critical current I.(H) in the regime of SuSc for H parallel to the bias current was
described by Abrikosov™ and studied experimentally """, Park described theoreti-
cally the evolution of I.(H) in the state of SuSc when the in-plane field H is applied
perpendicular to the bias current flow.”™ He predicted an asymmetry in the critical
surface current, resulting from the superposition of surface screening currents and
external currents. Such an asymmetry has not been observed experimentally yet.
Similarly to SuSc, localized superconductivity can also nucleate near the sample edge
in a thin semi-infinite superconducting film, in a thin superconducting disk of very
large diameter or around holes in a perpendicular magnetic field.”> 8% It should be
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mentioned, that SuSc and localized states at the sample edges in perpendicular field
(called edge superconductivity (ES)) are qualitatively and quantitatively the same.
While SuSc has been investigated in several compounds like Pb-based alloys, 526681
Nb and Nb-based alloys, %1:65:66:68 polycrystalline MgB,, 2 Pb, 526983 UPt5 whiskers®
and NbSe,, % experimental studies on ES in thin film structures are rare®87. Re-
cently, the first real space observation of ES was obtained by scanning tunneling
microscopy on Pb thin film islands®®.

Before we discuss the experimental results of the investigations on inhomogeneous
superconducting states by LTSLM technique, the signal mechanism of LTSLM will
be described in the following section.

1.2.2 Low-temperature scanning laser microscopy

Depending on the sample under investigation, various kinds of physical properties
can be mapped with LTSLM.248991 For LTSLM, the sample is mounted on a cold
finger of a Helium flow cryostat with an optical window which enables irradiation
of the sample surface in the (x,y) plane by a focused laser beam with beam spot
diameter ~ 1.5 — 2 um.?22489 The amplitude modulated laser beam (at frequency
~ 10kHz) induces a local increase of temperature 07 (x — xo,y — yo), centered at
the beam spot position (zg,yp) on the sample surface. During imaging, the bridge
under investigation is biased at a constant current I and the beam-induced change
of voltage AV (xg, o) is recorded by lock-in technique. The LTSLM voltage signal of
a superconducting sample can be interpreted in the following way: If the irradiated
part of the sample is in the normal state with conductivity g,, the laser beam induces
a very small voltage signal AV o« 0g,/0T. However, if the irradiated region takes
part in the transfer of a substantial part of the supercurrents, the beam-induced
suppression of superconductivity might switch the sample from a low-resistive to
a high-resistive state. This effect should be maximum, if I is close to the overall
critical current . = I.(T, H) of the sample. In this case, LTSLM allows one to map
out the ability of the sample to carry supercurrents, depending on 7" and H.

In this thesis, LTSLM was used to visualize different states of inhomogeneous su-
perconductivity in Pb/BaFe ;5019 hybrids and in Nb bridges. The main results of
the investigations are summarized in the following three sections, starting with the
S/F hybrids.

1.2.3 Summary of pub. I: inhomogeneous superconducting
states

The aim of our investigations of an electrically decoupled S/F hybrid was to visualize
states of inhomogeneous superconductivity by means of LTSLM. The investigated
S/F hybrid was composed of Pb on top of a ferromagnetic BaFe;30;9 (BFO) single
crystal, separated by a thin Ge layer. BFO single crystals have two main advantages:
First, the domain structure is almost not affected by external fields in the used
magnetic field range (|H| ~ 1200 Oe) and second, the domain structure as well as
H,; can be adjusted by the cutting angle with respect to the crystal axis. While the
domain pattern of the BFO substrate was rather complex in the first experiments, '
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recent progress in the preparation have made it possible to get well defined strip-
like domain patterns with a width of about 30 um.?° This allowed the patterning
of microbridges with two particular orientations with respect to the domain walls.
One bridge was oriented perpendicularly to the domain walls while the other bridge,
investigated in publication II, was oriented parallel to the domains with exactly one
domain wall underneath.

In publication I, we studied experimentally the effect of the stripe-like domain pat-
tern of the BFO substrate on the magnetoresistance of a superconducting Pb mi-
crobridge which was oriented perpendicular to the domain walls. The sample was
electrically characterized by variation of temperature T" and external field H and
an experimental H — T phase diagram was composed out of the R(H,T) mea-
surements. The out-of-plane component of the stray field Hiy, (Hi, ~ 2500 Oe)
leads to a splitting of the phase boundary for the Pb film above positive (+Hg,)
and negative domains (—Hg,). The sample only shows zero resistance, when the
regions of inhomogeneous superconductivity above positive and negative domains
overlap in the H — T plane. It is demonstrated that high 7" superconductivity ap-
pears in the form of reverse-domain superconductivity only above negative domains
which have an out-of-plane magnetization opposite to the sign of H. By transport
measurements, we experimentally determined the critical currents, corresponding to
the suppression of inhomogeneous superconductivity above parallel and antiparallel
magnetic domains in a broad T range. LTSLM made it possible to directly visualize
the temperature- and field-induced transitions from complete superconductivity to
RDS and PDS and from these inhomogeneous superconducting states to the nor-
mal state. We clearly observed the migration of the maximum of the beam-induced
response along the bridge between the domains of different polarity upon sweeping
H. While slight indications of edge superconductivity were found, no signature of
DWS was observed.

1.2.4 Summary of pub. II: domain-wall superconductivity

This publication presents the visualization of non-uniform superconducting states
in a Pb thin-film bridge with a single straight domain wall along the center of the
bridge. In this sample, the state of DWS was successfully visualized for the first
time. The evolution of the DWS state with decreasing 1" was mapped. Using
H as a control parameter, it is demonstrated that superconductivity in a wide
superconducting bridge can be switched from the DWS to RDS state. This opens
up interesting perspectives for the creation of spatially non-uniform superconducting
states and for their manipulation by external and internal magnetic fields.

1.2.5 Summary of pub. IIl: edge superconductivity

For the investigation of edge superconductivity (ES), two Nb microbridges have been
studied in H, applied perpendicularly to the sample surface. As LTSLM has been
successfully used to visualize inhomogeneous superconducting states in the Pb/BFO
hybrids, the idea was to map the current distribution close to the transition from
the superconducting to the normal state. In the study we compare microbridges
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with and without microholes (antidots (ADs)).

The resistance R vs perpendicular external magnetic field H was measured for su-
perconducting Nb thin—film microbridges with and without ADs. Well below the
transition temperature, integral R(H) measurements of the resistive transition to
the normal state on the plain bridge show two distinct regions, which can be iden-
tified as bulk and edge superconductivity, respectively. The transition from bulk to
ES, and finally to the full normal state, can be identified by a pronounced change in
slope dR/dH, which however strongly depends on the applied bias current density.
ES appears, when bulk superconductivity becomes suppressed at the upper critical
field H., and below the critical field of edge superconductivity H.3 ~ 1.7 H.,. The
presence of additional edges in the AD bridge leads to a different shape of the R(H)
curves. We used LTSLM to visualize the current distribution in the plain and AD
bridge upon sweeping H. While the plain bridge shows a dominant LTSLM signal
at its edges for H > H. the AD bridge also gives a signal from the inner parts
of the bridge due to the additional edge states around the ADs. LTSLM reveals
an asymmetry in the current distribution between left and right edges, which con-
firms theoretical predictions by Park et al..™ The experimental results are in good
agreement with our numerical simulations (based on the time-dependent Ginzburg—
Landau model) yielding the spatial distribution of the order parameter and current
density for different bias currents and H values.

1.3 Electrically coupled S/F oxide heterostructures

1.3.1 Introduction

In this paragraph we come back to S/F hybrids, now in direct electrical contact.
In contrast to the previously described experiments on inhomogeneous supercon-
ducting states, we have been interested in the transport and interface properties
of oxide heterostructures, composed of the unconventional high-T, superconductor
YBayCuzO7 (YBCO) and the transition metal oxide Lag7CagsMnOz (LCMO). Re-
cent progress on the atomic scale growth, make it possible to combine different
physical phenomena such as superconductivity and ferromagnetism in epitaxial het-
erostructures. In such S/F hybrids, superconducting correlations may be established
in the ferromagnet due to the proximity effect, allowing superconductivity and fer-
romagnetism to coexist within a short distance from the interface of the order of
the induced superconducting correlation length. %929 Simultaneously, the exchange
field causes pair breaking in the superconductor, weakening or even suppressing the
superconducting order parameter, and inducing a local magnetic moment in the
superconductor at a distance from the S/F interface set by the superconducting co-
herence length. Magnetic ordering is generally more robust than superconductivity
(the exchange energy in ferromagnets is typically ~ 1eV, while the Cooper pair
formation energy is ~ 0.01eV), and for materials having a strong exchange field,
magnetism may be unperturbed by the proximity of a superconductor. While S/F
hybrid structures based on metallic ferromagnets and conventional superconductors
have been investigated in detail,!? there are much less studies on S/F systems in-
volving high-T,. cuprate superconductors, characterized by a very short coherence
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length and an anisotropic superconducting gap. In this context, half metallic rare
earth manganites like LCMO are ideal ferromagnets, as they are nearly perfectly
in-plane lattice matched with cuprates like YBCO, which enables heteroepitaxial
growth of cuprate/manganite SF bilayers and superlattices with well defined inter-
faces.?"% YBCO/LCMO superlattices have allowed the study of novel phenomena,
such as a long range proximity effect,'"!? spin polarized quasiparticle injection into
the superconducting layer within a spin diffusion length &gy, '? giant magnetoresis-
tance®” and a giant modulation of the ferromagnetic layer magnetization induced
by superconductivity 4.

Another issue which is investigated with increasing intensity, are physical properties
of interfaces between complex oxides. In strongly correlated electron systems, inter-
facial properties can be crucial for the macroscopic behavior of the system and they
can differ significantly from those of bulk materials. This allows the possibility to cre-
ate new physical states which do not exist in bulk compounds. The most prominent
example of unexpected interface effects is the system LaAlO3/SrTiO3.%" Though
both materials are insulators, a quasi-two dimensional electron gas is formed at the
interface which even becomes superconducting. Since YBCO/LCMO heterostruc-
tures with well-defined interfaces can be grown, it is a perfect system for the in-
vestigation of the interface properties of an S/F system based on oxide materials.
Recently, interfacial properties in YBCO/LCMO superlattices were investigated by
x-ray magnetic circular dichroism (XMCD).%? The studies revealed an induced fer-
romagnetic moment on the interfacial Cu, oriented antiparallel to the adjacent Mn,
whose temperature dependence follows that of the Mn moment. The authors suggest
that Cu and Mn are coupled across the interface by covalent chemical bonding that
results in strong hybridization and large rearrangements of the orbital occupancies
(“orbital reconstruction”). Within this context, the Mn-O-Cu superexchange inter-
action explains the induced magnetic moment in the cuprate and the presence of a
non-superconducting YBCO layer at the interface.

In our investigation of YBCO/LCMO bilayers, we have focused on transport prop-
erties as well as on interface properties studied by spectroscopic techniques such as
XMCD. The results are summarized in the following publication.

1.3.2 Summary of pub. IV: YBCO/LCMO bilayers

In publication IV, we present a detailed investigation of YBCO/LCMO bilayers,
focusing on the transport properties depending on the YBCO layer thickness as well
as on interface properties on the atomic length scale. In order to study the influence
of the injection of spin-polarized particles, we prepared bilayers with different YBCO
layer thickness dy, ranging from 5 — 50 nm with a constant LCMO layer thickness
of 50 nm on top. To extract the influence of the LCMO layer, we fabricated YBCO
single layers with the same thicknesses. Transport measurements indicate high-
quality bilayers, showing a reduction in the superconducting transition temperature
T, only below dy =~ 10 unit cells. We found, that in our samples, the suppression of

fXMCD is an experimental technique, which reveals the element-specific magnetization.”® When
a magnetic atom is irradiated by circular polarized light, the absorption spectra depends on the
helicity of the light. The difference of the absorption spectra is the XMCD signal.
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T, by the injection of spin-polarized particles is much less than observed in previous
experiments. '3 This leads to a smaller spin-diffusion length. The observation can be
explained by the stronger interaction between Mn and Cu moments at the interface,
which we observed by XMCD measurements. Our XMCD data clearly confirm the
phenomenon of magnetic moments being induced on Cu atoms at the LCMO/YBCO
interface, with an even stronger interaction than found in the original report of
Chakhalian et al..® Dichroism measurements with linearly polarized light, which
give information about the orbital occupancy, show no evidence of any significant
difference between the orbital occupations in the interfacial Cu as compared to the
Cu in bulk YBCO. This implies, that an induced magnetic moment on Cu through
hybridization at the interface with Mn can result without any accompanying “orbital
reconstruction”, as found by Chakhalian et al..®
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Chapter 2

Magnetic tunnel junctions

This chapter presents studies on magnetic tunnel junctions, obtained in the frame-
work of this thesis. The first part will briefly introduce the field of magnetic tunnel
junctions, and the actual challenges which need to be solved for further improve-
ments will be mentioned. The main experimental results on this topic are summa-
rized in the second part.

2.1 Introduction

For a long time, charge and spin of the electron were only considered separately.
While charges were controlled by electric fields, the electron spin was used only
indirectly via the resulting magnetization in ferromagnets, e.g. to store information.
This situation changed with the discovery of the giant magnetoresistance (GMR)
effect which allows the control of the charge transport through magnetization. %00
This pioneering work of the groups around Fert and Griinberg was honored by
the Nobel Prize in Physics in 2007.1°0 The discovery of the GMR effect was the
beginning of a new field in physics, nowadays called spintronics, where charge and
spin of the electron are considered simultaneously.!??2 Magnetoresistive effects have
been investigated intensively in the following years and only a few years after its
discovery, the GMR effect was already used in read heads of hard disc drives which
lead to an increase of the storage density of about three orders of magnitude. The
ever increasing need for higher storage density of hard disc drives could be fulfilled
by further progress in micropatterning which led to smaller device sizes and by the
use of larger and more sensitive magnetoresistive effects. Nowadays, the industrial
standard of read heads in hard disc drives is based on magnetic tunnel junctions
(MTJs).19% Although they are already used in various applications, there are still
many open issues which need to be solved to exploit the full potential of MTJs.

MTJs consist of two ferromagnetic layers separated by a thin insulating tunneling
barrier. The resistance of such a device depends on the relative magnetization
orientation of the electrodes. This results from the difference in the density of states
at the Fermi-level N(Er) for spin-up N+(Er) and spin-down N|(EF) electrons in a
ferromagnetic material which leads to subbands for spin-up and spin-down electrons.
When the electron conserves its spin, it can only tunnel into the subband with the
same spin orientation. In an elastic tunneling process, the tunneling probability
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is proportional to the number of occupied states on one side and the number of
unoccupied states on the other side for the same spin orientation and energy (Fermi s
golden rule). The total conductivity of the MTJ can be explained in the two channel
model. In the parallel magnetization orientation of the electrodes, the number of
occupied and unoccupied states is large for one spin orientation while it is small
for the other spin orientation. This leads to a high and low conductivity in the
two channels, respectively. In the antiparallel state, the number of occupied states
for one spin orientation is high on one side while the number of unoccupied states
for the same spin orientation is low on the other side and vice versa for the other
spin orientation. This yields a higher total conductivity for the parallel state as
compared to the antiparallel state.

The first spin-dependent tunneling experiments were made by Meservey and Tedrow
with superconductor/insulator /ferromagnet junctions.'® They showed that the spin-
polarization of the electron is conserved in the tunneling process. The tunneling
spectra allows to calculate the spin polarization of the ferromagnet, defined as
P = % Motivated by this results, Julliére investigated Fe/Ge/Co junc-
tions where he observed a difference in the conductance for parallel and antiparallel
magnetization orientation of the electrodes.'® With the assumption that the spin
polarization is conserved during the tunneling process, Julliére relates the relative
change in conductance to the spin polarization P; and P; directly at the interface of
the two ferromagnetic electrodes. According to the Julliére model, the tunnel mag-
neto resistance (TMR) is defined as TMR = 2P;Py/(1 — P1P3) = (Rap — Rp)/Rap-
R,, and R, is the resistance in the antiparallel and parallel state, respectively. The
Julliére model is a phenomenological model and far too simple to describe the en-
tire properties of MTJs satisfyingly, but it captures all essentials of the tunneling
process. The model was further improved by Slonczewski who also took the height
and the thickness of the tunneling barrier into account. !

The intensity of the research in the field of MTJs was rather low in the years after
the discovery of the TMR effect. This was mainly due to low reproducibility in
fabricating working junctions and the effect was too low for technological applica-
tions. Only the discovery of the GMR effect in the groups of Griinberg and Fert
has fuelled the renewed interest on MTJs.%%:100:106 Thig was because the potential of
spintronic based devices, which not only explore the charge but also the spin of the
electron, was considered as huge. Similar to a MTJ, a GMR element is based on
two ferromagnetic layers separated by a nonmagnetic metal instead of an insulating
barrier.

The breakthrough of MTJs regarding reproducibility and higher TMR ratios was
accomplished by Moodera et al. and Miyazaki et al.'°"1% They used amorphous
Al,O3 as a tunneling barrier and achieved a TMR ratio of ~ 10% at room temper-
ature which increased up to ~ 70 % in the following years.'%® This improvement in
device operation and reproducibility can be mainly attributed to the fabrication of
well-controlled, uniform tunneling barriers of Al,O3 by evaporating and oxidizing a
thin amorphous Al layer. Nowadays, the highest TMR ratios of about ~ 500 % at
room temperatures are reached by using (001)-oriented single crystal MgO tunnel-
ing barriers. 119112 Theoretical calculations even predict higher TMR ratios of more
than 1000 % at room temperature for MgO based MTJs. This is due to the elec-
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tronic band structure of MgO (“spin-filtering effect”). 113114 According to the Julliére
model, an infinite TMR ratio is expected for ferromagnets with a spin polarization
of 100%. Half-metallic oxides like Fe3Oyu,'*? CrO,, !¢ Heusler alloys!'” or doped
manganites La,A; ,MnO3 (A = Ca, Sr, Ba)!'!® are believed to be 100 % spin polar-
ized well below the Curie-temperature (T¢) and are therefore the most promising
candidates for huge TMR ratios. Among the doped manganites, especially the com-
pound Lag 551035 MnOj3 is intensively studied because of its high T of about 360 K.
Therefore it is a promising candidate for room temperature applications.

2.2 Magnetoresistance of LSMO based MTJs

2.2.1 Introduction

Due to a spin polarization of about 100 %, Lagg5Srg35MnO3 (LSMO) is a promis-
ing candidate for huge TMR ratios which should be even infinite according to the
Julliére model. However, the first experimental results on LSMO based MTJs have
been disillusioning. TMR ratios even at low temperatures were low (~ 100 %) and
difficult to reproduce. In the following years, the TMR ratio could be continuously
increased up to 1800 % at 4.2 K for LSMO electrodes separated by a SrTiO3 (STO)
tunneling barrier.!!® This was the highest TMR ratio for any kind of MTJ reported
so far. Assuming identical interfaces, this results in a spin polarization of P ~ 95%.
Unfortunately, this high TMR ratio was only found in one junction and the shape of
the resistance versus field measurements was very uncommon and not reproducible.
The main problem of LSMO based junctions is the fast decay of the TMR ratio
with increasing temperature and the disappearance well below 7. 1t is known, that
ferromagnetic correlations at manganite surfaces and interfaces are weaker than in
bulk, causing a “dead layer”.'?0"122 For example, at the vacuum/LSMO interface the
non-ferromagnetic layer is about 3 unit cells thick at 200K , well below bulk 7.3
It has been shown, that a robust ferromagnetism can be realized even at room tem-
perature by changing the doping profile at the interface (“interface engineering”). 617
Therefore, investigations and improvements in the interfacial spin polarization might
be the key for a further increase of the TMR ratio and an improved temperature
dependence. This could help to exploit the full potential of LSMO based MTJs at
room temperature.

In this work, we report on the TMR effect in LSMO based tunnel junctions grown
by molecular-beam epitaxy (MBE). MBE is the growth technique with the highest
growth control on the atomic scale. It further allows to adjust the doping level at any
time during the growth process.!?* This makes MBE the most suitable technique to
realize interface engineering, which was proposed to increase the spin-polarization at
the interface. 67 Before one can start with investigations on interface engineering,
reproducible junctions have to be fabricated and other effects like surface roughness
or the quality of the tunneling barrier, which also lead to a fast decay of the TMR,
have to be improved. 120:125-127

The following publication presents the electrical characterization of a LSMO based
MTJ grown by MBE engineered interfaces.
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2.2.2 Summary of pub. V: TMR in LSMO based MTJ

Vertical mesa MTJs were patterned in several steps by photolithography and Ar-
ion milling. The patterning process of the investigated MTJs is described in detail
in the supplement of this publication. The investigated MTJ was grown on top
of an antiferromagnetic Lag 35510 6MnO3 (AF-LSMO) layer. This was necessary
to increase the coercive field of the bottom electrode based on the “exchange bias”
effect.1?® Without this AF-LSMO layer, the coercive field was almost the same for
both electrodes and the field window for a high TMR ratio was extremely small. A
detailed study on the influence of the exchange bias on the coercive field, depending
on layer thickness and doping level of the antiferromagnetic layer has been made
and will be published in the near future.

The investigated M'TJ shows a large field window of extremely high TMR at low
temperature. The TMR reaches ~ 1900 % at 4 K. Assuming identical interfaces,
this corresponds to an interfacial spin polarization higher than 95%. This is the
largest TMR ratio for any MTJ reported in the literature so far. The TMR decays
quickly with increasing temperature and vanished around ~ 280 K, which is close to
the temperature where the exchange bias effect disappears. Scanning the in-plane
applied field orientation through 360°, the TMR shows 4-fold symmetry, i.e. biaxial
anisotropy, aligned with the crystalline axes but not with the junction geometrical
long axis. This indicates that an uniaxial anisotropy is not necessarily required to
stabilize well-defined antiparallel states and high TMR ratios, as proposed by Bowen
et al. and Jo et al..'19126

The first measurements on MBE grown MTJs already showed an improvement in
the TMR ratio compared to previous manganite based tunnel junctions. This can
be mainly attributed to the high crystal and interface quality of the samples. The
group of B. A. Davidson, which has grown the samples, has already verified by
spectroscopic measurements, that they can enforce the interface ferromagnetism by
changing the doping profile at the interface. Therefore, further improvement in the
TMR ratio as well as in the temperature dependence can be expected in future
devices.

2.3 Visualization of local properties in a MTJ

2.3.1 Introduction

This section presents investigations on a MTJ by low-temperature scanning laser
microscopy (LTSLM) with the aim to correlate local properties with integral magne-
totransport measurements. While TMR, properties of MTJs have been investigated
in detail in various material systems,'?*!3 not much is known about the impact
of their magnetic microstructure on the integral TMR properties. However, both
in view of applications and from a fundamental point of view, it is of high inter-
est to identify the spatial dependence of TMR on the magnetic properties of the
electrodes. Nucleation and growth of magnetic domains in ferromagnets has been
the focus of many efforts using various imaging techniques.'"13¢ TTSLM has al-
ready been used to visualize locally different resistive states in a quasi-1-dimensional
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Lag¢7Cag33MnOj3 thin film grain boundary junction. It has been shown that the
obtained LTSLM signal is directly proportional to the local TMR ratio.?* These re-
sults suggest that LTSLM could also be useful to investigate TMR in vertical MTJs
under typical bias conditions.

The signal mechanism of LTSLM in terms of MTJs differs from the mechanism in
superconducting samples (cf. 1.2.2) and will be shortly described in the following.
The amplitude modulated laser beam is scanned across the sample which locally
heats the sample in vicinity of the beam spot position (xg, yo). In the case of
LSMO, the penetration depth of light with A = 680nm is ~ 65nm.'3” Therefore
the heating occurs throughout the entire thickness of the LSMO/STO/LSMO stack.
This induces a change in the local tunneling conductivity g(x, y) and in turn a change
in the global conductance. This change in conductance leads to a laser induced
voltage drop AV (zo, yo) o dg/dT(xo,y0) which is recorded by lock-in technique.
Therefore, if dg/dT(x,y) depends on the magnetization orientation of the electrodes,
the voltage image AV will give information on the local properties of the sample.

2.3.2 Summary of pub. VI: local TMR probed by LTSLM

This publication reports on LTSLM imaging of local resistive states in a vertical
LSMO/STO/LSMO MTJ upon variation of direction and amplitude of the external
in-plane magnetic field. The electric properties of the investigated sample are pre-
sented in publication V. The investigation of the MTJ by LTSLM was possible due
to the difference in dg/dT(©), with © being the relative angle between the magne-
tization orientation of the electrodes. In a quantitative analysis, we have calculated
from the voltage images the convolution! of cos{©(xg,yo)} with the beam induced
temperature profile 67, for different values of amplitude and direction of applied
magnetic field. By assuming that the domain size is larger than the temperature
profile, the convolution (cos{O(x¢,yo)}) = cos{O(xo,yo)} and we can get the dis-
tribution of the relative magnetization orientation O(z,y) from the voltage images.
With O(x,y) we can calculate the global resistance for each image, yielding quan-
titative agreement with the integral R(H) measurements. A detailed description
of the calculation can be found in the supplement of this publication. By means
of LTSLM, it is possible to visualize magnetic domain nucleation and propagation
during magnetic field sweeps. It is found that the domain walls are predominantly
oriented along the crystalline a- and b-axes of LSMO. The results show that LTSLM
can be used to link the magnetic microstructure to the integral magnetotransport
and thus provides a valuable tool for further investigations of M'TJs.

It should be mentioned, that there are various other techniques to visualize the do-
main structure in ferromagnets. This can be divided into two classes, depending on
the interaction between probe and sample.!3713¢ Techniques like magnetic force or
Lorentz microscopy are using the stray fields while in magneto-optical Kerr or spin-
dependent tunneling microscopy, the magnetization is used to map out the domain
structure. None of this techniques is able to measure locally the relative magnetiza-
tion orientation © in real-life operating conditions (i.e., with applied voltages and

Heos{O(z0,90)}) = x4 fAJ cos{O(x,y)}0T(x — xo,y — yo)drdy with A, is the approximate size
of the area warmed up by the laser and AT is the maximal induced increase in temperature.
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in large magnetic fields) in MTJs as shown in publication VI. Therefore the investi-
gation of MTJs by means of LTSLM gives additional information not attainable by
any other imaging technique so far.
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Crossover between different regimes of inhomogeneous superconductivity in planar
superconductor-ferromagnet hybrids
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We studied experimentally the effect of a stripelike domain structure in a ferromagnetic BaFe ;09 substrate
on the magnetoresistance of a superconducting Pb microbridge. The system was designed in such a way that
the bridge is oriented perpendicular to the domain walls. It is demonstrated that depending on the ratio between
the amplitude of the nonuniform magnetic field By, induced by the ferromagnet, and the upper critical field
H., of the superconducting material, the regions of the reverse-domain superconductivity in the H-T plane
can be isolated or can overlap (H is the external magnetic field, T is temperature). The latter case corresponds
to the condition By/H, < 1 and results in the formation of superconductivity above the magnetic domains
of both polarities. We discovered the regime of edge-assisted reverse-domain superconductivity, corresponding
to localized superconductivity near the edges of the bridge above the compensated magnetic domains. Direct
verification of the formation of inhomogeneous superconducting states and external-field-controlled switching
between the normal state and inhomogeneous superconductivity were obtained by low-temperature scanning

laser microscopy.

DOI: 10.1103/PhysRevB.84.094523

I. INTRODUCTION

Recent advances in fabrication technology have made it
possible to realize superconductor-ferromagnet (S/F) hybrid
structures with a controlled arrangement of the ferromagnetic
layers or elements. These flux-coupled and exchange-coupled
S/F hybrids' are of fundamental interest for investigations
of the nontrivial interaction between superconductivity and
a nonuniform distribution of a local magnetic field (or
magnetization). Furthermore, S/F hybrids seem to be potential
candidates for the development of tunable elements of super-
conducting electronics.* In this paper we focus only on the
planar S/F structures, consisting of a low-7, superconducting
film and a ferromagnetic layer with a domain structure with a
dominant magnetostatic interaction between superconducting
and ferromagnetic films.>°

The nonuniform component of the magnetic field, induced
by a ferromagnet, can modify the conditions for the appearance
of superconductivity in thin superconducting films due to
the effect of field compensation. The formation of localized
superconductivity in the areas of compensated magnetic
field®' 3 results in an exotic dependence of the supercon-
ducting critical temperature 7, on the external magnetic field
H, applied perpendicular to the thin film plane. This phase
transition line 7. vs H for planar S/F hybrids becomes
nonmonotonous 732736 and thus it differs significantly from
the standard linear dependence of the upper critical field H,,
on temperature 7', which can be written as

. _ |H|

R 1
To ~ HO M

Here T, is the critical temperature of the superconducting
transition at zero magnetic field, Hfg) = @0/(27155) and
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PACS number(s): 74.25.F—, 74.25.Sv, 74.25.0p, 74.78.—w

& are upper critical field and coherence length at 7 =0,
respectively, and ®y = whc/e is the magnetic flux quantum.
Such dependence given by Eq. (1) is inherent for plain
superconducting films in a uniform magnetic field H and
shown by the dashed line in Fig. 1.

Considering qualitatively the effect of an inhomogeneous
magnetic field, which varies periodically from + B, (above
positive magnetic domains) to — By (above negative domains)
and remains constant inside the domains, one can expect two
different phase transition lines

| 'Y |H + By . .

- =0 (positive domains), 2)
TcO ch
T” |H — By . )

R (negative domains). 3)

TcO H C(g )

These two different transition lines correspond to the formation
of superconductivity in the areas where the perpendicular
z component of the nonuniform magnetic field is positive,
Eq. (2), or negative, Eq. (3). The phase diagram H-T,
composed according to Egs. (2) and (3), is shown in Fig. 1. An
inhomogeneous superconducting state, trapped only within the
areas above the domains of the opposite polarity with respect
to the sign of H, is commonly referred to as reverse-domain
superconductivity (RDS).%'23% In order to guarantee the for-
mation of such RDS exclusively above either positive domains
(at H < 0) or above negative domains (at H > 0), one should
satisfy By/H.» > 1 (i.e., at high temperatures and/or large By
values). Such separated regions of RDS above the domains
of different signs were observed experimentally!'*~'%!8 for
Pb/BaFe|;0,9, Nb/BaFe|;019, and Al/BaFe|;0;9 hybrid
structures. Upon decreasing 7' and/or By, inhomogeneous

©2011 American Physical Society
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FIG. 1. (Color online) Transformation of the phase diagram
“external magnetic field (H)-temperature (7)” in the presence
of a nonuniform magnetic field (B, is the amplitude of the z
component of the stray field). The dashed line is plotted according
to Eq. (1). The filled (shaded) area corresponds to inhomogeneous
superconductivity above positive and negative magnetic domains,
respectively, see Eqs. (2) and (3). Here we use the following notations:
RDS+)—reverse-domain superconductivity localized above positive
(+) domains at H < 0 and above negative (—) domains at H > 0;
PDS,)—parallel-domain superconductivity localized above positive
(+) domains at H > 0 and above negative (—) domains at H < 0.

superconductivity above magnetic domains of both polarities
(i.e., parallel and antiparallel) can coexist (cf. Fig. 1), since
both criteria for the formation of inhomogeneous supercon-
ductivity above both magnetic domains |H — By| < H., and
|H + By| < H., can be fulfilled simultaneously, provided

By H By
—{1- < < |1- . @)
HC2 ch HcZ

The threshold temperature 7* of the crossover from simple
RDS to a complex state consisting of RDS in the compensated
regions and parallel domain superconductivity (PDS) in the
regions with enhanced magnetic field corresponds to the
intersection point of the dependencies 7™ (H) and T7)(H) at
H = 0 and can be estimated as T* = T,o(1 — By/H,>). Such
an inhomogeneous superconducting state, potentially observed
in the H range described by Eq. (4) and characterized by a
development of superconductivity above magnetic domains of
both polarities, can be also called complete superconductivity
(CS).

For superconducting samples of finite lateral di-
mensions one can expect the appearance of surface
superconductivity,>”3® i.e., superconductivity localized near
the sample edges even in the presence of a nonuniform
magnetic field. In the first approximation, the phase transition
line for such anticipated edge-assisted (EA) superconductivity
can be described by the shifted H 3 dependencies

w =0 ®
where the signs +(—) correspond to edge-assisted super-
conductivity above positive (negative) magnetic domains,
respectively. This means that superconductivity near the

PHYSICAL REVIEW B 84, 094523 (2011)

sample’s edges will survive until the local field exceeds the
critical field of surface superconductivity H. = 1.69 H,,.
Furthermore, the presence of the domain walls stimulates
the formation of domain-wall superconductivity (DWS) for
moderate fields |H| < By.3>3 It has been shown that for thin
superconducting films [in the (x,y) plane] in a perpendicular
magnetic field B, = H + b,(x) with a steplike component
b,(x) = Bysign(x) induced by a domain wall, nucleation of
the superconducting order parameter along the domain wall
(at x = 0) becomes possible below the phase transition line*

TOWs B, H\? H\*
11—~ "21059-070( —) +009(—) }.
Ty ng) By By

Thus, the set of possible nonuniform superconducting solu-
tions in flux-coupled S/F hybrids has to include the following
states: domain-wall superconductivity (DWS), “bulk” RDS
and PDS above either positive or negative domains, edge-
assisted RDS and PDS above either positive or negative
domains, and CS above the domains of both polarities.

In this paper we present an experimental study of the
temperature- and field-induced crossover between the different
regimes of bulk and localized superconductivity in S/F hybrid
structures, consisting of a thin superconducting Pb film
on top of a bulk ferromagnetic BaFe ;09 single crystal
with a well-defined stripelike domain structure. In order to
exclude percolation effects and electrical shunting arising
from different superconducting states, we prepared the hybrid
S/F structure such that the domain walls are oriented across
the superconducting microbridge. As a result, the current
density is distributed over the entire cross section of the
microbridge, which allows us to detect variations of the voltage
drop associated with the appearance and/or destruction of
inhomogeneous superconductivity of various types.

II. MAGNETIC PROPERTIES OF THE
FERROMAGNETIC SUBSTRATE

For the creation of a static nonuniform magnetic field
with a well-defined domain structure, we used bulk ferro-
magnetic crystals BaFe;;019 (BFO). When cut along the
proper crystallographic direction, these BFO crystals exhibit
a stripe-type domain structure with dominant in-plane mag-
netization and a relatively small out-of-plane component of
magnetization, '>~1413

Measurements with a vibrating sample magnetometer
revealed that at low temperatures the magnetization of the used
crystal depends almost linearly on the applied perpendicular
magnetic field, and that it saturates at H ~ 17 kOe (see Fig. 2).
This means that external magnetic field | H| < 1.5 kOe, which
corresponds to the range of the H sweeps in our measurements,
can only be of minor influence on the domain structure, since
the variation of magnetization of the substrate is expected to
be not more than 9% of the saturated magnetization.

The spatial two-dimensional (2D) distribution of the per-
pendicular z component of the magnetic field b,, induced by
the laminar domain structure, was imaged with a scanning
Hall probe microscope*” (Fig. 3). By analyzing the two-
dimensional (2D) patterns of b,(x,y), which corresponds to
the difference between the locally measured field B,(x,y) of

094523-2
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FIG. 2. (Color online) Magnetization curve M vs H, obtained
with a vibrating sample magnetometer at 7 = 5 K. The shaded area
indicates the range of H in our experiment.

the crystals and the external magnetic field H [Figs. 3(a) and
3(b)], we come to the following conclusions: (i) The domain
walls remain rectilinear even in the presence of an external
field; and (ii) the effect of the external field is limited mainly
to a small displacement of the domain walls as H varies,
leading to a broadening of the positive magnetic domains at
H > 0 at the expense of the negative magnetic domains, and
vice versa.

The one-dimensional (1D) profile of the stray field b, along
a line perpendicular to the domain walls is shown in Fig. 3(c).
We find that an external field of the order of 1 kOe shifts the
points b, >~ 0 at maximum 3 pm, which is much less than
the equilibrium domain width of 30 pm, without substantial
changes in both the shape of the domain wall and the amplitude
of the built-in magnetic field. This allows us to consider the
field pattern as almost independent on H.

III. SUPERCONDUCTING PROPERTIES OF THE S/F
BILAYER

A. Sample preparation

After polishing the cut surfaces of the BFO crystals, we
prepared lithographically an array of metallic Au markers
(2 x 2 um in size) on top of the ferromagnetic template. The
location of the domain walls with respect to the periodically
positioned Au markers was determined with a magnetic force
microscope (MFM) at room temperature. A thin insulating Ge
layer (4 nm thick) was evaporated in order to prevent exchange
interaction and proximity effect between the superconducting
and ferromagnetic layers. Finally, two Pb bridges oriented
across the domain walls were fabricated by means of e-beam
lithography, molecular beam epitaxy, and lift-off technique in
a single run on the same substrate. These superconducting
bridges have the same width (30 wm) and thickness (40 nm)
and differ only by their lengths: 100 um for the short bridge
and 700 pum for the long bridge, resulting in different numbers
of domain walls (4 and 24, respectively) in the narrow part of
the bridges. A combination of an optical and a MFM image of
the short Pb bridge is presented in Fig. 4.

PHYSICAL REVIEW B 84, 094523 (2011)

(a) H=0kKOe (b) H=15kOe e
150
100
50
0
-50
-100
-150
© 200 :
T=72K
H=1.5kOe
100} ]
CRN|
_QN
—100} ]
-200 . . . .
0 20 40 60
X, (um)

FIG. 3. (Color online) (a), (b) Two-dimensional distribution
of the z component of the nonuniform magnetic field b, (x,y) =
B,(x,y) — H measured near a domain wall by a scanning Hall probe
microscope at the distance 400 nm above the ferromagnetic crystal at
the external magnetic field H =0 (a) and H = 1.5kOe (b) at T =
72 K. The scanning area is 35 um x 35 um. (c) One-dimensional
profile of the nonuniform magnetic field b,(x, ) = B,(x,) — H along
the direction perpendicular to two domain walls, measured by a
scanning Hall probe microscope for the same conditions: H =0
(red circles) and H = 1.5 kOe (blue squares).

B. Magnetoresistive curves R(H)

Measurements of the dc electrical resistance R of both the
short and the long superconducting Pb bridges, as functions
of temperature 7', H (applied perpendicularly to the plane of
the structures), and the bias current /, were carried out in a
commercial Oxford Instruments cryostat using a conventional
four-terminal configuration.

Typical R(H) curves measured at / = 100 A are shown
in Fig. 5(a). The appearance of two symmetrical minima
in R(H) at T =7.20 K corresponds to RDS above the
domains of opposite polarity. Taking the positions of the R
minima, one can estimate the amplitude of the nonuniform
magnetic field B inside the superconducting bridge to
480 Oe. The observed linear increase in the width of the
R minima with decreasing temperature (compare the curves
from 7 =7.20 K, and to 6.50 K) allows us to prove the
usual relationship H,, = Hc((z)) (1—-T/Ty) [Eq. (1)] and to
estimate both the maximal critical temperature 7,0 = 7.25 K
and Hc((Z)) ~ 2.25 x 103 Oe. Contrary to the previously studied
hybrid Al/BaFe;;09 bilayers,'>' the estimated H 'Y value
for Pb is substantially higher than By at low temperatures.
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FIG. 4. (Color online) Combined MFM and optical image of the
short Pb thin-film bridge fabricated on top of the BFO single crystal.
The alternating dark and bright stripes, corresponding to the magnetic
domains with different orientations of the magnetic moment, are
shown only within the superconducting bridge. All elements of the
electrical circuit as well as the geometry of the contact pads (gray
areas) are shown schematically.

The ratio By/H c((z)) ~ (0.2 gives us the temperature of the
anticipated crossover 7* = 5.70 K between RDS and CS. The
R(H) at T = 5.70 K confirms this simple estimate since the
sample resistance vanishes for 7 < 5.70 K at H = 0, which
indicates CS.

Considering the R(H) curves at rather low temperatures
(T < T%), one can see that the transition from the super-
conducting to the normal state upon increasing |H| from
zero occurs in two stages. The first stage and an appearance
of nonzero resistance can be attributed to the suppression of
bulk PDS above the parallel domains since the position of
this anomaly corresponds to Eqgs. (2) and (3). However, due
to the presence of a continuous superconducting path along
the sample edges attributed to edge-assisted superconductivity
(PDS), the resistance increases slowly as H increases. The
exclusive survival of RDS above opposite domains at larger
H explains the rise in the total sample’s resistance R up
to 50%—60% from the normal-state resistance R, (curves
4.50, 4.90, 5.30, and 5.70 K). Indeed, for the considered
topology of the magnetic field, the superconducting and
normal regions are connected in series and therefore R should
reflect the ratio between the volume of the bridge in the normal
state and the total volume of the bridge. We observe that in the
developed RDS state R is not constant but slightly increases
with |H|. This finding can be attributed to the external-field-
induced shrinkage of the reverse domains. However, even
when bulk RDS is suppressed, the resistance is still lower
than the normal resistance. Such a resistive state observed
at low temperature and high field can be attributed to the
formation of compensated superconductivity above magnetic
domains of opposite polarity but localized near the edge of the
sample. In the following, this state will be referred to as edge-
assisted RDS. Apparently, such states can exist until the local
magnetic field above the opposite domains |H — By| exceeds
the critical field of surface superconductivity H.; = 1.69H,,
at a given temperature.’’® The position of the critical fields
|H:» + Byl and |H.3 + By, which determine the shape of the
magnetoresistive curve, are shown in Fig. 5(b) for T = 6.10 K.
For instance, the experimentally determined ratio H 3/ H,, for
T = 6.10 K is close to 1.77, supporting our interpretation.
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FIG. 5. (Color online) (a) Typical dependencies R vs H taken
for the long Pb microbridge at a fixed bias current / = 100 A and
at different temperatures 7. (b) A single resistive R(H) curve at
6.10 K and the position of the critical fields |H., + By| and |H.; +
By|, marked by arrows: By >~ 480 Oe, H,, =~ 350 Oe, H.; >~ 620 Oe.
The two dashed horizontal lines show the levels 0.50R,, and 0.98R,,,
where R, ~ 9.55 Q.

C. H-T diagram

A full H-T diagram for the long bridge, composed from
isothermal R(H) measurements, is presented in Fig. 6(a). A
similar diagram for the short bridge is not given since both
S/F hybrid samples showed almost identical behavior. The
interpretation of all distinctive regions of this diagram is given
in Fig. 6(b).

We explain the initial deviation of the resistance from the
normal value R, by the formation of the edge-assisted RDS
for large H. Such states I and II are shown schematically
in Fig. 6(c). We note that, according to this schematic
representation, one might expect that states I and II should
yield 50%—-60% of the normal-state resistance R,. Instead,
we observe a gradual increase, with increasing H from
this value to up to R,. This deviation can be explained by
the bias-current-induced destruction of the superconducting
shorts (i.e., quasi-1D) channels of width of the order of the
superconducting coherence length) running along the edges.
As the critical current for these 1D channels is expected to
decrease with increasing H, one expects the observed increase
of R(H). Forrather high T and moderate H, superconductivity
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(b) Interpretation
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FIG. 6. (Color online) (a) dc resistance R of the superconducting Pb bridge fabricated on top of the BFO crystal as a function of the
external magnetic field H and temperature 7 at / = 100 nA. (b) Interpretation of the measured R(H,T) dependence: Solid lines describe
the appearance of the edge-assisted reverse-domain superconductivity (EA-RDS), Eq. (5); dashed lines correspond to the appearance of
reverse-domain superconductivity (RDS) and parallel-domain superconductivity (PDS), Egs. (2) and (3); dotted lines describe the formation
of edge-assisted parallel-domain superconductivity (EA-PDS); while black dashed-dotted line describes the appearance of domain-wall
superconductivity (DWS), Eq. (6). Here we used the following fitting parameters: 7,0 = 7.25 K, By = 480 Oe, and Hc((z)) = 2.25 kOe. The
black dots correspond to the low-temperature scanning laser microscopy images obtained at 7 = 4.60 and 5.70 K and which are presented in
Figs. 10 and 11, respectively. (c) Schematic presentation of the different regimes of inhomogeneous superconductivity in the considered system.
Bright and dark areas correspond to positive and negative magnetic domains respectively, shaded areas depict the expected superconducting
regions: I and II—EA-RDS above positive and negative magnetic domains, respectively; IIl—complex state consisting of DWS and EA-RDS;
IV and V—bulk RDS above positive and negative domains, respectively; VI and VII—complex states consisting of RDS and EA-PDS above

positive and negative domains, respectively; VIII—complete superconductivity in the entire sample, consisting of RDS and PDS.

might appear in the form of a complex state consisting of
edge-assisted superconductivity and DWS (pattern III). This
prediction is also confirmed by numerical simulations based
on the time-dependent Ginzburg-Landau model. According
to our expectations, the localized superconductivity in this
case (|H| < By) appears above the phase transition line
depicted by Eq. (6), since the critical temperature for DWS
induced by the domain walls of a finite width should be
always higher than that for infinitely narrow domain walls.
Interestingly, in the overcompensated regime (|H| > By), the
position of the shifted H.; line, Eq. (5), coincides with the
level curve R(H,T) = 0.98R,. The next stages of decreasing
resistance with decreasing temperature at |H| ~ By have
to be associated with the appearance of bulk RDS in the
compensated regions (patterns IV and V). The corresponding
phase boundaries are given by Eqgs. (2) and (3) and are
shown by black dashed lines in Fig. 6(b). For temperatures
below than the transition line given by Eq. (5), in addition
to RDS, inhomogeneous superconductivity in the form of
edge-assisted PDS also appears in the regions with enhanced
magnetic field (patterns VI and VII). It should be mentioned
that in our resistive measurements we did not find clear
and unambiguous experimental evidences for the mentioned

complex states involving DWS and PDS (regions III, VI, and
VII in the H-T diagram), although these states are possible
from a theoretical point of view. The fact that the resistance
in the states III-VII differs from zero can be also attributed to
the destruction of the edge-assisted quasi-1D superconducting
channels by the finite bias current. Inside the region VIII
in the H-T diagram, where areas of inhomogeneous super-
conductivity for the different domains start to overlap, the
total absence of electrical resistance indicates the appearance
of CS. !

Thus, in our transport measurements, we clearly observed
the switching between different regimes of localized su-
perconductivity upon variation of H and T, although the
interpretation of the resistance data in regions I, II, III,
VI, and VII, which involve the appearance of DWS and/or
edge-assisted superconductivity is not straightforward, as
these effects can be easily suppressed by the finite bias
current.

D. Critical currents

A bias current [ can suppress the different modes of
nonuniform superconductivity in the considered S/F system in
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FIG. 7. (Color online) dc resistance R = V /I dependence of the long superconducting Pb bridge on the external magnetic field H and the
bias current / taken at different temperatures: 7 = 3.50 K (a), T =4.50 K (b), T = 5.50 K (¢), and T = 6.50 K (d). We use the same color

scheme as in Fig. 6(a).

various ways. The effect of H and I on the current (/)-voltage
(V) dependencies and on the dc resistance R = V/I are
illustrated in Figs. 7 and 8. We observed that the state of
RDS is more robust with respect to current injection than the
state of CS, since in the latter case the bias current can first
destroy the weakly developed superconductivity above parallel
magnetic domains (i.e., above positive domains at H > 0 and
vice versa), where the local magnetic field is maximal.

In order to evaluate the critical current destroying CS and
RDS, we consider the effect of T on the /-V dependencies
(Fig. 8) measured at H = 0 and |H| =~ By (i.e., close to the
compensation field). One can see that the state with zero
resistance, which is inherent to CS, can be destroyed if
exceeds a threshold value ICCS. Taking the position of the
jumps in the 7-V curves at H = 0 or the maximal differential
resistance d R/d H [Fig. 8(a)], we plotted the the temperature
dependence of the critical current /&5, corresponding to the
destruction of the most developed CS state at H = 0. For
a characterization of the critical current IRPS, corresponding
to the suppression of the developed RDS at the compensation
field (|H| ~ By), we traced the position of the jump on the 7-V
curves at H = 480 Oe upon increasing T [Fig. 8(a)]. Indeed,
this estimate seems to be reasonable for the describing of the
current-induced destruction of inhomogeneous superconduc-
tivity under the condition when the minimal resistance of the
investigated sample in the superconducting state is finite (of
the order of 50%R,,). The dependencies of the both estimated
critical currents /XPS and IRPS as a function of T are presented
in Fig. 9.

IV. VISUALIZATION OF NONUNIFORM
SUPERCONDUCTING STATES BY SCANNING
LASER MICROSCOPY

In order to image the inhomogeneous superconducting
states trapped by the nonuniform magnetic field, we used
low-temperature scanning laser microscopy (LTSLM).

The principle of operation of LTSLM can be introduced as
follows.”**™> The hybrid S/F samples were mounted on the
cold finger of a helium gas flow cryostat, which is equipped
with optical windows to enable laser irradiation. An amplitude
modulated laser beam (wavelength 680 nm, modulation
frequency 10 kHz) heats locally the superconducting sample

within a spot with a diameter of 1.5-2 um. This value is
determined by the diameter of the focused incident beam and
by the thermal conductivity of the tested bilayer sample.*3
The incident beam intensity power on the sample surface
(up to ~25 W) appears to be high enough to provide a maxi-
mum beam-induced increase in temperature AT ~ 0.1-0.2 K,
leading to a local suppression of superconductivity within this
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FIG. 8. (Color online) Typical /-V dependencies measured at
H =0 (a) and H =480 Oe (b) for the long superconducting Pb
bridge at different temperatures indicated in the plots. Two dashed
lines correspond to the Ohmic-like behavior with the resistance R =
R,/2and R = R,.
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FIG. 9. (Color online) Temperature dependence of the critical
currents /XPS and 155, corresponding to the suppression of reverse-
domain superconductivity (red/light gray symbols near the top line),
and complete superconductivity (blue/gray squares near the bottom
line), respectively. For the determination of IXPS (%) we plotted
the positions of the maximal differential resistance on the I-V
dependencies measured at H = 480 Oe (H = 0) both for the long
and short bridges; I < 0 and / > 0 denote the negative and positive
branches of the corresponding /-V curves (Fig. 8). The dashed lines
are guides to the eyes.

hot spot. We assume that the effect of the laser irradiation
should be uniform across the superconducting film thickness
since the thickness of the Pb film (40 nm) is much smaller than

PHYSICAL REVIEW B 84, 094523 (2011)

the lateral spot size. In our LTSLM measurements we apply a
constant bias current and measure the beam-induced voltage
drop AV along the entire bridge by lock-in technique. A set
of scanning mirrors allows us to control the position (x,y) of
the spot and thus to obtain the position-dependent 2D map of
the LTSLM signal: AV = AV (x,y).

The LTSLM voltage signal can be interpreted as follows.
If the laser spot heats an area of the bridge which is in the
normal resistive state, the beam-induced perturbation of the
local temperature causes only a very small change in the total
resistance, since dR,, /0T is very small. However, if the irradi-
ated part of the bridge is in the superconducting state and it took
part in the transfer of a substantial part of the supercurrents, the
beam-induced suppression of superconductivity might switch
the whole sample from a low-resistive state to a high-resistive
state. In other words, the LTSLM technique makes it possible
to map out the ability of the sample to carry supercurrents.
Comparing the LTSLM responses upon varying H and T, one
can trace the evolution of local superconducting properties in
the investigated system.

For the observation of the different regimes of inhomoge-
neous superconductivity in the long Pb/BFO hybrid samples,
we applied a constant current of / = 300 A and the field was
varied in the range between H = +1350 Oe.

Figure 10 shows the LTSLM images obtained at T =
4.60 K, which is below the crossover temperature 7* =
5.70 K (see Fig. 11). For |H| < 130 Oe the measured
responses have no detectable variations [see Figs. 10(a),
10(b1), and 10(b2)]. Apparently, at these points inside the

LTSLM images at T = 4.60 K

(a)  ChaE Y TS
H=0 oe —

(b2)

(c2)

(d2)

+130 Oe

+400 Oe |

+530 Oe

-_-____—__ L7
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FIG. 10. (Color online) Low-temperature scanning laser microscopy (LTSLM) images obtained for the same area of the long Pb bridge
at T = 4.60 K. The color scale indicates the change in the beam-induced voltage drop AV. The H values are indicated in the plots and the
bias points for all presented images are also marked by black dots in the phase diagram in Fig. 6(b). The scanning area is ~120 um x 40 pum.
Vertical dashed cyan (light gray) lines indicate the positions of the domain walls. The sample edges are marked by horizontal solid white

lines.
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LTSLM images at T = 5.50 K
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FIG. 11. (Color online) Low-temperature scanning laser microscopy (LTSLM) images obtained for the same area of the long Pb bridge at
T = 5.50 K. All parameters and notations are the same as in Fig. 10. The LTSLM image at H = —260 Oe (c1) was recorded with technical

problems and therefore we do not present this plot.

CS state in the H-T diagram, the intensity of the laser
beam is insufficient for the destruction of the developed bulk
superconductivity.

According to our estimates, at T = 4.60 K, the depletion of
superconductivity above the parallel magnetic domains should
occur at |H| 2 350 Oe. This means that near the “CS-RDS”
transition line the areas above the parallel domains have to
be in the resistive state, while the areas above the opposite
domains are still in the superconducting state. As a result,
the maxima in the LTSLM response at H = 400 Oe should be
attributed solely to the nonsuperconducting regions above the
positive domains [Figs. 10(c2) and 10(d2)]. Correspondingly,
at H = —400 Oe the resistive areas above negative domains
are responsible for the beam-induced voltage [Figs. 10(c1) and
10(d1)]. Athigher H values (i.e., deeper in the RDS areas in the
H-T diagram) superconductivity survives exclusively above
the opposite domains and such compensated superconductivity
is strong enough not to be destroyed by the laser beam of the
given intensity. However, close to the transition line “RDS—
edge-assisted RDS,” describing the destruction of the bulk
RDS, the bulk reverse-domain superconductivity becomes
weaker and can be affected by the laser beam. Therefore,
the bright areas in the corresponding LTSLM signal originate
from the regions with the compensated magnetic field above
the opposite domains. The inversion of the H sign immediately
results in a switching between enhanced reverse-domain super-
conductivity and depleted parallel-domain superconductivity
for the same areas of the superconducting bridge [Figs. 10(el)
and 10(e2) and Figs. 10(f1) and 10(f2)]. Thus, all findings
concerning the migration of the maximal beam-induced

voltage along the Pb bridge upon varying H are in agreement
with our transport measurements.

We would like to note that the LTSLM images
[Figs. 10(c1)-10(f1) and 10(c2)-10(f2)] reveal an inhomo-
geneity of the beam-induced voltage across the width of the
bridge. Indeed, the AV maxima are always located near the
edges of the bridge. At the present moment we have no reliable
interpretation of this effect. Probably, it can be explained by
the current enhancement near the sample edges, typical for
plain superconducting bridges,*>*’ or by a suppression of
the energy barrier for flux entry or exit for superconductors
in the developed mixed state. Another possible explanation
for the pronounced edge signal is the manifestation of edge-
assisted PDS, since such edge-assisted PDS states seem to be
the states with weakest superconductivity. Finally, the edge
signal can be explained by a hampered heat diffusion and,
correspondingly, a larger heating effect of the beam focused
near the edges as compared to that in the interior of the bridge.
Thus, at the current state of our LTSLM measurements we
cannot unambiguously interpret the inhomogeneous LTSLM
signal across the bridge as a clear evidence of the edge-
assisted superconducting states. This issue requires a detailed
theoretical treatment which is beyond the scope of the present
work.

At T =5.50 K, close to the crossover temperature, a
voltage signal can be detected at H = 0. The amplitude of
the built-in magnetic field is close to the corresponding upper
critical field and therefore even a weak optical influence can
substantially suppress bulk superconductivity equally above
the domains of both polarities. Upon increasing |H| we
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__10r Reference lines taken at T = 4.60 K and |H| = 400 Oe 4

FIG. 12. (Color online) Line scans AV(x) obtained by the
LTSLM method at different T along the line close to the lower edge
of the Pb microbridge: (a) The reference signal AV (x) measured
at H = %130 Oe in order to detect the positions of the domain
walls shown as vertical dashed lines. (b) The dependencies AV (x)
measured at different temperatures (shown in the plot) and H = 0.

successively observe the responses from the parallel domains
[Figs. 11(bl) and 11(b2)-11(c2)] and from the antiparallel
domains [Figs. 11(d1)-11(f1) and 11(d2)-11(f2)], similar to
that described above.

In principle, a further increase in temperature above the
crossover temperature could allow us to detect the domain-wall
superconductivity at H = 0, since the masking background
signal from CS and the edge-assisted RDS are turned off.
The evolution of the beam-induced voltage upon increasing
T is presented in Fig. 12, where we show line scans AV (x)
along the bridge, close to its bottom edge. However, we did
not find any noticeable increase in the LTSLM response near
the domain walls for the considered S/F system. Since the
DWS state was already successfully observed for a similar
Pb bridge oriented along the domain wall using the same
LTSLM technique,*® we believe that for the topology of our
investigated sample with domain walls perpendicular to the
bridge the LTSLM signal at the domain wall is simply below
our detection limit.

V. CONCLUSION

We presented a detailed experimental study of the su-
perconducting properties of thin-film superconducting Pb
microbridges in the presence of a nonuniform magnetic field
of the laminar domain structure in ferromagnetic BaFe ;019
crystals. Such ferromagnets generate rather strong stray fields
and the parameters of this field (amplitude and period)
are almost independent on the applied magnetic field H

PHYSICAL REVIEW B 84, 094523 (2011)

in the considered H range. We focused on the case when
the domain walls are oriented perpendicular to the bridge
in order to avoid electrical shunting and masking of less
developed superconducting states by more favorable states
during transport measurements. It was demonstrated that
at high temperatures superconductivity appears in the form
of reverse-domain superconductivity only above magnetic
domains of opposite polarity with respect to the H sign. Below
the crossover temperature 7*, defined as H,(T*) = By, super-
conductivity can nucleate both above antiparallel and parallel
magnetic domains [By is the amplitude of the perpendicular
component of the nonuniform field, H., = Hc(g) (1—-T/T.)
is the temperature-dependent upper critical field]. Indeed,
at T < T* the regions of inhomogeneous superconductivity
above positive and negative domains overlap in the H-T plane,
resulting in so-called complete (or global) superconductivity
and in the vanishing total electrical resistance of the hybrid
sample. We also found experimental evidences for the regimes
of edge-assisted reverse-domain superconductivity and edge-
assisted parallel-domain superconductivity, corresponding to
localized superconductivity near the edges of the bridge
above the regions with compensated and enhanced magnetic
field, respectively. We experimentally determined the critical
currents, corresponding to the suppression of the localized
superconductivity above parallel and antiparallel magnetic
domains in a broad temperature range. The technique of
low-temperature scanning laser microscopy made it possible
to directly visualize the temperature- and field-induced tran-
sitions from complete superconductivity to reverse-domain
superconductivity and parallel-domain superconductivity and
from these inhomogeneous superconducting states to the
normal state. We clearly observed the migration of the
maximum of the beam-induced response along the bridge
between the domains of different polarity upon sweeping
H. At the same time we cannot unambiguously interpret the
inhomogeneity of the LTSLM response across the bridge and
hope to address this point later on.
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Domain-wall and reverse-domain superconducting states of a Pb thin-film bridge
on a ferromagnetic BaFe ;0,9 single crystal
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We report on imaging of the nonuniform superconducting states in a Pb thin-film bridge on top of a
ferromagnetic BaFe ;0,9 single crystal with a single straight domain wall along the center of the bridge by
low-temperature scanning laser microscopy. We have visualized domain-wall superconductivity (DWS) close to
the critical temperature of Pb, when the Pb film above the domain wall acts as a superconducting path for the
current. The evolution of the DWS signal with temperature and the external-field-driven transition from DWS to

reverse-domain superconductivity was visualized.

DOI: 10.1103/PhysRevB.84.020505

It is well known that so-called surface or bound states can
be generated by the presence of boundaries in a material.
For example, the formation of surface states for a single
electron wave function in a semi-infinite crystalline lattice
due to the modification of the boundary conditions was
described by Tamm!' and by Shockley.” Other examples of
bound states are surface plasmons, propagating along the
interface between a dielectric and a metal,>™ and surface
acoustic waves traveling along the surface of a material
exhibiting elasticity.®” In both latter cases these waves are
confined in the direction perpendicular to the wave vector,
i.e., their amplitudes decay exponentially far from the inter-
face or surface. The formation of surface bound states for
the superconducting order-parameter wave function W was
considered by Saint-James and de Gennes.® They showed that
localized superconductivity at a superconductor (§)/vacuum
or §/insulator interface can appear at an applied magnetic
field H.y above the upper critical field H,, for bulk supercon-
ductivity. Similarly to this surface superconductivity, localized
superconductivity can also nucleate near the sample edge in
a thin semi-infinite superconducting film'® or in a thin super-
conducting disk of very large diameter!! in a perpendicular
magnetic field. Such so-called edge superconductivity (ES),
with transition temperature 7,55, has the same phase-transition
line as surface superconductivity,'” given by 1 — TES/ T,g >~
0.59 |Hextl/ Hc('(Z))' Here, T, is the superconducting transition

temperature in zero magnetic field, H 0((2)) = ®y/(2n&}) and &
are the upper critical field and coherence length at temperature
T =0, respectively, and &y = whc/e is the magnetic-flux
quantum. This means that ES will survive up to the critical
field H. = 1.69H., while above H. = HY(1 —T/Ts)
bulk superconductivity is totally suppressed.

An alternative way to prepare localized states in supercon-
ducting films is to confine the order-parameter wave function
by a nonuniform magnetic field in hybrid S/ferromagnet
(F) structures (see, e.g., Ref. 13 and references therein).
Buzdin and Mel’nikov'* considered a steplike distribution
b,(x) = Bpsgn(x) of the perpendicular component of the
magnetic field, B, = Hex + b,, induced by domain walls
in the ferromagnet (with the z axis perpendicular to the

1098-0121/2011/84(2)/020505(4)

020505-1
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film surface). They demonstrated that superconductivity will
survive in vicinity along the step, even if the amplitude of
the nonuniform magnetic By > H.,. The dependence of the
transition temperature TCDWS (Hex) for domain-wall supercon-
ductivity (DWS) in a plain superconducting film (i.e., infinite
in lateral direction) can be estimated as 1 — TPVS /T,y ~
{0.59 — 0.70(Hext/ Bo)* + 0.09(Hex/ Bo)*} Bo/ HY .13

For flux-coupled S/F structures of finite lateral size the
localized states of ES and DWS may compete as illustrated in
Fig. 1 for the case of a thin-film S strip of finite width above a F
substrate with a domain wall along the center of the bridge, for
H, < By < H.3. For a domain structure with steplike b,(x)
profile and Hey = 0, ES and DWS nucleate simultaneously
in the § strip as shown in Fig. 1(a). Figure 1(b) shows the
case of a domain wall with finite width and H, = 0. Here,
DWS becomes energetically more favorable compared to ES
and only DWS nucleates.'® For H., # 0, the local field is
compensated above the domain with magnetization direction
opposite t0 Hexe. If ||Hext| — Bo| < Hg, superconductivity is
turned on above this reverse domain while it is still suppressed
above the parallel domain [cf. Fig. 1(c)]. This effect is termed
reverse-domain superconductivity (RDS).'”!8 We note that
when H, becomes larger than | Hex¢| + By (e.g., upon cooling)
above the parallel domain, superconductivity may also nucle-
ate there and the entire strip will be in the superconducting
state, which we call complete superconductivity (CS).

Fingerprints of RDS and DWS have been found by
electric transport measurements on S/ F hybrids with a rather
complex domain structure in BaFe;;0;9 (BFO) crystals'’
and multilayered CoPt films'® with perpendicular magnetic
anisotropy. Using low-temperature scanning laser microscopy
(LTSLM), RDS has been visualized in a hybrid Nb/PbFe ;09
system.'® However, due to the complex domain structure
and relatively small domain size, visualization of DWS was
not possible. Recently, significant improvements have been
achieved, regarding the fabrication of specially polished
BFO crystals, characterized by a well defined and stable
domain structure with straight domain walls separated by
typically 30 um.?*2! Here we report on the direct imaging
of the development of DWS and RDS in a hybrid S/F

©2011 American Physical Society
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RDS

FIG. 1. (Color online) Illustration of DWS, ES, and RDS across
a thin-film S strip on top of a F substrate with two domains with
perpendicular magnetization M. Magnetic-field profiles B,(x) =
Hey + b,(x) inside the S strip generated by the domains underneath
and modulus of superconducting order parameter |\W(x)| are shown
for (a) steplike b,(x) for Hey = 0, (b) field profile with finite width
for He = 0, and (¢) finite H., ~ By. White dashed lines indicate
upper critical fields £H,, and +H,;.

structure, consisting of a superconducting Pb film on top of a
ferromagnetic BFO crystal by means of LTSLM. 8-22-23

We prepared a 40-nm-thick and 30-pum-wide Pb micro-
bridge on top of a BFO substrate, so that only a single domain
wall is running along the center of the Pb bridge parallel to the
current flow. The BFO substrate and the Pb thin film were sep-
arated by a 4-nm-thick insulating Ge layer so that the system
is only flux coupled. From resistance R vs Hgy measurements
at variable T of a reference sample with several domain walls
oriented perpendicular to the long side of the bridge,® we
compose the Hex-T phase diagram shown in Fig. 2(b).
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For imaging by LTSLM, the sample was mounted on the
cold finger of a helium gas flow cryostat, with an optical
window to enable irradiation of the sample surface in the
(x,y) plane by a focused laser beam with beam spot diameter
~1.5-2 um.**?> The amplitude modulated laser beam (at fre-
quency f & 10 kHz) induces a local increase of temperature
8T (x — x9,y — Yo) centered at the beam spot position (xg, o)
on the sample surface. During imaging, the Pb bridge is biased
at a constant current /, and the beam-induced change of
voltage AV (xg,yo) is recorded with lock-in technique. The
LTSLM voltage signal can be interpreted as follows: If the
irradiated part of the sample was in the normal state with
resistivity p,, the laser beam induces a very small voltage
signal AV « dp, /0T. However, if the irradiated region took
part in the transfer of a substantial part of the supercurrents, the
beam-induced suppression of superconductivity might switch
the sample from a low-resistive state to a high-resistive state.
This effect should be maximal if [ is close to the overall
critical current I, = I.(T,Hex) of the sample. In this case
LTSLM allows one to map out the ability of the sample to
carry supercurrents.

In order to trace out the evolution of DWS with temperature,
we recorded a series of LTSLM voltage images AV (x,y) at
H.,. = 0 and different T across the resistive transition of the
Pb bridge. Figure 2(a) shows the R(T') curve of the Pb/BFO
microbridge; the labels 1-8 indicate the bias points for which
LTSLM images and line scans are shown in Figs. 2(d) and 2(c),
respectively. The dots in the Hy-T phase diagram shown in
Fig. 2(b) indicate the bias points for which LTSLM data are
shown. LTSLM voltage images 1-8 in Fig. 2(d) show the
evolution of the superconducting properties of the Pb/BFO
bridge upon cooling through 7, (from left to right) at Hex = 0;
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FIG. 2. (Color) Evolution of DWS upon cooling through 7, and He-T phase diagram. (a) R(T) curve (/ = 100 nA); dots indicate bias
points of LTSLM voltage images 1-8 in (d) and corresponding line scans in (c). (b) He-T phase diagram, constructed from experimentally
determined values T,y = 7.25 K, By = 480 G, and H j;” = 2.25 kOe. The phase diagram contains separate regions of DWS, ES, RDS, and CS.
Dots label bias points for LTSLM data shown in (c), (d), and Fig. 3. (c) Line scans AV (x) across the bridge for different 7', taken from voltage
images in (d). Red dots show simulation results for T = 6.4 K. The position of the edges of the bridge is indicated by dashed gray lines. (d) Series
of LTSLM voltage images AV (x,y) (1-8 from left to right) taken at different 7 during cooling the Pb bridge through its resistive transition (/ =
10 nA). White dashed lines indicate the position of line scans in (c). The graph on the right shows a corresponding optical LTSLM image.
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FIG. 3. (Color online) Switching from DWS to RDS: variable
Hey at T = 6.2 K. (a) Line scans AV (x) along white dashed line
in (b) for different He, > 0; dashed gray lines indicate edges of the
bridge. (b) LTSLM images for maximal | Hex|.

according to Fig. 2(b), these should cover the transitions from
the normal state to DWS and finally to CS. The graph on the
right shows an optical LTSLM image, in order to indicate size
and position of the bridge in the voltage images.?” For a more
quantitative analysis, in Fig. 2(c) we show line scans AV (x)
across the bridge [along the white dashed lines in Fig. 2(d)].

Starting with the highest temperature 7 = 6.6 K, the
voltage image in Fig. 2(d) and the corresponding line scan
(black line) in Fig. 2(c) shows no signal, as the bridge is in
the normal state. Lowering T to 6.4 K [entering the resistive
transition shown in Fig. 2(a)], the voltage image gives a
small homogeneous signal with a broad maximum centered
above the bridge [red line in Fig. 2(c)]. For a (still) resistive
Pb bridge with homogeneous conductivity but finite dR/dT,
this behavior can be simply explained by the finite width of
the beam-induced §7 (x,y) profile, i.e., its tails will induce a
voltage signal, even if the beam spot is positioned outside the
bridge. This is confirmed by numerical simulations [cf. red data
points in Fig. 2(c)], which solve the heat diffusion equation
for an absorbed laser power of 25 uW, a beam spot diameter
of 2 um and thermal conductivity of the BFO substrate of
0.8 Wcem™! K~!'. These simulations yield a maximum increase
in beam-induced temperature AT = 0.14 K.

Upon further cooling (see voltage images and correspond-
ing line scans for T = 6.3 Kand T = 6.2 K), a clear LTSLM
signal develops, running along the domain wall [green and
blue lines, respectively, in Fig. 2(c)]. This observation can be
interpreted as an evidence that a channel above the domain
wall with higher conductivity than the regions above the
domains has formed, and therefore the current density j(x)
has a maximum above the domain wall. We note that, although
according to the He-T phase diagram the sample should be in
the the DWS state, the overall resistance of the bridge is close
to the full normal resistance. This is consistent with numerical
simulations based on the time-dependent Ginzburg-Landau
equations, which indicate that for our experimental situation
the critical current density j.pws along the domain-wall
channel is too small, i.e., the bias current might be above the
critical current of this channel. This also explains why, upon
decreasing T', the LTSLM signal at the domain wall increases,
as j.pws increases, and the peak in AV (x) becomes sharper
(see below). We did not find a similar enhancement of the
LTSLM voltage signal at the edges of the bridge, i.e., we do
not find any signature of ES. We attribute this to the finite
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width of the domain wall, which stabilizes DWS compared to
ES.

For T < 6.2 K the amplitude of the peak of the LTSLM
response at the domain wall decreases as T decreases, and the
maximum of the LTSLM signal shifts toward the edges of the
bridge; see magenta and orange lines in Fig. 2(c) for T = 6.0 K
and T = 5.7 K, respectively, and the corresponding voltage
images in Fig. 2(d). We interpret this observation as the
transition from DWS to CS, which is consistent with the phase
diagram shown in Fig. 2(b). At this transition, CS spreading
over the whole sample becomes favorable and the sample is
turned into the mixed state. The onset of CS can explain the
appearance of two pronounced maximain AV (x) at the sample
edges: In the mixed state the current distribution depends on
the edge energy barrier for vortex entry. Upon laser irradiation,
the edge energy barrier is locally suppressed, which in turn
opens a gate for vortex entry/exit. Hence one can expect that
irradiation at the edges of the bridge should strongly affect
the vortex pattern and the resulting current distribution. In
contrast, laser irradiation of the interior of the bridge does not
change the existing energy barrier, and the modification of
the current pattern is probably less pronounced, and therefore
the beam-induced voltage change is much smaller. Finally,
at T = 5.0 K the LTSLM signal is zero [cf. Fig. 2(d) and
brown line in Fig. 2(c)], which indicates that the bridge is in
the CS state and the beam-induced perturbation is not strong
enough to suppress superconductivity and induce a voltage
signal.

Finally, we investigated the effect of finite perpendicular
field |Hex| < 165 Oe on superconductivity in our system.
The measurements were carried out at 7 = 6.2 K, which
corresponds to the most pronounced LTSLM signal above the
domain wall at He, = 0. Figure 3(a) shows the evolution of
the LTSLM voltage signal AV (x) with increasing external
field for positive polarity. For Hey = 0 the DWS signal is
clearly visible as described above. With increasing Hex the
amplitude of the domain-wall signal decreases monotonously
while its width stays roughly constant. Simultaneously a signal
above the reverse (right) domain appears. In the RDS state, for
Hex 2 70 Oe, the voltage signal shows a peak at the right
edge of the bridge, which can be explained in the same way
as for the edge signal discussed in the context of the T series
shown in Fig. 2. Figure 3(b) shows LTSLM voltage images
taken at Heyy = —165 Oe (left image) and Hexs = 4165 Oe
(right image), which clearly demonstrate switching between
the RDS states above the two domains upon reversing the
polarity of the external field.

In conclusion, we have clearly identified the formation
of the spatially inhomogeneous superconducting state in a
superconducting Pb thin film induced by the stray field of
the domains in the ferromagnetic substrate BFO underneath.
The crucial feature of the investigated system is that the su-
perconducting Pb bridge was fabricated exactly above a single
straight domain wall, which is running along the center of the
bridge. Such a well-defined geometry of the hybrid Pb/BFO
sample makes it possible to directly visualize the localized and
delocalized superconductivity by means of low-temperature
scanning laser microscopy. We imaged the evolution of DWS
with decreasing temperature. Using the external field as a
control parameter, we demonstrated that superconductivity in
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a wide superconducting bridge can be switched from the DWS
to RDS state. This opens up interesting perspectives for the cre-
ation of spatially nonuniform superconducting states and for
their manipulation by external and “internal” magnetic fields.
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The resistance R vs perpendicular external magnetic field H was measured for superconducting
Nb thin—film microbridges with and without microholes [antidots (ADs)]. Well below the transition
temperature, integral R(H) measurements of the resistive transition to the normal state on the
plain bridge show two distinct regions, which can be identified as bulk and edge superconductivity,
respectively. The latter case appears when bulk superconductivity becomes suppressed at the upper
critical field H.2 and below the critical field of edge superconductivity H.s ~ 1.7 Hco. The presence
of additional edges in the AD bridge leads to a different shape of the R(H) curves. We used
low-temperature scanning laser microscopy (LTSLM) to visualize the current distribution in the
plain and AD bridge upon sweeping H. While the plain bridge shows a dominant LTSLM signal
at its edges for H > H.2 the AD bridge also gives a signal from the inner parts of the bridge
due to the additional edge states around the ADs. LTSLM reveals an asymmetry in the current
distribution between left and right edges, which confirms theoretical predictions. Furthermore, the
experimental results are in good agreement with our numerical simulations (based on the time-
dependent Ginzburg-Landau model) yielding the spatial distribution of the order parameter and

current density for different bias currents and H values.

PACS numbers: 74.25.F-, 74.25.0p, 74.25.Dw

I. INTRODUCTION

The concept of localized superconductivity in bulk
superconductors was introduced in 1963 by Saint-
James and de Gennes'. They demonstrated that
superconductivity in a semi-infinite sample with an
ideal flat surface in the presence of an external mag-
netic field H (with amplitude H) parallel to its sur-
face can survive in a thin surface layer, even above
the upper critical field H.s, when bulk superconduc-
tivity is completely suppressed. Based on the phe-
nomenological Ginzburg-Landau theory, the critical
field H.3 for surface superconductivity, localized near
superconductor/vacuum or superconductor /insulator
interfaces, can be calculated as®?3

1695 Hp ~ Heg = HY (1 - T/T.), (1)

where H c(g) is the upper critical field for surface su-
perconductivity at temperature ' = 0, and Ty is the
superconducting critical temperature for H = 0. This
theory predicts that in the regime of the surface su-
perconductivity the order parameter wave function W
decays exponentially with increasing distance from the
surface on the length scale of the coherence length &.

Experimental evidence for surface superconduc-
tivity has been found by dc transport*” or in-
ductive measurements® shortly after the theoreti-
cal prediction.! Later on, other methods such as

ac-susceptibility and permeability measurements,® 1!

magnetization measurements, > surface impedance
measurements'* and tunneling spectroscopy!® con-
firmed the existence of surface superconductivity
when H was applied parallel to the surface. The
evolution of the resistance R vs H, depending on
the orientation of H relative to the surface was also
investigated.* While two different regions for bulk and
surface superconductivity were clearly observed for
fields parallel to the surface, no signature for sur-
face superconductivity was observed when H was
applied perpendicularly. The in-plane-field depen-
dence of the critical current I.(H) in the regime of
surface superconductivity for H parallel to the bias
current was described by Abrikosov!® and studied
experimentally.!” 1 Park described theoretically the
evolution of I.(H) in the state of surface supercon-
ductivity when the in-plane field H is applied per-
pendicular to the bias current flow?°. He predicted
an asymmetry in the critical surface current, result-
ing from the superposition of surface screening cur-
rents and external currents. Such an asymmetry has
not been observed experimentally yet.

Similar to surface superconductivity, localized su-
perconductivity can also nucleate near the sample
edge in a thin semi-infinite superconducting film,
in a thin superconducting disk of very large diam-
eter or around holes in a perpendicular magnetic
field.21726 Tt should be mentioned, that surface super-



conductivity and localized states at the sample edges
in perpendicular field [called edge superconductivity
(ES)] are qualitatively and quantitatively the same.
While surface superconductivity has been investigated
in several compounds like Pb-based alloys®1%27 Nb
and Nb-based alloys, 1112 polycrystalline MgB,28,
Pb&1529  UPts whiskers®®, NbSey3!, experimental
studies on ES in thin film structures are rare3?33. Re-
cently, the first real space observation of ES was ob-
tained by scanning tunneling microscopy on Pb thin
film islands>4.

Localized states do not only occur at sample bound-
aries but can also be induced by an inhomogeneous
magnetic field as it appears e.g. above domain walls in
superconductor/ferromagnet hybrids. This localized
state is therefore called domain wall superconductivity
(DWS)3°37. Recently, a Pb/BaFe; 5019 superconduc-
tor/ferromagnet hybrid has been investigated by low-
temperature scanning laser microscopy (LTSLM) and
the inhomogeneous current distribution of the sample
in the DWS state has been visualized.?® LTSLM is
therefore a valuable tool to visualize the redistribu-
tion of the current in the crossover from bulk to edge
superconductivity.

In this paper we present our investigations on the
evolution of edge superconductivity in plain and anti-
dot Nb microbridges in perpendicular magnetic field.
Measurements of R(H) were performed to compose
an experimental phase diagram and to identify the
regions of bulk and edge superconductivity. Then we
use LTSLM to visualize the current distribution at
the transition from the superconducting to the nor-
mal state in both bridges. In addition, we used a
time-dependent Ginzburg-Landau model to compare
our experimental findings with theoretical predictions.

II. SAMPLE FABRICATION AND
EXPERIMENTAL DETAILS

A Nb thin film with thickness d = 60nm was de-
posited on a single crystal Al;Os substrate (r-cut
sapphire) at 7' ~ 800° C using magnetron sputter-
ing. Two Nb bridges with width W = 40 um and
length L = 660 um were patterned by e-beam lithog-
raphy and reactive ion etching into a bridge geometry
as shown in Fig. 1. One of these bridges was pat-
terned with circular microholes [antidots (ADs) with
580nm diameter] in a triangular lattice with a period
of 1.5 pum.

The samples were electrically characterized in a He-
lium cryostat at 4.2 K< T <10K and |H| <20kOe us-
ing a conventional four-terminal scheme (cf. Fig. 1).
For both investigated Nb microbridges we found
Teco =85K. H was always applied along the z-
direction, i.e. H = Hé, was perpendicular to the
thin film surface and the applied bias current I. We
performed isothermal measurements of voltage V(1)

characteristics for different T and H values out of
which we determined the dependence of the dc re-
sistance R = V/I on H. The data presented be-
low were obtained with I=1mA, unless stated oth-
erwise. This corresponds to a bias current density

J =1/dW =~ 40kA /cm?.
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FIG. 1: Optical image of the plain 40 um wide Nb bridge.
The contact pads used for I and V' are indicated.

To visualize the current distribution for different
bias points in the T'— H phase diagram, we used
LTSLM.?¥ 4! For imaging by LTSLM, the sample was
mounted on a cold finger of a Helium flow cryostat,
which is equipped with an optical window to enable ir-
radiation of the sample in the (x, y) plane by a focused
laser beam with beam spot diameter ~ 1.5—2 m.3%40
The amplitude modulated laser beam (at frequency
f ~ 10kHz) induces a local increase of temperature
centered at the beam spot position (zg, yo) in the sam-
ple. During imaging, the Nb bridge is biased at a
constant I, and the beam-induced change of voltage
AV (x0,yo) is recorded by lock-in technique as a func-
tion of the beam coordinates (zo,yo). The LTSLM
voltage signal can be interpreted as follows: If the ir-
radiated part of the sample was in the normal state
with resistivity p,, the laser beam induces a very small
voltage signal AV o 9p,,/OT. However, if the irradi-
ated part of the bridge took part in the transfer of a
substantial part of the superconducting currents, the
beam-induced suppression of superconductivity might
switch the whole sample from a low-resistive state to
a high-resistive state. Details of the LTSLM signal
interpretation can be found in Refs. [38-41].

IIT. RESULTS AND DISCUSSION

A. Magnetoresistance data and
Ginzburg-Landau simulations

Figure 2 shows R(H ) measurements of the resistive
transition at T=4.2K for different values of I for the
plain [Fig. 2(a)] and the AD bridge [Fig. 2(b)]. All
curves are normalized to the normal state resistance
R, at H=9.0kOe. Except for the AD bridge at the
highest current value of 10mA, all R(H) curves reach
R, at the same field value |H| ~ 8 kOe. However, we
observe a pronounced dependence of the shape of the



R(H) curves on I, which we describe and discuss in
the following.

For the plain bridge [cf. Fig. 2(a)], at the highest
current value of 10mA, we observe with increasing
|H| an onset of dissipation (appearance of a finite R)
at ~3kOe. Upon further increasing |H|, the slope
dR/d|H| steadily increases, yielding a rather steep
R(|H|) transition curve up to ~0.9R,. At ~0.9R,
(|H| ~4.4%k0e) a kink in R(|H|) appears, i.e. with fur-
ther increasing |H|, the slope dR/d|H| is significantly
reduced. Upon reducing I, the field value where the
kink appears stays almost constant; however, the re-
sistance at the kink steadily decreases, and becomes
zero for I <0.5mA, i.e. the kink disappears. Similar
shapes of the R(H) curves (including the above de-
scribed kink) and their current dependence as shown
in Fig. 2(a) for the plain bridge have been found in
[4,7] when H was applied parallel to the sample sur-
face.

The R(H) measurements of the AD bridge
[cf. Fig. 2(b)] show similar behavior upon variation
of I as compared to the plain bridge in the following
sense: Within the same range of (high) bias currents,
the onset of dissipation appears almost at the same H
value (for the same value of I) as for the plain bridge.
Upon further increasing | H|, a similar steep transition
(with slightly smaller slope as for the plain bridge) ap-
pears, up to the kink in R(|H|), which is also present
for the AD bridge within the same range of (high) bias
currents.

However, we also observe distinct differences by
comparing the AD and plain bridge: The resistance at
the kink is lower for the AD bridge. This deviation in-
creases with increasing bias current. Furthermore, for
the two highest I values the AD bridge shows a sec-
ond kink in the R(H) curve where the slope dR/d|H |
suddenly increases again with increasing H; this fea-
ture is absent at smaller I and is not seen for the plain
bridge for all values of I. Finally, for the two lowest I
values, the onset of dissipation (upon increasing |H|)
is shifted to larger |H| values for the AD bridge, as
compared to the plain bridge.

In the following, we present an interpretation of the
R(H) curves described above, starting with the dis-
cussion of the results obtained for the plain bridge.
At the highest I=10mA, upon increasing the external
magnetic field from H = 0, vortices will enter the sam-
ple when H is larger than the field of first vortex entry,
which is rather small for thin-film structures in per-
pendicular magnetic field. The onset of energy dissi-
pation can then be attributed to the onset of motion of
vortices, when the bias current density J exceeds the
depinning current density Jgpin at a given T' and H.
In this case, upon further increasing H, the flux flow
resistance will strongly increase, i.e. , the rather large
slope dR/dH should correspond to the bias-current-
stimulated motion of the vortex lattice in the presence
of a strong pinning potential. The kink in the R(H)

@10
0.8 plain bridge
I (mA)
0.6 v 100
% o 50
—e— 25
0.4 % 1.0
0.5
A 01
0.2 o 0.01
(b) 1.0 fum
0.8 AD bridge plain bridge
I (mA, I (mA
06 v(m 1)0.0 (—m)m.o
x o 50 —50
4 % 1.0 —1.0
0.4 0.5 0.5
A 01 ——041
0.2 o 0.01 —0.01
0.0

H (kOe)

FIG. 2: (Color online) R(H) curves (normalized to normal
state resistance R, ) measured at T=4.2 K with different
bias currents 7=0.01-10 mA for (a) the plain and (b) the
AD bridge. To facilitate the comparison, in (b) the data
from (a) are shown again as thin lines.

curve where the slope dR/dH substantially decreases
(upon increasing H), can be assigned to the transition
from the resistive flux-flow regime to a resistive regime
with fully suppressed bulk superconductivity and sur-
viving ES at H.o (and above). This interpretation is
the same as given in [7] (for surface superconductivity
with H parallel to the sample surface). However, in
contrast to our observation, a more gradual transition
to R, already at H.o without any kinks and no signa-
ture of ES was observed in [4,7] when H was applied
perpendicular to the sample surface.

We would like to emphasize that the position of the
kink should be close to the upper critical field H.o but
not identical to it, since the destruction of bulk super-
conductivity is a thermodynamical property of a ma-
terial, but the kink can be observed only under strong
non-equilibrium conditions upon the bias current in-
jection. Still, below we use the field value where the
kink appears as the experimentally determined H.o
value.

Obviously, in our case the edge states form contin-
uous channels with enhanced conductivity, which re-
duce the overall resistance to a value below R,. The
observed reduction of the resistance at the kink fea-
ture in R(H) with decreasing I can be explained by
the strengthening of ES upon decreasing I, until at
small enough currents the injected bias current flows
entirely as a dissipationless supercurrent along the
edge channels at H = H.,, leading to a disappear-
ance of the kink feature.

As described above, the full normal resistance R,



is reached (for all I values) at the same field, which
we now associate with the upper critical field H.3 =~
1.7H 5 for ES. An analysis of the T dependence of H.o
and H.3 will be presented in Sec. III B.

In the AD bridge, the holes lead to additional
“edges” in the sample interior, which results in a
higher volume fraction of ES and more effective pin-
ning. This explains the lower R value (as compared to
the plain bridge) at the kink when bulk superconduc-
tivity becomes suppressed at H.o. The origin of the
second kink at H.o<|H|<H.s, developing at rather
large bias current [Fig. 2(b)], might be associated with
a slightly reduced H.3 value at the AD edges, as com-
pared to the edges of the bridge, due to the different
edge geometry. However, further investigations are
required to provide a more conclusive explanation on
this feature. Similarly, we cannot yet provide an ex-
planation for the observed shift of the onset of dissi-
pation to larger H, for the AD bridge (as compared
to the plain bridge) for the lowest values of I.

To compare the experimental results with theo-
retical calculations based on the Ginzburg-Landau
(GL) model described in the Appendix, we calcu-
lated for a rectangular plain superconducting thin
film (W = 30&, L = 60&,; & is the GL coher-
ence length at T = 0) the spatial distribution and
time dependence of the normalized order parameter
(OP) wave function 9(x,y,t) and the voltage drop
V(t) along the rectangle for different values of H and
normalized bias current density j at a reduced tem-
perature T'/T.=0.47 (corresponds to T=4.2K for Nb
with T.=9K). We want to note, that the real dimen-
sions of the investigated sample exceed considerably
the dimensions used in our modeling. Nevertheless,
the model correctly captures the essential physics be-
hind the discussed effects for H > H.o. Figure 3(a)
shows the spatial distribution |¢(z,y)| for a rather
small value of j=5 x 10~* for five different values of
H/H_. from 0.19 to 1.50. We note that the chosen
value for j is several orders of magnitude below the
GL depairing current density jcr,=0.386 [cf. the ap-
pendix] at T=0. In all cases, the OP distributions
are time-independent (”stationary case®) correspond-
ing to zero resistance. At |[H| < H.q, a regular vortex
structure appears and the density of vortices increases
with increasing H. However, even when bulk super-
conductivity is depleted at |H| > H.2, superconduct-
ing channels with finite and time-independent |¢| run-
ning along the edges of the rectangle are still present
and can provide a non-dissipative current transfer.
If H is further increased, the superconductor turns
to a non-stationary regime with finite resistance and
reaches its normal value at the upper critical field for
ES at H = H.3. The calculated R/R,, vs H/H_.
curves for different j are shown in Fig. 3(b). The nu-
merical simulations reproduce the shift of the curves
to smaller H and the decrease of the slope dR/dH in
the interval H.o < |H| < H.3 as j increases. This is
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FIG. 3: (Color online) Numerical GL-simulation results

for a superconducting rectangular thin film (W = 30¢&o,
L = 60¢&o) biased at normalized current density j at vari-
able magnetic field H and T/T.=0.47. (a) Spatial distri-
bution of the modulus of the normalized order parameter
wave function [ (x,y)| with j=0.5x10"2 [lowest value in
(b)]. The five panels show simulation results for different
values of H/Hc; j is flowing from top to bottom. (b)
R/R, vs H/H_ for different j. Two vertical dashed lines
depict the upper critical field Hc.2 and the critical field of
ES Hez = 1.695 Hea.

qualitatively the same as observed experimentally in
Fig. 2. However, for large enough j (finite R at H,.2)
our model is unable to describe the kink in R(H) close
to H.o and the disappearance of R for H < H.o, since
bulk pinning was not taken into account [cf. curve for
j =8x10~% in Fig. 3(b)]).

B. Superconducting phase diagram for the plain
bridge

Figure 4(a) shows the results of the R(H) measure-
ments for T=4.2-8.7K. With increasing 7', the devia-
tion from R = 0 and the kink, both shift to smaller H
values, and the resistance at the kink shifts to a higher
R/R,, ratio, while the change in the slope dR/dH at
the kink becomes less pronounced. In order to ex-
perimentally determine H.o and H.3 we use the field
value at the kink and a criterion of 0.98 R,,, respec-
tively. The determined transition lines for H.2(T") and
H3(T) for the above mentioned criteria are shown
in Fig. 4(b). The experimental transition line for
H3(T) can be fitted with Eq. (1) and T.o = 8.5K

which extrapolates to Hc(g):15.3 kOe. Plotting the
transition line for H.o(T') with the relation H.3(T) =
1.695 Heo(T'), we find that the experimentally deter-
mined H.s values are close to the calculated transition
line for bulk superconductivity. This result gives con-
vincing evidence that depending on 7', I and H (per-



pendicular to the sample surface), our sample can be
either in the state with developed bulk superconduc-
tivity and pinned vortex lattice (H < Hcg), or in the
resistive state, controlled by ES (H.o < H < H,3).
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FIG. 4: (Color online) (a) R(H) curves (normalized to
normal state resistance R,,) of the plain bridge for T=4.2—
8.7K (from outside to inside). (b) H — T-phase diagram
of the plain bridge. Data points for Hcs (dots) and Hea
(triangles) are deduced from R(H) curves in (a). The lines
are the transition lines for ES, which were fitted to the data
points with Eq. (1) and T.o = 8.5K, and the calculated
transition lines for H.o using the relation H.s = 1.695 H.o

C. Visualization of the current distribution by
LTSLM

We used LTSLM to visualize the current distribu-
tion in the Nb bridges during the transition from bulk
superconductivity to the normal state. As the max-
imum H was limited to ~ 2kOe in this setup, the
LTSLM measurements were performed at rather high
T values, T =7.0—-75K.

Figure 5(a) shows an H-series of beam-induced volt-
age images, AV (x,y), at T=7.5K for various super-
conducting states of the plain Nb bridge, oriented
vertically in all these images [cf. optical image (left
panel) in Fig. 5(a)]. For a more quantitative analysis,
we show an H-series of linescans, AV (y), across the

bridge in Fig. 5(b) and (c). The insets in Fig. 5(b)
and (c) show the corresponding R(H) curve, from
which we estimate H.o ~1.1kOe¢ and H.3 ~1.8kOec.
At H = 0.67kOe in Fig. 5(a), the LTSLM signal is
zero, which means that the beam-induced perturba-
tion is not strong enough to suppress superconductiv-
ity and to induce a voltage signal. Upon increasing
H, the first signal appears at H ~ 0.8 kOe which cor-
responds to the onset of the resistive transition [see
inset in Fig. 5(b)]. With further increasing H, the
signal at the edges is enhanced, but also a signal from
the inner part of the bridge appears. The latter can be
attributed to the depletion of bulk superconductivity
with increasing H (below H.s), which leads to an in-
creasing voltage response to the perturbation by the
laser beam with a maximum beam-induced voltage
signal at H = 1.06 kOe, which is very close to the es-
timated H.o value. The pronounced edge signal below
H.o can be explained by the suppression of the edge
barrier for vortex entry/exit by the laser spot. Hence
one can expect that irradiation at the edges of the
bridge should strongly affect the vortex pattern and
the resulting current distribution. In contrast, laser ir-
radiation of the interior of the bridge does not change
the energy barrier and the modification is probably
less pronounced and the signal in the interior is much
smaller.

Fig. 5(c) shows linescans for H > H.p. For fields
larger than H.s, the beam-induced voltage in the cen-
ter of the bridge drops almost to zero while large peaks
are still observed at the edges of the bridge. This ap-
parently reflects the fact that above H.o, the bulk is
no longer superconducting and therefore does not lead
to a voltage signal, while the edges still contribute to
a strong LTSLM signal due to ES. The rather large
width of these edge peaks in the state of ES can be
explained by the fact that the edge states are not
only perturbed when the laser beam spot is centered
right at the edges, but also when the tail of the beam-
induced heat distribution leads to a suppression of the
edge states when the beam is centered slightly off the
edges. A further increase in H leads to a gradual de-
crease of the edge peaks which finally disappear at
H = 1.76 kOe which is close to H.3. Above H_.3, the
sample is completely in the normal state and the effect
of the laser beam on the resistive state is negligible.

In summary, the linescan series in Fig. 5(c) indicate,
that above H.o, the dominant part of the current is
flowing at the edges of the sample. Thus, LTSLM
seems to be a capable to visualize the ES states and
to identify the different regimes in the R(H) curves
for the plain bridge.

For comparison, we show a linescan series (variable
H) for the plain [Fig. 6(a)] and AD bridge [Fig. 6(b)]
at T = 7.0K. The corresponding R(H) curves with
the bias points of the linescans are shown in Fig. 6(c).
The H.o value for this temperature is ~ 1.6kOe.
We note, that the beam-induced signal of the AD
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FIG. 5: (Color online) LTSLM signals from plain Nb bridge at T=7.5K. (a) Optical image (left) and voltage images
AV (z,y) for different H; (b) linescans AV (y) across the bridge for H < H.s and (c¢) for H > Hcz. The insets in (b) and
(c) show the R(H) curve with corresponding bias points for the linescans. Vertical dashed lines in (b) and (c) indicate

position of the edges of the bridge
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FIG. 6: (Color online) LTSLM linescans AV (y) for variable H at T=7.0 K across (a) the plain and (b) the AD bridge; note
the different AV scale in (a) and (b). Vertical dashed lines indicate position of the edges of the bridge (c) Corresponding

R(H) curves with bias points for the linescans in (a,b).

bridge is higher than for the plain bridge, which we signal from the interior and the overall signal increases

ascribe to the higher current density in the AD bridge
due to its reduced cross section because of the holes.
For the lowest field value, H = 1.20kOe, the beam-
induced heating of the laser has no effect, while at
H = 1.34%k0Oe the whole cross section of both bridges
leads to a LTSLM signal. As H increases further, the
LTSLM signal from the edges becomes larger than the

up to H = H., = 1.60kOe. For the plain bridge the
overall signal gets strongly reduced above H.e, and
the signal from the central part of the bridge almost
vanishes. The key difference between the plain and
AD bridge is that for the latter sample the voltage
signal gets much less reduced and the whole cross sec-
tion of the AD bridge gives a measurable signal. This



means that the current is distributed across the entire
width of the bridge even for H > H.o. This observa-
tion is consistent with the R(H ) measurements shown
in Fig. 6(c), where the additional edges inside the AD
bridge lead to a different shape in R(H) and a lower
R for any value of H within the interval H.oSH<H 3.

D. Bias-current-induced asymmetry: LTSLM
response and Ginzburg-Landau simulations

According to Fig. 5(b,c), the LTSLM signal AV (y)
is asymmetric with respect to the bridge center (axis
y=0) for several H values around H,o, i.e. the right
maximum is slightly higher than the left one. This
asymmetry in the beam-induced voltage response can
be explained by an asymmetry in the supercurrent
density distribution js ,(y) close to the left and right
edge. Based on the time dependent GL model*?, we
calculate the time-averaged quantities for the OP dis-
tribution (|1[?)(y) and the x—components of the su-
perfluid current density (js.)(y) and the normal cur-
rent density (jn z)(y).

Figure 7 shows results of such calculations for H =
1.3 Hep and T'/T.p=0.47, which were obtained for zero
bias current density j = jsz + Jn» [Fig. 7(a)], for
j close to the critical current density at H = H.o
[Fig. 7(b)] and for j which is larger than the critical
current density for ES within the entire field range
H. < H < H.3 [Fig. 7(c)].

According to our calculations, even in the resistive
ES state, there is a finite superfluid flow localized
within the ES channels. These supercurrents are cir-
culating in opposite direction within each of the two
edge channels, which is due to the applied magnetic
field H.

For further analysis, we determined the net currents
i1, tr and i,. Here, i;, and i are the integrals of js ,
across the left and right edge channel, respectively
(shaded areas in Fig. 7); i, is the integral of jy, , across
the entire width of the rectangular film. Hence, for
the normalized bias current i, = j ?VZ we have i, =
ZlL + iR + Zn

For j =0 (i, = 0) [cf. Fig.7(a)], the net currents iy,
and i in the right and left edge channel have the same
finite amplitude, but differ in sign, and 4,, = 0. For
Jj >0 (ip > 0) [cf. Fig.7(b,c)] the steady-state distri-
bution of the superconducting parameters differs from
the case j = 0. Now, iz, and ir do have the same (pos-
itive) sign, but different amplitudes. Thus, analyzing
only the large-scale details in the supercurrent dis-
tribution (spatially averaged over length scales much
larger than the coherence length &), one can think in
terms of a combination of two parallel currents flowing
along the sample edges with different amplitudes de-
pending both on I and H direction. It should be noted
that a very similar situation — the asymmetry of the
critical current density — was described by Park [20]

within a stationary Ginzburg-Landau model. Since
the mentioned asymmetry results from the superposi-
tion of the bias current I and the currents induced by
the applied H field, the asymmetry can therefore be-
ing changed either by changing the current direction
or the sign of H.
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FIG. 7: (Color online) Time-averaged normalized OP wave
function (|1|?)(y/&) and z—components of the normal-
ized superfluid current density (Js,»)(y/&o) and normalized
normal current density (jn,«)(y/&o), calculated for a rect-
angular thin film (W = 30&,, L = 60&; cf. Fig. 3) at
T/T.=0.47 and H = 1.3H. The three graphs differ in
the normalized bias current (a) i,=0, (b) 7,=0.12 and (c)
1,=0.24. ir, and ir denote the integrals of (js ) (shaded
areas) over the left and right edge channels, respectively.

In order to prove, whether the asymmetry of the
LTSLM signal can be related to the bias-current-
induced asymmetry, we calculated the normalized
beam-induced voltage Av(y), i.e., linescans across a
rectangular superconducting thin film with the geom-
etry as in Fig. 3 and Fig. 7, biased at j = 4x1073. De-
tails of the calculation can be found in the Appendix.
Assuming a Gaussian shape of the laser-beam-induced



increase in T" with a maximum amplitude AT and a
full width half maximum of ¢ = 7£,, we obtain the
linescan series for different values of H/H.o shown in
Fig. 8. These simulations clearly show that the voltage
signal has maxima near the left and right edges, and
that their amplitudes are different, with this asym-
metry being most pronounced at H = H.s. This is in
nice agreement with experimental LTSLM results.
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FIG. 8: (Color online) Calculated normalized LTSLM
beam-induced voltage Av=Uon-Tomr VS y/Eo across a rectan-
gular thin film (W = 30&,, L = 60 &o; cf. Figs. 3 and 7) for
different values of H/H.s at T/T.=0.47 and j=4x107%.
The vertical dashed lines indicate the position of the edges.

To proof experimentally, that the asymmetry de-
pends on sign of H and I, we performed a series of
LTSLM linescans on the plain Nb bridge. The rever-
sal of the asymmetry of the measured LTSLM signal
upon the inversion of the I and H signs is illustrated
in Fig. 9(a) and (b). We find that the right peak is
larger for I > 0 while the left peak is larger for I < 0
and vice versa. The slightly larger amplitudes of the
peaks in Fig. 9(b) are probably due to the residual
field (in the 10 Oe range) in the cryostat at the sam-
ple position. To the best of our knowledge, this is the
first direct experimental verification of an asymmetry
in the current density in the ES state, as predicted by
Park for surface superconductivity.

IV. CONCLUSION

In this paper we studied experimentally and nu-
merically the peculiarities of the resistive transition
in thin-film Nb microbridges with and without anti-
dots (ADs) in perpendicular magnetic field H. From
integral R(H) measurements we find that the transi-
tion from bulk to edge superconductivity (ES), and
finally to the full normal state, can be identified by
a pronounced change in slope dR/dH, which however
strongly depends on the applied bias current density.

AV (uv)

FIG. 9: (Color online) LTSLM linescans AV (y) across the
plain Nb bridge (T'=7.2K, H.2=1.37kOe, |H|=1.40kOe,
|[I|=1mA) for different sign of I and (a) negative H and
(b) positive H. Vertical dashed lines indicate position of
the edges of the bridge

The additional edges induced by the holes in the AD
bridge lead to a different shape of the R(H) curves
as compared to the plain bridge. The ES state as
well as the evolution of superconductivity upon sweep-
ing H was imaged by low-temperature scanning laser
microscopy (LTSLM). For the ES state, LTSLM re-
vealed an asymmetry in the currents flowing along the
left and right edges, depending on the relative direc-
tion of applied current and external field, as proposed
long time ago?’. Our calculations based on the time—
dependent Ginzburg—Landau theory confirm essential
features of the experimental results.
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VI. APPENDIX

In order to describe the general properties of the re-
sistive state in a mesoscopic superconducting thin film
sample and to compare them with experiment, we use
a simple time-dependent Ginzburg-Landau (TDGL)
model.*? For simplicity we assume that the effect of
the superfluid currents on the magnetic field distribu-
tion is negligible and consider the internal magnetic



field B equal to the external magnetic field H (per-
pendicular to the thin film plane). This assumptions
seems to be valid for the following two cases; (i) for
mesoscopic thin-film superconductors with lateral di-
mensions smaller than the effective magnetic penetra-
tion depth A = A?/d (\r, is the London penetration
depth, d is the thickness); (ii) for superconductors for
large H and/or T (i.e. close to the phase transition
line), when the superfluid density tends to zero. Then
the TDGL equations take the form

u <% + i@) Y =7 (Y= [P*) + (V+iA)y, (2)
7 =1-"T(r)/Teo, (3)

-t v (VA e ()

V2 = div g, s
where ¢ is the normalized order parameter (OP), ¢
is the dimensionless electrical potential, A is the vec-
tor potential [rot A = H é,], T(r) is local tempera-
ture (potentially position—dependent), js is the den-
sity of the supercurrent, u is the rate of the OP re-
laxation, c.c. stands for complex conjugate. We use
the following units: m*o,3/(2¢2a) for time, the co-
herence length & at temperature T = 0 for distances,
Dy /(27&p) for the vector potential, he|a|/(m* o, ) for
the electrical potential, and 4e@?¢y/(h3) for the cur-
rent density, where « = —a 7 and § are the conven-
tional parameters of the GL expansion, e and m™* are
charge and the effective mass of carriers, o, is the nor-
mal state conductivity. In these units the Ginzburg—
Landau deparing current density at 7' = 0 is equal
to 0.386. We apply the boundary conditions in the
following form

o . B dp\ .
(a_n +2An>r1/)_0a <an)r = Jext, (5)

where mn is the normal vector to the sample’s bound-
ary I', jes: is the normal component of the inward
(outward) flow of the bias current density j (with
|7] = j). We do not consider bulk pinning, since the
number of additionally required parameters (describ-
ing the spatial distribution of pinning sites and their
pinning strength) would be too large.

We calculate*? the instant value of the normalized
voltage drop v(t) = {(¢1(t)) — (¢2(t)) and analyze the
dependence of v(t) on H and je,:+. Here

win=z [ [ eaunaa  ©

is the time-dependent electrical potential averaged
over the region S; ("virtual electrodes”, i = {1,2}).
These regions have the same width as the sample
width and they are shifted from the physical edges
towards the sample interior (see Fig. 10) for eliminat-
ing the effect of the sample edges. In addition we for-
mally consider an inhomogeneous sample, containing

two areas at the left and right edges [cf. Fig. 10] with a
critical temperature T,; (at H = 0) and upper critical
field HY, | (at T = 0) exceeding considerably T,o and
HY, in the rest of the sample. The reason for that is
a pure technical one. This approach guarantees that
the injected normal current i, is fully converted into a
supercurrent within these enhanced superconducting
areas at any temperature and any value of H.

B

Regions for the calculation of
the electrical potentials
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FIG. 10: (Color online) Schematic drawing (top view) of
rectangular superconducting thin film bridge considered
for GL simulations. Arrows indicate injection and extrac-
tion of the bias current. Shaded areas S; and S» are virtual
electrodes.

For the stationary regime all the calculated param-
eters, after transient processes induced by changes
in the external parameters, tend to their time—
independent values, pointing out to the absence of en-
ergy dissipation for the established state and R — 0.
For larger T', H or i; the relaxation to the station-
ary case becomes impossible and all parameters oscil-
late in time. Calculating the mean normalized voltage
drop o, averaged over a very large time interval (in-
cluding up to 102 of the voltage oscillations), one can
determine the normalized beam—induced LTSLM volt-
age signal Av = Uy, — Uot, Where Uoy, and Uog are the
time averaged normalized voltage signals if the laser
beam is on or off, respectively.

The effect of the focused laser beam can be treated
as a quasistatic perturbation of the superconducting
properties of the bridge, since the time scales of this
perturbation are much longer than the GL time con-
stant. In the most simple form this perturbation can
be modelled as a Gaussian-like increase in local tem-
perature in Eq. (3):

T(r) =Ty + AT e[fufﬂﬂo)z*(y*yo)z]/o?. (7)

Here, T} is the sample temperature if the laser beam is
off or far from the beam spot centered at (zo,yo), AT
is the amplitude of the local heating, depending on
the beam intensity and on the rate of heat dissipation
due to the thermal conductivity of the superconduct-
ing film and the substrate and on the thermal bound-
ary resistance between the film and the substrate; o
is the full width half maximum of the beam—induced
temperature proﬁle.44
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YBa,Cu;0,/La,;Ca,3MnOj; bilayers: Interface coupling and electric transport properties
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Heteroepitaxially grown bilayers of ferromagnetic Lag;Cap3MnO3; (LCMO) on top of superconducting
YBa,Cu;0; (YBCO) thin films were investigated by focusing on electric transport properties as well as on
magnetism and orbital occupation at the interface. Transport measurements on YBCO single layers and on
YBCO/LCMO bilayers, with different YBCO thickness dy and constant LCMO thickness d; =50 nm, show a
significant reduction in the superconducting transition temperature 7. only for dy<<10 nm, with only a slightly
stronger T, suppression in the bilayers, as compared to the single layers. X-ray magnetic circular dichroism
measurements confirm recently published data of an induced magnetic moment on the interfacial Cu by the
ferromagnetically ordered Mn ions, with antiparallel alignment between Cu and Mn moments. However, we
observe a significantly larger Cu moment than previously reported, indicating stronger coupling between Cu
and Mn at the interface. This in turn could result in an interface with lower transparency, and hence smaller
spin-diffusion length, that would explain our electric transport data, i.e., smaller 7. suppression. Moreover,
linear dichroism measurements did not show any evidence for orbital reconstruction at the interface, indicating
that a large change in orbital occupancies through hybridization is not necessary to induce a measurable

ferromagnetic moment on the Cu atoms.

DOI: 10.1103/PhysRevB.82.224509

I. INTRODUCTION

Singlet superconductivity and ferromagnetism do not usu-
ally coexist in bulk compounds, as the exchange field in the
ferromagnet favors an alignment of the conduction-electron
spins in the same direction, preventing the pairing effect in
Cooper pairs formed by electrons with antiparallel spin.
However, the combination of superconducting (S) and ferro-
magnetic (F) materials in artificial thin layered systems,
gives the unique opportunity to investigate the interplay be-
tween these two competing long-range order phenomena. In
such SF hybrid devices, superconducting correlations may be
established in the ferromagnet due to the proximity effect,
allowing superconductivity and ferromagnetism to coexist
within a short distance from the interface on the order of the
induced superconducting correlation length, &.!~> Simulta-
neously, the exchange field causes pair breaking in the super-
conductor, weakening or even suppressing the superconduct-
ing order parameter, and inducing a local magnetic moment
in the superconductor at a distance from the SF interface set
by the superconducting coherence length &. Magnetic order-
ing is generally more robust than superconductivity (the ex-
change energy in ferromagnets is typically 1 eV while the
Cooper pair formation energy is 0.01 eV), and for materials
having a strong exchange field, magnetism may be unper-
turbed by the proximity of a superconductor.

While SF hybrid structures based on metallic ferromag-
nets and conventional superconductors have been investi-
gated in detail,' there are much less studies on SF systems
involving high-transition temperature cuprate superconduct-
ors characterized by a very short coherence length and an

1098-0121/2010/82(22)/224509(7)

224509-1

PACS number(s): 78.70.Dm, 73.40.—c, 74.72.—h, 75.47.Lx

anisotropic superconducting gap. In this context, half metal-
lic rare-earth manganites such as Lag;My3;MnO; (M
=Ca,Sr,Ba) are ideal ferromagnets, as they are nearly per-
fectly in-plane lattice matched with cuprates, which enables
heteroepitaxial growth of cuprate/manganite SF bilayers
(BLs) and superlattices with well-defined interfaces.*> In
particular, YBa,Cu;0,/Laj;Ca,3MnO; (YBCO/LCMO) su-
perlattices have allowed the study of novel phenomena, such
as a long-range proximity effect,%’ spin-polarized quasipar-
ticle injection into the S layer within a spin-diffusion length
&y’ giant magnetoresistance,’ and a giant modulation of the
F-layer magnetization induced by superconductivity.!?
Recently, interfacial properties in YBCO/LCMO superlat-
tices were investigated by x-ray magnetic circular dichroism
(XMCD) (Ref. 11) and x-ray linear dichroism (XLD).!2
These studies revealed an induced ferromagnetic moment on
the interfacial Cu, oriented antiparallel to the adjacent Mn,
whose temperature dependence follows that of the Mn mo-
ment. The authors suggest that Cu and Mn are coupled
across the interface by covalent chemical bonding that re-
sults in strong hybridization and large rearrangements of the
orbital occupancies (orbital “reconstruction”). Within this
context, the Mn-O-Cu superexchange interaction explains
the induced magnetic moment in the cuprate and the pres-
ence of a nonsuperconducting YBCO layer at the interface.
Here, we present a detailed investigation of YBCO/
LCMO bilayers, focusing on the dependence of transport
properties on the YBCO layer thickness as well as on the
interface coupling on an atomic length scale. Transport mea-
surements indicate high-quality bilayers, showing a reduc-
tion in the superconducting transition temperature 7, only

©2010 The American Physical Society
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below a YBCO thickness of =10 unit cells (uc’s). Dichroism
measurements using synchrotron radiation have been used to
probe magnetic order and orbital occupations on both sides
of the YBCO/LCMO interface by tuning the photon energy
to Cu or Mn absorption resonances. The XMCD measure-
ments confirm the induction of a small net magnetic moment
on Cu that vanishes near the Curie temperature of the
LCMO. Dichroism measurements with linearly polarized
light show no evidence of any significant difference between
the 3d orbital occupations in the interfacial Cu as compared
to the Cu in the bulk YBCO. This implies that an induced
magnetic moment on Cu through hybridization at the inter-
face with Mn can result without any accompanying “orbital
reconstruction.”

II. EXPERIMENTAL DETAILS

Commercially available stoichiometric polycrystalline
YBCO and LCMO targets were used for epitaxial growth of
YBCO and LCMO thin films (with thickness dy and d,, re-
spectively) and YBCO/LCMO bilayers by pulsed laser depo-
sition on (001) SrTiO; (STO) substrates. The targets were
ablated by using a KrF (=248 nm) excimer laser at a rep-
etition rate of 2 Hz.'> The substrate temperature T, during
deposition was 750 °C for all films for which data are pre-
sented below. The oxygen pressure po, during thin-film
growth was 20 Pa. After thin-film deposition, the chamber
was immediately vented with oxygen, and the samples were
cooled down to 7,=550 °C in Po,~1 mbar and annealed
for t=1 h to obtain fully oxidized films. The cooling process
was started right after the deposition to minimize interdiffu-
sion at the bilayer interfaces. For all bilayers shown here,
YBCO was grown directly on STO and covered by LCMO.

In situ high-pressure reflection high-energy electron dif-
fraction was used to monitor the growth mode and the exact
number of deposited monolayers. The surface morphology
was checked by atomic force microscopy (AFM) in contact
mode and the crystal structure was characterized by x-ray
diffraction (XRD). The thin-film resistance R was measured
by a Van der Pauw method on unpatterned films in a tem-
perature range of 7=10-300 K in order to determine the
superconducting transition temperature 7, of the YBCO
films or the metal-to-insulator transition temperature Ty of
the LCMO films. Here, we define Ty, as the temperature for
which R(T) shows a maximum, which is typically within a
few kelvins of the ferromagnetic transition temperature 7c;.
in LCMO. A superconducting quantum interference device
(SQUID) magnetometer was used to characterize the mag-
netic and superconducting properties of the samples by mea-
suring magnetization M(T) from T=10 to 250 K in order to
obtain 7, of the YBCO films and T, of the LCMO films.

In order to obtain site- and element-specific information
regarding the local electronic structure (orbital occupation)
and magnetic properties of YBCO/LCMO bilayers, we per-
formed x-ray absorption spectroscopy (XAS), which is the
absorption of an x-ray photon and the excitation of a core-
level electron into an unoccupied state through the electric
dipole transition. These experiments were performed at the
high-energy branch of the advanced photoelectric effect

PHYSICAL REVIEW B 82, 224509 (2010)

(APE) beamline located at the ELETTRA storage ring in
Trieste!* and at the soft x-ray beamline WERA at the Ang-
stromquelle Karlsruhe (ANKA). All XAS data shown below
(Secs. V and VI) were obtained from the same YBCO/
LCMO bilayer and are representative of all samples mea-
sured. This consists of a thin capping layer of 13 uc LCMO
(d;,=35.2 nm), which was grown on top of a thicker layer of
YBCO of about 18 uc (dy=20 nm).

The XAS data were recorded in surface-sensitive total
electron yield (TEY) mode and in bulk-sensitive fluorescent
yield (FY) mode. In TEY mode, we probe predominantly
interfacial Cu within the YBCO/LCMO bilayer. Due to the
small electron escape depth at the Mn or Cu L edge energies
(=2 nm), most (>90%) of the signal comes from within
6-8 nm of the surface (and is dominated by the 5 nm over-
layer of LCMO). Circularly polarized synchrotron radiation
was used for measuring soft x-ray absorption spectra of the
Cu and Mn L,; (2p=3d transition) absorption edges in
TEY mode on the YBCO/LCMO bilayer. At APE, a fixed
photon-sample geometry was used (30° incident angle of
light with respect to the film plane) and polarization (circu-
lar, linear) was changed at the undulator located in the stor-
age ring. At WERA, the photon polarization was chosen by
adjusting the exit slits after the bending magnet and was
therefore fixed. For the linear dichroism measurements, the
electric field vector was aligned in the film plane or along the
surface normal by changing the orientation of the sample
normal. The XAS spectra are normalized to equal step
heights beyond ionization threshold. XMCD spectra have
been corrected for the incomplete photon polarization (90%)
and the 30° incident angle at APE. Geometrical corrections
for LD spectra taken at WERA have been made. We define
the XMCD signal (for a given energy) as the difference of
the XAS signals (normalized to their average value) with
incident light helicity oriented, respectively, parallel and an-
tiparallel to the magnetization. The XMCD measurements at
APE were always measured in remanence, after applying
around =60 mT in the film plane at 30° incidence angle
with respect to the photon helicity. We further recorded XLD
data in both TEY and FY mode (in plane or out of plane with
respect to the sample surface). The XLD signal is defined as
out-of-plane minus in-plane XAS normalized to in-plane
XAS intensity.

III. THIN-FILM CHARACTERIZATION

Figure 1 shows typical AFM measurements for LCMO
and YBCO films (dy=d; =50 nm). In the case of LCMO [cf.
Fig. 1(a)], the monolayer steps of the substrate are transmit-
ted to the LCMO thin film. The films are atomically flat with
a root-mean-square (rms) roughness of 0.2 nm, determined
over the scan area 5X5 um? shown in Fig. 1. The case of
the YBCO [cf. Fig. 1(b)] is different, because YBCO grown
on STO relaxes after a few monolayers, due to the larger
lattice mismatch, and starts to grow in a three-dimensional
mode. The rms roughness of the shown YBCO film is 0.8
nm.

Figure 2 shows XRD data [®—20 scans in the main
graph and o scans (rocking curves) in the inset] of a single-
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FIG. 1. (Color online) (a) AFM images of LCMO film surface
(d;=50 nm) with an rms roughness of 0.2 nm and (b) YBCO film
surface (dy=50 nm) with an rms roughness of 0.8 nm. Numbers
left and right from color bar refer to (a) and (b), respectively.

layer (SL) YBCO (dy=10 nm) and LCMO (d;=50 nm)
film and a YBCO/LCMO (20 nm/50 nm) bilayer. All samples
are single phase and ¢ axis oriented. Bulk YBCO has lattice
constants a=3.817 A, b=3.883 A, and c¢=11.682 A.
YBCO films grown on STO under optimized conditions re-
lax their in-plane lattice constants within the first unit cells to
the bulk values. Bulk LCMO is orthorhombic, with
pseudocubic lattice parameters a=3.868 A, b=3.858 A,
and ¢=3.856 A. LCMO thin films grown on STO substrates
or YBCO films grow fully strained for thicknesses up to d;
=50 nm. For LCMO films grown on STO this strain is ten-
sile so that the out-of-plane lattice constant of the LCMO is
decreased while LCMO grown on YBCO is under slight
compressive strain. Due to the different lattice mismatch be-
tween YBCO/LCMO and STO/LCMO, the LCMO (00¢)
peaks for the bilayer are shifted to smaller angles, as com-
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FIG. 2. (Color online) XRD data for a single layer YBCO (dy
=10 nm) and LCMO (d;=50 nm) film and for a YBCO/LCMO
bilayer (dy=20 nm and d;=50 nm). The main graph shows ©
—20 scans (for YBCO and YBCO/LCMO shifted vertically for
clarity). The inset shows a comparison of rocking curves around the
YBCO (005) and LCMO (002) peaks for the SLs and the BLs, with
full width half maximum Aw=0.05° and 0.06° for LCMO in the SL
and BL and 0.10° and 0.11° for YBCO in the SL and BL,
respectively.
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FIG. 3. (Color online) Resistivity p vs temperature 7 of YBCO
and LCMO single-layer films with thicknesses dy and d;,
respectively.

pared to the LCMO single layer, depending on the transmit-
ted strain. The low lattice mismatch between YBCO and
LCMO (0.3% in plane), results in an excellent epitaxial
growth of the bilayers. This is confirmed by rocking curves
around the (002) peak of LCMO and the (005) peak of
YBCO, which yield almost the same values for SL and BL
films.

IV. ELECTRIC TRANSPORT PROPERTIES

In this section, we present and discuss results obtained on
electric transport properties of YBCO/LCMO bilayers and
compare those with the properties of single layer YBCO and
LCMO films.

A. YBCO and LCMO single layers

Figure 3 shows resistivity p vs temperature 7 for six
YBCO single-layer films with dy=5-50 nm and for two
LCMO single-layer films with d;=50 and 100 nm. The
metal-to-insulator transition temperature of the LCMO films
is Tyy=166 K (for d,=50 nm) and =235 K (for d,
=100 nm). The Ty values depend on the oxygen content
that influences the carrier density and on film strain that
changes the strength of the double exchange interaction.'’
XRD reciprocal space mapping (not shown here) shows that
the 50 nm LCMO film is coherently strained and therefore
does not reach the bulk value of 7T¢,;.=260 K while the 100
nm LCMO film is relaxed and shows a much larger Ty, and
a much smaller p(T=Tyy). The superconducting transition
temperature 7. of the YBCO thin films is 7.~ 85-90 K for
all films, except for the thinnest one [for T.(dy) see Fig.
4(b)], and the normal-state resistivity p increases with de-
creasing dy. The room-temperature resistivity is p;
~30 m{) cm and py=~0.3-0.6 m{) cm for the LCMO and
YBCO films, respectively, i.e., p differs by up to two orders
of magnitude at room temperature.

B. YBCO/LCMO bilayers

We prepared bilayers with d;=50 nm and dy
=5-50 nm; in all bilayers, YBCO was grown first and cov-

224509-3



WERNER et al.

(@)

YBCO (d,JLCMO (50 nm) ' '
1000F + 5pm 4
o 10nm
@ 15nm
v 25nm
o 50 nm
—~ 100}
<}
0%
ol N
0 50 100 150 200 250 300
T(K)
(b) 100 . : : : :
e 2 2
Y o
80 | A 4 |
o 8o @ @ YBCO 7
< A YBCO/LCMO (d, =50 nm)
= a0l -
A
20 4
0 1 1 1 1 1
0 10 20 30 40 50
d, (nm)

FIG. 4. (Color online) (a) Resistance R vs temperature T of
YBCO/LCMO bilayers with d; =50 nm thick LCMO and different
YBCO thickness dy. (b) Superconducting transition temperature 7,
vs YBCO thickness dy for YBCO single layers and for YBCO/
LCMO bilayers obtained from the R(7) data shown in (a) and in
Fig. 3.

ered by LCMO. The R(T) dependence of five YBCO/LCMO
bilayers with fixed d;=50 nm and variable dy is shown in
Fig. 4(a). The signature of Tyy is visible for all bilayers
shown here, except for the one with the thickest YBCO layer.
While this is most clear for the sample with the thinnest
YBCO layer, it gets less pronounced once dy is increased,
due to decreasing YBCO resistance. We note that shunting of
the LCMO resistance by the YBCO layer cannot account for
a shift in position of the observed maximum or kinks in the
bilayer R(T) curves to higher temperatures, i.e., within the
bilayers, Ty of the LCMO film is significantly higher
(around 230-240 K) as compared to the single layer LCMO
film with same thickness d; =50 nm (cf. Fig. 3). This can be
attributed to the release of strain, either by exceeding the
critical thickness (=50 nm) of LCMO on STO or by grow-
ing on a YBCO template, which is known to increase Ty
and to reduce the resistivity of LCMO films.'6-°

The suppression of 7. with decreasing dy is shown in Fig.
4(b), both for YBCO single layers and YBCO/LCMO bilay-
ers. In both cases a significant suppression of 7. is only
observed for dy=5 nm, and only for this smallest thickness
we do observe a clear difference in 7. between single-layer
and bilayer samples. We note that this observation is in con-
trast to Ref. 8, where a drop in T.(dy) of YBCO/LCMO
bilayers was found for dy =30 nm. The T, suppression ob-
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FIG. 5. (Color online) XMCD spectra at the Mn L; edge for
different 7' from the YBCO/LCMO bilayer (dy=20 nm and d;
=5.2 nm). The maximum dichroic signal is 29% at low T and de-
creases as T approaches Tcyye- The inset shows the XMCD signal at
the Cu L edge with a maximum of 3.0% at T=46 K, revealing
antiferromagnetic coupling to the Mn magnetic moments. As the Cu
XAS signal is one order of magnitude smaller than for Mn, and as
Cu dichroism is another order of magnitude smaller, we had to
average over many scans and do a careful smoothing of the data.
Kinks in the signal arise from switching between different step sizes
near the L3 and L, edges.

served for only very small dy might indicate a smaller spin-
diffusion length of spin-polarized electrons into YBCO as
compared to the one derived from T,(dy) data in Ref. 8. One
possible explanation for this is a stronger interaction between
the Cu and Mn moments at the interface for our samples. The
stronger hybridization could give rise to an electronically
less-transparent interface (F/I/S, where I indicates insulating)
that blocks injection of spin-polarized electrons. To our
knowledge, there has been no theoretical study of the elec-
tronic structure of the ferromagnetic YBCO layers for differ-
ent strengths of hybridization. In order to shed more light on
this, we performed XAS measurements, which will be de-
scribed below.

V. INTERFACE SPECTROSCOPY AND PROXIMITY
EFFECT

In the following two sections, we discuss XAS data ob-
tained from the YBCO/LCMO bilayer with thicknesses dy
=20 nm and d;=5.2 nm. Magnetization measurements
M(T) for this sample yielded T.~80 K for the YBCO film
and Tcye=~200 K for the LCMO film within the bilayer.
Figure 5 shows XMCD spectra at the manganese L, 5 edge
(=640 eV) for different temperatures. The shape of the
spectra is typical for manganese atoms in a mixed
Mn**/Mn** oxidation state.?’ The strong multiplet broaden-
ing of the Mn L; peak is a consequence of the partial occu-
pation of the five Mn d orbitals. The dichroism peak height
at the L; edge (638 eV) at T=46 K is 29%. The inset shows
the XMCD signal at the Cu L edge with the L3 and L, peaks
at 931 eV and 951 eV, respectively, at the same temperature.
The nonzero XMCD signal indicates a ferromagnetic order-
ing of the Cu moments. In addition, the opposite sign of Mn
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FIG. 6. (Color online) Evolution of magnetic moments with
temperature for YBCO/LCMO bilayer. The comparison of XMCD
signals (magnetic moments) at the Cu sites (open triangles) and the
Mn sites (open squares) as well as bulk magnetization from SQUID
measurements (black dots; field cooled in 10 mT) show the same
behavior. The Cu dichroism signal is scaled by a factor of 10.

and Cu dichroism reveals an antiparallel coupling between
LCMO and YBCO across the heterostructure interface.

The maximum magnitude of the dichroism at the Cu L;
edge at T=46 K of about 3.0% is higher than the value of
1.4% reported in Ref. 11 at 7=30 K. However, it is in good
agreement with theory,”! predicting 2.4% XMCD for
YBCO/La,_,Ca,MnOj; interfaces in which a single unit cell
of YBCO is included in their model. This demonstrates that
the proximity to ferromagnetically ordered Mn spins induces
spin canting in the Cu atoms of YBCO. According to Ref.
21, the presence of the ferromagnet leads to exchange split-
ting of the Cu d shell, resulting in spin-polarized states. The
hybridization at the interface of Cuds,2 with spin-split
Mn d;> states via O p, in the BaO layer [for an interface
formed by adjacent layers of BaO and MnO, (Refs. 4 and 5)]
then creates a slightly larger amount of holes in the majority
than in the minority spin Cu d3,2 bands. This produces a
small net moment on the Cu sites. Superexchange interac-
tions determine the antiferromagnetic orientation of the Cu
moment with respect to Mn. In this model, the number of
excess ds,2-derived majority states from the hybridization is
small, sufficient for producing a measurable interfacial Cu
XMCD signal but not enough to modify the orbital occupan-
cies that determine the experimentally measured linear di-
chroism. This is in agreement with the LD measurements on
our samples (as discussed in Sec. VI).

Figure 6 shows a comparison of the temperature depen-
dence of XMCD signals and bulk magnetization M obtained
from SQUID measurements. XMCD measured at the Mn L;
edge is in good agreement with M(T) from SQUID measure-
ments, which yields 7T¢,;.=200 K. The intensity of dichro-
ism at the Cu L; edge (multiplied by a factor of 10) also
decreases with increasing temperature until the signal be-
comes lower than a detectable threshold at 7=188 K. The
magnetic behavior of Cu closely follows the temperature de-
pendence of the LCMO layer, persisting up to Tcyge- This
supports the interpretation of induced ferromagnetism in
YBCO across the YBCO/LCMO interface. From sum-rule
calculations,? that relate the spin and orbital magnetic mo-
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ments mg and m;, respectively, to the areas of the L, and L;
peaks, at low temperature we find mg=0.1 wg/Cu to within
an error of 20%, and m;<0.03 upz/Cu in remanence. If the
Cu moment is concentrated at the interface, the actual mo-
ment on the Cu atoms near the interface would be higher.
Depending on the assumed profile, this could imply an actual
Cu moment higher by a factor of 2 or 3. For a single hole 3d
ground state (2p®-3d°) and a closed 3d shell final state
(2p°-3d"%) system these sum-rule calculations are precise to
within 5—10 %.23 Strong multiplet effects at the Mn L edge
prevent a detailed analysis of manganese spin and orbital
moments for this mixed Mn**/Mn** system.

VI. ORBITAL OCCUPATION

In order to investigate the occupation of valence-electron
orbitals on copper and manganese atoms we measured XLD
in surface-sensitive TEY and bulk-sensitive FY detection
mode on the YBCO/LCMO bilayer. We were specifically
interested in the orbital reconstruction proposed in Ref. 12,
where a large XLD signal in bulk YBCO but no XLD signal
for YBCO in proximity to LCMO was reported. The authors
proposed orbital reconstruction to explain the almost identi-
cal occupation of in-plane and out-of-plane d-band states at
the YBCO/LCMO interface. However, in Ref. 21 it is noted
that hybridization between Cu and Mn at the interface, re-
sponsible for a measurable XMCD on Cu, should not change
the orbital occupations enough in either Cu (or Mn) interfa-
cial layers to change the experimental XLD from their bulk
values. For interfacial Cu, then, the number of holes created
in the d3,2 orbitals by hybridization is still much smaller than
the number of holes in the d,2_,» orbital, leading to a strong
negative XLD in the interfacial region as well as in the bulk.

In fact we found a strong XLD signal at the Cu L edge
[see Fig. 7(a) and inset in Fig. 8] in TEY mode, 48% at T
=25 K at ANKA and 40% at T=46 K at ELETTRA (not
shown here). Moreover we do not observe any appreciable
differences between bulk-sensitive FY detection [42% XLD
signal at T=100 K, cf. Fig. 7(c)] and interface-sensitive
TEY detection [cf. Figs. 7(b) and 7(c)], neither in shape nor
in energy. The shift in the XA edge energy of 0.4 eV toward
higher binding energy with increasing information depth,
which was attributed to a charge-transfer effect in Ref. 12
could not be reproduced.

These results are evidence that it is possible to induce a
sizeable magnetic moment on Cu across the interface with-
out covalent bonding that drastically changes the orbital oc-
cupancies, as previously proposed. From our XLD data we
can place an upper limit of =15% on any changes in the
orbital occupations relative to the bulk, if we assume that the
ratio of the thickness of the “reconstructed” interfacial region
to the probing depth in TEY mode is =0.4. This is reason-
able if we assume that the interfacial region extends 1-2 unit
cells into the YBCO, and the probing depth is between 2 and
5 nm 2425

The third piece of information obtained from linear di-
chroism is the temperature independence of orbital occupa-
tion. Comparison between TEY data at T=25 K [Fig. 7(a)]
and T=200 K [Fig. 7(b)] show no difference in XLD signal.
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FIG. 7. (Color online) Comparison of Cu L edge XA spectra
taken with in-plane and out-of-plane polarization. Shown are
surface-sensitive TEY detection at (a) 7=25 K and (b) 200 K and
(c) bulk-sensitive FY detection. Data in (a) was taken at ANKA; (b)
and (c) at ELETTRA.

This T independence is robust, as expected for an energy-
level alignment by hybridization. The orbital occupation be-
ing independent of temperature also emphasizes the absence
of any signature on the Mn XMCD related to an induced
superconductivity on interfacial LCMO.

Figure 8 shows the XLD at the Mn L edge, which
amounts to no more than 4.5% (at the Mn L; edge). The inset
shows LD at the Cu L edge in interface-sensitive TEY mode
at T=25 K [see Fig. 7(a)]. In contrast to Chakhalian et al.'?
who reported the absence of XLD at the Mn L edge, stem-
ming from an equal occupation of Mn d,2_» and Mn d;,2
orbitals, we observe a (small) negative XLD signal. This is
consistent with published reports of negative XLD of a few
percent (=5%) in very thin Lay;Sry sMnOj; films grown on a
number of different substrates.?® Since the oxygen octahedra
around Mn are only weakly distorted (lattice mismatch
<0.3%), most of the linear dichroism should arise from in-
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FIG. 8. (Color online) XLD signal of the YBCO/LCMO bilayer
at the Mn L edge in TEY mode at 7=25 K. The inset shows the
corresponding LD at the Cu L edge.

terfacial Mn atoms. Following the calculations of Ref. 21,
linear dichroism at the Cu and the Mn L edge should have
the same sign at the YBCO/LCMO interface because in both
cases the density of unoccupied d,2_> states is higher than
for d; 2 states at the Fermi level.

VII. CONCLUSIONS

We examined bilayers of the high-temperature supercon-
ductor YBCO and the almost 100% spin-polarized ferromag-
net LCMO by means of electric transport measurements and
x-ray absorption spectroscopy. The observation of a signifi-
cant T, suppression only for very small YBCO thickness can
be explained by the strong interaction between Mn and Cu
moments at the interface, which we observed by XAS mea-
surements. Our XMCD data clearly confirm the phenomenon
of magnetic moments being induced on copper atoms at the
LCMO/YBCO interface, with an even stronger interaction
than found in the original report.!! The effect is robust and
closely follows the temperature dependence of magnetism in
the manganite. From the analysis of linear dichroism data,
we conclude that covalent bonding and the resulting “orbital
reconstruction” are not necessary for the spin canting of Cu
moments in proximity to Mn spins.
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We report resistance versus magnetic field measurements for a LaggsSt)35MnO5/SrTiO5/
Lay 45513 3sMnO; tunnel junction grown by molecular-beam epitaxy, that show a large field window
of extremely high tunneling magnetoresistance (TMR) at low temperature. Scanning the in-plane
applied field orientation through 360°, the TMR shows fourfold symmetry, i.e., biaxial anisotropy,
aligned with the crystalline axis but not the junction geometrical long axis. The TMR reaches
~1900% at 4 K, corresponding to an interfacial spin polarization of >95% assuming identical
interfaces. These results show that uniaxial anisotropy is not necessary for large TMR, and lay the
groundwork for future improvements in TMR in manganite junctions. © 2011 American Institute of

Physics. [doi:10.1063/1.3581885]

The figure of merit for magnetic tunnel junctions (MTJs)
is the tunneling magnetoresistance (TMR) ratio, which
determines their performance in practical devices such as
magnetic random access memories and low-field sensors.
An MT]J consists of two ferromagnetic electrodes separated
by a thin insulating tunneling barrier. According to the Jul-
liere model,” the TMR ratio is defined as TMR;=(R.p
—Rp)/Rp=2P,P,/(1-P,P,). Here P, and P, are the spin
polarizations of the two electrodes and R,p and Rp are the
junction resistances with antiparallel and parallel orientation
of magnetization M of the two electrodes, respectively. Ac-
cordingly, an MTJ made from half-metallic electrode mate-
rials, such as doped manganites,3 should yield an infinite
TMR ratio at temperature 7 well below the Curie tempera-
ture 7. Noting that TMR is more precisely associated with
the properties of the electrode/barrier interface,” this concept
has been extended to also describe interfaces as
half—metallic,5 ie., the TMR is determined by the spin-
polarization of the local density of states at the two interfaces
with the barrier. Ferromagnetic correlations at manganite sur-
faces and interfaces are known to be weaker than in bulk,
causing a “dead layer.”é_8 For example, at the
vacuum/La,;_ . Sr,MnO; (LSMO) interface the nonferromag-
netic layer is about three unit cells (uc) thick at 7=200 K,
well below the bulk 7-~360 K for ferromagnetic LSMO
(F-LSMO) with optimal doping x=0.35. This and other ef-
fects have been discussed to explain the disappearance of the
TMR well below the bulk 7 in manganite MTJ. g 510712 A
tempts have been made to “engineer” the interfaces by cre-
ating a doping profile to overcome this problem, and even
though the TMR ratio remained low,"? spectroscopic charac-
terization suggested this approach could improve the low-
temperature TMR."

To date, TMR at small dc voltage bias of MTJs based on
nonoxide electrodes reached =1150% at T=5 K (Ref. 15)
while the highest ratio was reported for manganite/titanate
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98, 162505-1

interfaces with a maximum value of about 1800% at 4 K in
a very small window of applied in-plane magnetic field H.'®
Here, an antiferromagnetic CoO la;/er was used to pin the
upper electrode via exchange bias'’ that can favor uniaxial
anisotropy in the pinned electrode; such anisotropy was
claimed necessary for the stabilization of well-defined anti-
parallel states and high TMR ratios.' '

In this letter, we report on the TMR of MTJs based on
F-LSMO with an antiferromagnetic x=0.65 LSMO (AF-
LSMO) exchange bias layer and a SrTiO; (STO) barrier,
grown by molecular beam epitaxy (MBE). We find a TMR
ratio up to ~1900% at T=4 K, which decreases rapidly with
increasing 7, disappearing at ~280 K. Rotating the applied
in-plane magnetic field, we find a fourfold symmetry of the
TMR, indicating that uniaxial anisotropy in not required for
high TMR ratios.

For sample fabrication, we developed atomic-layer con-
trol of LSMO and STO growth and their interfaces by com-
bining reactive MBE (Ref. 18) with in situ reflection high-
energy electron diffraction (RHEED) techniques, extending
the work of Haeni er al."” These RHEED techniques permit
us to adjust the surface termination at any point during depo-
sition, including during interface growth.20 LSMO/STO/
LSMO trilayers were grown on (001)-oriented STO sub-
strates at a typical substrate temperature 7,=750 °C and
ozone pressure p=10~% mbar. The bottom and top F-LSMO
electrode thicknesses were 50 uc, separated by a tunnel bar-
rier of stoichiomsic STO, 5-6 uc thick. A 100 uc thick AF-
LSMO layer was grown underneath the bottom electrode to
increase and shift its coercive field H, due to exchange bias.
The resulting difference in H, between the electrodes favors
the establishment of fully antiparallel magnetization orienta-
tion of the two electrodes in a larger window of H (Ref. 17)
in the resistance versus magnetic field R(H) loops used to
determine the TMR ratio. The effect of exchange bias on the
junction TMR characteristics should only be seen below
~250 K, in agreement with exchange bias effects seen in
the hysteresis loops of an AF-LSMO (100 uc)/F-LSMO (50

© 2011 American Institute of Physics
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(a)

FIG. 1. (Color online) (a) Optical image of the MTJ. The arrows indicate
the current flow while the junction area is indicated by the dashed rectangle.
(b) The inset shows a cross section of the stacking sequence of the MTJ.

uc) bilayer by superconducting quantum interference device
magnetometry measured independently.

Vertical mesa MTJs were patterned in several steps by
photolithography and Ar ion milling; for details see Ref. 21.
Figure 1 shows in (a) an optical microscope image of an
MTJ with a 5X30 um? mesa with vertical current injection
from a Au/Ti/Au top contact and the stacking sequence of the
sample in (b).

The junction resistance was more than an order of mag-
nitude larger than the electrode resistances, ensuring uniform
injection of bias current 1.7 Electrical transport measure-
ments were made in 2- and 3-point geometries in a He-flow
cryostat at 7=4-300 K. A Helmbholtz coil outside the cry-
ostat allows full rotation of H from a=0°-360° with a
maximum amplitude H,,,=1 kOe. The angle a describes
the relative orientation of H with respect to the long side of
the junction (cf. Fig. 1). All R(H) loops shown or discussed
below were taken after the junction was field-cooled at H
=H,,., with fixed cooling angle az-=70°, which corresponds
to the crystallographic lattice a-axis direction. The (differen-
tial) junction resistance was measured by a lock-in amplifier
at a dc voltage bias V=0, using an ac current amplitude of a
few nanoampere. Full characterization of the junction (V)
and TMR as a function of dc voltage bias will be reported
separately.

The inset of Fig. 2 shows two representative R(H)
loops at low temperature (7=4 K) and a=145°, taken after
two identical cooling cycles. We define TMR(H)=[R(H)
—Rppin]/ Ryin and the maximum TMR ratio within an R(H)
loop as TMR 1« = (Rnax = Rmin)/ Rinin- Here, Ry« and R, are
the maximum and minimum junction resistances, and only in

y W[tk e
1800 @ o = 145° f \ 1800
[\I 1500
1500 |- % 12003% ]
— A x
X 1 900
< 1200 - i =
mg 5 ‘.A 600
S 900 300
'_
0 1 1 1 1 1 1 1 O
600 - , 300 200 -100 0 100 200 300 .
\ H (Oe)
300 o i
| a=145° °\°\°
0 R 1 R 1 R L \0\0‘01\0 o
0 50 100 150 200 250 300
T(K)

FIG. 2. (Color online) Maximum TMR ratio vs. temperature for apc=70°,
a=145°. The inset shows two R(H) sweeps measured at 4 K for the same
field conditions after different cooling cycles.
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the ideal case of uniform and fully antiparallel electrode
magnetization does this definition coincide with TMR; de-
fined above. The R(H) loops differ in shape (asymmetry),
R« and width AH of the magnetic field window, defined as
the full width at half maximum of the R(H) peaks. The R(H)
loop with larger AH shows a stronger asymmetry in peak
heights and the highest TMR,,,,=1904%, which also ex-
ceeds measured TMR ratios for other combinations of field
orientations apc and «, during cooling and measurement,
respectively.

The R(H) loops (cf. inset of Fig. 2) show switching to
the high and low R states at ~100 Oe and 200-300 Oe,
which we attribute to H, of the upper (free) and bottom
(exchange-biased) electrodes, respectively. We note that
these values of increased H, as compared to single layer F
films and nearly negligible hysteresis loop shifts H,,;, for the
bottom electrode due to an exchange bias field deduced from
the inset of Fig. 2, are consistent with H,, and H, in ex-
change bias AF/F bilayers of the same thicknesses measured
separately (not shown). The R(H) loops for nominally iden-
tical cooling cycles implies that the exchange bias coupling
at the AF/F interface can vary between cooling cycles. We
attribute this to a history dependence of the exchange bias,
i.e., the exchange coupling at the AF/F interface may depend
sensitively on exactly its cooling history. Reproducible ex-
change coupling is required for practical devices, and should
be further investigated in our LSMO heterostructures.

The main panel in Fig. 2 shows the temperature depen-
dence of TMR,,,,, which decays quickly with increasing T’
and vanishes at ~280 K, which is also near the temperature
at which exchange bias effects disappear. The strong decay
of TMR,,,«(7), could in principle be explained by different
T-dependent mechanisms, for example, intrinsic to the
LSMO/STO interfaces (such as intrinsic loss of spin polar-
ization) or extrinsic (such as weakening of the exchange bias
pinning of the bottom electrode). Any study of the tempera-
ture dependence of the domain structure and thus relative
magnetization orientations of the electrodes would require a
microscopic technique such as demonstrated in Ref. 23. Evi-
dence for weakened exchange bias pinning at higher T is
seen in the decreasing asymmetry of AH and R,,,, as tem-
perature is increased; the asymmetry in R(H) between posi-
tive and negative H disappears around ~100 K. Further
characterization is necessary to distinguish between these
competing mechanisms, and will be crucial to understand
any limits to the potential high-temperature TMR.

Figure 3 shows a polar plot of TMR,,, (@) at T=30 K,
after field-cooling along the ag-axis of LSMO, which still
shows a slight asymmetry for opposite field directions. The
fourfold symmetry of TMR,,,(«) indicates a biaxial aniso-
tropy with easy axis along the a- and b-directions of our
F-LSMO layers. The slight difference in TMR,,, values for
orientations close to the a- and b-axes could be due to, e.g.,
a shape effect correlated with the junction long axis, or a
small anisotropy in the exchange bias; fourfold symmetry in
the switching fields has been previously reported.24 We note
that cooling the device with the field oriented in different
directions does not change the fourfold symmetry seen in the
polar plot, although it can have a sizable impact on TMR .
Additional study of the interplay between junction geometry
and magnetocrystalline anisotropy will be necessary to fur-
ther optimize these MTJs.
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FIG. 3. (Color online) Polar plot of the maximum TMR ratio (at 7=30 K)
vs field direction « for field-cooling at ap-=70° (dashed arrow). Crystalline
axis are indicated by solid arrows; junction orientation is indicated by
rectangle.

In summary, we have shown R(H) at 4 K for a manga-
nite MTJ with a useful TMR,,, ratio of 1900%, the largest
value for any MTJ reported so far in the literature at low dc
bias. The strength of pinning of one electrode magnetization
via exchange bias has a noticeable influence on the TMR
both by enlarging the magnetic field window of antiparallel
alignments and inducing an asymmetry in the R(H) curves
but is also very sensitive to the cooling history. The polar
plot of TMR,,, (@) demonstrates that uniaxial anisotropy in
the F layers is not necessary for high TMR. It is reasonable
that interface roughness, oxygen vacancies and the interface
growth play a crucial role in the exchange bias mechanism in
these manganite interfaces as has been demonstrated in more
conventional exchange bias systems,25 and merits further
study.
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This supplement describes in detail the patterning pro-
cedure for MTJ fabrication, which is based on optical
lithography and Ar ion milling. We use a self-alignment
process for final definition of the MTJ area, which en-
sures alignment of the metallic wiring layer with the up-
per electrode of the MTJ and which prevents exposure
of the junction edges to chemicals during any time in
the patterning process. The MTJs were patterned in
four steps, which we denote as (I) feed line patterning,
(II) edge isolation, (III) metallization and (IV) junction
milling.

During ArT-milling (beam energy 0.3keV), the sample
was mounted on a water-cooled (7"~ 8°C) copper block
which reduces heating of the sample. A shutter in front
of the sample was used to mill in intervals of £, = 5 s open
and t. = 10s closed. This helps to avoid excessive heating
of the sample surface, which might induce interdiffusion
at the interface and oxygen loss in the LSMO and STO
layers, both of which do have a detrimental effect on the
TMR.

I. FEED LINE PATTERNING

This step defines the feed lines of the MTJ. Figure 1 (a)
shows a cross section of the as-grown sample, indicating
the stacking sequence. The two F-LSMO electrodes are
separated by 6 uc thick STO barrier layer (black), and

(@) (b)
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Nso _____F

(c) (d)

FIG. 1: Feed line patterning: cross sections of the sample,
(a) prior to patterning, (b) before, and (c) after Ar ion milling
and removal of PR. (d) shows top view corresponding to (c);
white dashed line indicates the position of cross sections AB
shown in (a)-(c).

the sample was covered in-situ by a ~ 1 nm thick Au layer
(yellow), for protection against humidity and chemicals
during the patterning process. In a first step, the sam-
ple was coated by photoresist (PR) which was patterned
by optical lithography [c.f. Fig. 1 (b)]. Subsequently,
the sample was loaded into the milling chamber, and the
regions exposed to the Ar ions were milled down into
the STO substrate. Figure 1 (c¢) shows the cross section
after PR removal in acetone, and Fig. 1 (d) shows the
corresponding top view. After step I, the feed lines for
current and voltage terminals (I, V) and (I, V™)
are completely separated.

II. EDGE ISOLATION

The next step provides isolation of the edges of the feed
lines by an SiOs layer and at the same time defines the
length (along AB) of the MTJ. Here, a mask was used
which had essentially the same geometry as the one used
for feed line patterning. However, the structures on this
mask are slightly smaller, i.e. their edges are shifted by
10 pum with respect to the previous mask; c.f. Fig. 2(a).
Furthermore, Ar ion milling is stopped after milling into
the bottom F-LSMO electrode as indicated in Fig. 2 (b).
Subsequently, we sputtered ~ 40nm of SiO3 in a Ar/Os
atmosphere (at 200 Pa), followed by lift-off. This process

(@) (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 F-LSMO
layer. (c) shows the structure after deposition of an SiOs
layer and lift-off patterning (removal of PR). (d) shows top
view corresponding to (c¢); black dashed line indicates position
of cross sections AB shown in (a)-(c).



results in the structure shown in Figs. 2 (¢) and (d).

IIT. METALLIZATION

Step III provides a low-resistance connection between
the upper F-LSMO electrode of the MTJ and the feed line
with the (I, V1) terminals, which shall ensure homoge-
neous current injection into the MTJ. For this purpose, a
Ti(2nm)/Au(50nm)/Ti(10 nm) trilayer is deposited in-
situ by electron beam evaporation. The bottom Ti layer
is used as an adhesive layer underneath the Au layer, in
order to improve sticking on the SiO5 layer. The upper
Ti layer on top of the Au layer will be used as a milling
mask in step IV. We note that the in-situ Au layer (on
top of F-LSMO) is crucial to avoid a high contact resis-
tance between the upper F-LSMO layer and the bottom
Ti layer.

Step III starts with preparation of a lift-off mask
[c.f. Fig. 3 (a)], which covers everywhere, except the green
areas shown in Fig. 3 (d). Subsequently, the Ti/Au/Ti
trilayer is deposited and patterned by lift-off. Figures
3 (b) and (c) show vertical (AB) and horizontal (CD)
cross sections, respectively, after this step. Figure 3 (d)
shows the corresponding top view at the end of this met-
allization process. The width of the central Ti/Au/Ti
strip (along C'D) defines the width of the MTJ.

(b)

FIG. 3: Metallization: cross sections of the sample, (a) after
patterning a lift-off mask, and (b),(c) after Ti/Au/Ti trilayer
deposition and lift-off patterning (removal of PR). (d) shows
top view corresponding to (b) and (c); black dashed lines

indicate the position of the cross sections AB and DC shown
in (a), (b) and (c).

IV. JUNCTION MILLING

Step 1V is the final patterning step of the MTJ, using
a self-alignment method. Here, the whole sample area is
milled with Ar™, without any PR [c.f Fig. 4 (a)]. This
step is possible, as the milling rate for Ti is much lower
than the ones for Au, F/AF-LSMO and STO. During
milling, the areas uncovered by Ti are milled down to
the bottom F-LSMO electrode as shown in Fig. 4 (b).
The thickness ~ 10 nm of the Ti layer has been adjusted
to ensure that after milling, also the upper Ti layer has
been removed completely [c.f. Figs. 4 (b) and (c)]. The
final top view, shown in Fig. 4 (d), is a schematic rep-
resentation of the optical image shown in Fig. 1 in the
main paper.
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FIG. 4: Junction milling: cross sections of the sample, (a)
at the start of Ar milling, and (b),(c) after Ar milling. (d)
shows top view corresponding to (b) and (c); black dashed
lines indicate the position of the cross sections AB and DC
shown in (a), (b) and (c).
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Tunneling magnetoresistance in a vertical manganite junction was investigated by low-temperature
scanning laser microscopy (LTSLM) allowing to determine the local relative magnetization M
orientation of the two electrodes as a function of magnitude and orientation of the external
magnetic field H. Sweeping the field amplitude at fixed orientation revealed magnetic domain
nucleation and propagation in the junction electrodes. For the high-resistance state, an almost
single-domain antiparallel magnetization configuration was achieved, while in the low-resistance
state the junction remained in a multidomain state. Calculated resistance R, .(H) based on the local
M configuration obtained by LTSLM is in quantitative agreement with R(H) measured by
magnetotransport. © 2011 American Institute of Physics. [doi:10.1063/1.3659301]

Tunneling magnetoresistance (TMR) is an important
effect for spintronics' which has been vigorously investigated
both theoretically*® and experimentally,** predominantly to
develop devices such as magnetic random access memories®
based on magnetic tunnel junctions (MTJs). In an MT]J, two
ferromagnetic electrodes are separated by a thin insulating
tunnel barrier. According to the Julliére model,” the maximum
TMR ratio is TMRy = (R,, — R,)/R,,, where R,, and R, is the
resistance for antiparallel and parallel orientation of the mag-
netizations M of the two electrodes, respectively. While inte-
gral TMR properties of MTJs have been investigated in
detail,”® not much is known about the impact of their mag-
netic microstructure on the TMR properties. However, both in
view of applications and from a fundamental point of view, it
is of high interest to identify the spatial dependence of the
TMR on the magnetic properties of the electrodes. Nucleation
and growth of magnetic domains in ferromagnets has been the
focus of many efforts, using techniques such as magneto-
optical Kerr, magnetic force, spin-polarized scanning tunnel-
ing, spin-polarized scanning electron, and photoemission mi-
croscopy.” Low-temperature scanning laser microscopy
(LTSLM) has been used to visualize locally different resistive
states in a quasi-1-dimensional Lagg;Cap33MnO;5 thin film
grain boundary junction, for which it has been shown that the
obtained LTSLM signal is directly proportional to the local
magnetoresistance ratio.'® These results suggested that
LTSLM could also be useful to investigate TMR in vertical
MTIJs under typical bias conditions and in a wide range of
magnetic fields.

In this letter, we report on LTSLM imaging of resistive
states in a planar Lag 6551 .35MnO3/StTiOs/Lag 65S10.35MnO3
(LSMO/STO/LSMO) heterostructure MTJ upon variation of
direction and amplitude of the external in-plane magnetic field
H. The TMR of this device was investigated in Ref. 11.

®Electronic mail: koelle@uni-tuebingen.de.

0003-6951/2011/99(18)/182513/3/$30.00

99, 182513-1

LTSLM probes changes in the tunneling conductivity induced
by local thermal perturbation, which allows to infer the spatial
distribution of the relative magnetization orientation of the
two electrodes. By varying H, imaging of magnetic domain
nucleation and propagation during the field-driven transitions
between low- and high-resistive states is possible.

The heterostructure samples were grown in situ by
molecular beam epitaxy on (001)-oriented STO substrates
with 19nm thick top and bottom LSMO electrodes, sepa-
rated by 2.3 nm thick STO. A 38 nm thick antiferromagnetic
Lag35510.6sMnO3 layer was grown underneath the junction
trilayer to pin the bottom electrode via exchange bias. MTJs
with area A, = 5 x 30 um?* were patterned by optical lithogra-
phy; for details on sample characterization and fabrication
see Ref. 11. Figure 1(a) shows a schematic view of the MTJ.
The relative difference in the orientation of the magnetiza-
tion M; and M, of the top and bottom electrode, respec-
tively, is given by the angle ®. The angle « indicates the H
direction with respect to the y-axis (long axis of the
junction).

The sample was mounted on the cold finger of an optical
“He flow cryostat. In-plane fields |H| <1 kOe were applied
by a rotatable Helmholtz coil and the junction resistance R
was measured with constant bias current / in two-point con-
figuration. Figure 1(b) shows R vs. temperature 7 warm-up
curves at H =0, recorded after the junction was field-cooled
at o ="70° to SK and either a low-R state (with resistance
Rnin) or high-R state (with resistance R,,,,x) was prepared.

In LTSLM, an amplitude modulated laser beam
(f~ 10kHz, A =680nm, P =5 mW, spot diameter 1.5 ,um,m’12
penetration depth ~65nm in LSMO (Ref. 13)) is scanned
across the sample. Local heating in vicinity of the beam spot
position (x,yo) throughout the entire thickness of the LSMO/
STO/LSMO stack induces a change in tunneling conductivity
(conductance per area) g and in turn a change AG in the global
conductance G = 1/R, which is detected as a change AV of the

© 2011 American Institute of Physics
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FIG. 1. (Color online) (a) MTJ geometry with angles o (between y direction
and in-plane field H) and ® (between magnetization M; and M,). (b) R(T)
for high-R and low-R states. (c) dR/dT(T) for same states as in (b).

voltage V across the sample. If R(T) differs for parallel and
antiparallel orientation of the magnetizations [cf. Fig. 1(b)],
also dR/dT(T) may be significantly different; cf. Fig. 1(c),
which shows even opposite sign for 7 < 120K and maximum
difference in dR/dT at T = 30K. In this case, LTSLM allows to
image local variations of ®. For a detailed analysis, see Ref.
14, where we assume that (i) local variations of g are due to
variations in O, i.e., arise from the formation of multidomain
states in the electrodes, (ii) laser heating in the top and bottom
electrode does not significantly affect ®, and (iii) the relation'”

g6y, T) = gp(T)cosz{ ®()2C’ 2) } + gap(T)sinZ{ 6(;”) }

ey

holds, with T-dependent g, = g(® =0) and g, = g(® = 180°).
Then from LTSLM images AV (xq,y0), we extract (cf. Eq. (14)
in Ref. 14) the convolution (cos®(xo,y0)) = a1AV(xg,y0)/
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R>+ a, of cos®(x, y) with the beam-induced T proﬁle,16 cen-
tered at (xo,y0) and assumed to be Gaussian with amplitude AT
and variance ¢. Data analysis14 yields AT=3.5K, 6 =0.8 um,
5 C
a W = 4.00;%) and a, = g’+GG, = 0.6; here,
Gap and Gap
homogeneous parallel and antiparallel magnetization orienta-
tion, respectively.

For T=30K, Fig. 2 shows R(H) and the corresponding
TMR(H) = [R(H) — Rin)/Rmin  (left panel) together with
images (cos®(xo,yo)) for three different field orientations
[increasing « from (a) to (c)]. Data were obtained for increas-
ing field from H =0, after the junctions were prepared in the
low-R state upon applying H = —1 kQOe. The overall shape of
R(H) depends strongly on o. However, in all cases, upon
increasing H, we observe a subsequent step-like increase in
R up to the maximum resistance R,.x, which depends on «,
and a further decrease in several steps down to R, at
H 2 300 Oe, which is roughly the same for all values of a.
For all values of o, at H=0 (R =R,n), the LTSLM images
reveal (cos @)=~ 1 except for the upper and lower edges
where (cos®) approaches zero, indicative of domains with
® =90°. Consequently, the measured R,,;, =~ 4.5k Q is about
2% higher than our estimated value for R), (i.e., for a homo-
geneous parallel orientation of the magnetizations)."* For
increasing R(H), we find an inhomogeneous distribution of
(cos ®) and domains with ® ~90° — 110° appear for all o.
The maximum TMR value is reached for «=140° and
H=1000e. The corresponding LTSLM image, Fig. 2(c)9,
reveals that the junction is almost completely in the antipar-
allel state here. A similar value for R,,,x and a nearly homo-
geneous antiparallel configuration of M and M, is found as
well for « =70°. By contrast, for « =7°, an inhomogeneous

are the T-derivative of the MTJ conductance for

<cos®>

4516

5

19

3 6 7 91011121314151617

FIG. 2. (Color online) MTJ characteristics at 7=30K (/=4 uA) for different field orientation o. Left: R and TMR vs H (dots); triangles are R, from corre-
sponding LTSLM images. Right: Spatial dependence of (cos ®), as calculated from LTSLM voltage images for the bias points shown left and for H =1 kOe

[images 15 in (a), 19 in (b) and 17 in (¢)].
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distribution of (cos®) can be seen even at maximum resist-
ance and consequently the TMR is strongly reduced com-
pared to o =140° and o =70°.

We note that the observed magnetic texture is qualita-
tively different for, e.g., images 5 and 13 in Fig. 2(c),
although the integral R(77 Oe)=R(1800e). This demon-
strates that an integral determination of the TMR is not suffi-
cient to extract information on the magnetic microstructure.
Furthermore, in the images of Figs. 2(b) and 2(c), domain
walls are predominantly oriented along the a-axis [cf. Figs.
2(a)4-6 and 2(c)13-17] or b-axis [cf. Figs. 2(b)4-5 and 2(c)4-
71 of the LSMO electrodes. From previous measurements of
exchange-biased LSMO bilayers, the effect of exchange bias
is primarily an increase of the coercive field of the pinned
electrode (here, the MTJ bottom electrode) together with a
small shift in the hysteresis loop. This coercivity contrast is
clearly visible in the R(H) scans of Figs. 2(b) and 2(c), which
show a large field window with nearly fully antiparallel mag-
netizations and a plateau in maximum TMR. Therefore, the
non-collinear magnetization configuration seen at small
H<1000e results from domain switching in the top
(unpinned) electrode, while the magnetic structure at large
H>1300e results from domain switching in the bottom
electrode. This suggests that domains tend to form along the
crystalline b-axis in the upper electrode [Figs. 2(c)4-7 and
2(b)4-6] and along the a-axis in the bottom electrode [Figs.
2(c)10-16 and 2(b)12-18]. Using LTSLM we can conclude
that the switching process occurs via evolution of multido-
main states, which form due to competition between crystal-
line anisotropy and shape anisotropy that can also be
influenced by exchange bias. Furthermore, even though the
LTSLM signal reflects the local relative angle between the
two magnetizations, under conditions of sufficient coercivity
contrast, the LTSLM technique can also yield information
about domain evolution in the individual electrodes.

For each image shown in the right panel of Fig. 2, using
Eq. (1) and (cos®) ~ cos® we can calculate the conductivity
g and, by integrating over the junction area, the conductance
G and junction resistance R, which is shown as R, by trian-
gles in Figs. 2(a)-2(c). The measured R(H) and TMR(H) is
reproduced quite well for values of « and H below the TMR
maximum. For fields above the TMR maximum there are
deviations from the measured curves; the origin of this we
could not clarify yet."”

In conclusion, we have analyzed by LTSLM the local
TMR of a LSMO/STO/LSMO MT]J. In a quantitative analy-
sis, we have calculated the local relative magnetization ori-
entation of the two electrodes for different values of
amplitude and direction of applied field. LTSLM images

Appl. Phys. Lett. 99, 182513 (2011)

visualized magnetic domain nucleation and propagation dur-
ing magnetic field sweeps. The domain walls are predomi-
nantly oriented along the crystalline a- and b-axes of LSMO.
The LTSLM images also allowed to calculate the global
TMR, yielding quantitative agreement with the integral R(H)
measurements. The results show that LTSLM can be used to
link the magnetic microstructure to the integral magnetotran-
sport properties and thus provides a valuable tool for further
investigations of MTJs.
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We consider a planar magnetic tunnel junction (MTJ) where an in-plane magnetic field H is applied at an angle «
with respect to the y-axis of the junction, cf. Fig. 1 (a).! An amplitude modulated focused laser beam is scanned across
the sample surface in the (x,y)-plane. When the laser beam is positioned at coordinates (zg,yo) it locally warms up
the MTJ, generating a change in the temperature-dependent local conductivity (conductance per area) g. This can
be detected as a beam-induced change AV (zg,y0) of the voltage V' across the sample, which is biased at constant
current /. In the following, we derive a relation between the LTSLM voltage signal AV and the local conductance g,
which shall be used for obtaining information on the local relative orientation (angle ©) of the magnetizations in the
two electrodes of the MTJ.

If the laser is on (‘on-state’) the sample has a temperature distribution T'(x — x0,y — yo) = To + 6T(x — 20,y — Yo),
where T} is the temperature of the undisturbed sample (off-state) and 6T (x — xo,y — yo) is the temperature profile
created by the beam. Typically, 67 has Gaussian shape, i.e.

(1)

_ 2 _ 2
5T(x—x07y—y0):ATexp{_(x 0)” + (¥ — yo) }7

202

and AT is a few Kelvin and o &~ 1 — 2 um. For some quantities introduced below, indices ’on’ and ’off’ refer to laser
beam on and off, respectively.

The conductance of the sample in the off-state is given by
Goff = / g(x,y7@(x,y)7T0) dxdy (2)
Ay

where the local tunneling conductivity g may explicitly depend on the coordinates x and y, e.g., due to inhomogeneities
in the tunnel barrier; T is the temperature and © is the relative angle of the local magnetizations of the two electrodes
of the MTJ. © will in general be a function of z and y and depends on amplitude H and orientation angle « of the
applied magnetic field. Integration is over the area A; of the MTJ.

In the on-state the conductance is
Gon(@(xmyO)»xOvyO) = / g(x»y79(x»y)7TO+5T(9U_96073/—yo)) d{I?dy . (3)
Ay
A Taylor expansion leads to

dg(z,y,0(x,y),T)
dT

Gon(O(20,%0), 20, Yo) = / |7y 0T (2 — 0,y — yo)| dady . (4)

" |:g(x7yv @(x7y)7T0) +

Hence, for the laser induced change in conductance AG = G,y — Gog we find by inserting Eq. (2) in Eq. (4)

d €, ’@ x, ’T
AG(@(xo,yo),xo,yo)%/ 9( ydT( y),T)
A

|7, 6T (x — 0,y — yo)] dwdy . (5)

This means, that AG is the convolution of ¢’ = dg/dT (at T = Ty) with the beam induced temperature profile.

The voltage across the TMR element is Vog = I/Gog in the off-state, and Vo, = I/Gop in the on-state. For the
beam induced voltage change AV (0, y0) = Von(Zo,y0) — Vo we thus find

I 1

- -1
Gott (1 + AG(O(0,Y0), To, Y0)/Gost )
I
— 5= AG(6(z0, 40), 70, ¥0)
off
= —IRgHAG(@(IO,yO),JSanO) (6)

AV(@($07 90)7 Zo, yo) =

Q



Here we assumed that AG/Gog < 1 and also introduced the resistance Rog of the MTJ in the off-state at a given H,
o and Tp.

We next relate AG(©(xo, o), Zo,yo) to the values G, and Ggp of the conductance for parallel and antiparallel
alignment of magnetizations. For the local conductivity g(©(z,y), To, z,y) we have the relation by Jaffres et al.?

O(x,y 5, O(x,y
9(0(x,y), T, z,y) = gp(To,x,y)COSQ{(T)} + 9ap(To, 2, y) st{(T)} ; (7)
where the indices 'p’ and ’ap’ stand for parallel and antiparallel alignment, respectively, of the magnetizations in the

two electrodes. Eq. (7) can be written as

9p(To, 2,y) + gap(To, 7,y) [ 9 (To,2,y) — gap(To, 7,y) }
O(x,y), Ty, x,y) = 1+ cos{O(z, 8
g( ( y) 0 y) ) gp(To,x,y) + gap(T07$7y) { ( y)} ( )

For the derivative of ¢(0(x,y), Ty, z,y) with respect to temperature we obtain

g;(To,.’L',y) - g(/lp(To,:L‘,y)
gg/)(T07xay) + g(/J,p(T07x7y)

/T7{E, + (/1 T7{E7
§(O(a, ), To,a,y) = 2T 7Y) 29,,( 0,7, y) [1+

cos{e@c,y)}} )

where we have assumed that © does not depend on T Inserting Eq. (9) into Eq. (5) yields

AG(@(J?(), 90)7 Zo, yO) %/

g;)(Tva x, y)"—g;p(T(b T, y) |:1 g;;(T(b €z, y) _gz,zp(Tov x, y)
2
Ay

cos{O(x, 8T (z—x0,y—yo)dzrd
g;’(T07x7y>+g(/1p(T07x7y) { ( y)}:| ( 0,Y yO) Yy

(10)

For further evaluation we assume that ¢(O(x,y),To,x,y) for a fixed value of © does not depend on z and y,
i.e., we assume that the MTJ is homogeneous except for local variations in O(x,y). This is supported e.g. by the
homogeneous LTSLM images obtained for antiparallel magnetization orientation, cf. Fig. 2. Then, gz’,(me,y) and
9up(To, z,y) are constant in space and can be calculated from the global quantities G, (7o) and Gy,,(To) as g, = G},/As
and g, = G}, /AJ.

Eq. (10) then reduces to

(G, +Gp)

Iz G, -G,
AG(O(zo,Y0), xo, Y %/ = 1—|—(7 cos{O(x,y)}| 0T (x — xo,y — yo)dzdy
(Owo,go), w090 = [ 57, G+ i), {B(x,9)}| 0T (x — w0,y — o) N
(G, + Gy G -G
— P T ST (x — — yn)dxd I — / s{O O (z — — yp)dxd
oA, N (x — w0,y — yo)dwdy + <G§J+wa>m N cos{O(z,y)}0T'(x — zo,y — yo)dwdy
Using Eq. (1) we obtain
ATA G -G
A ~ (G ! s P ap . 12
G(Q(xo»yO)) (Gp + Gap)\TO 2AJ + <Glp + Gizp) " <COS{®($07y0)}>] ( )

Here, As=2m0? is the approximate size of the area warmed up by the laser, and (cos{O(wo,y0)}) =
A%AS fAJ cos{O(z,y)}0T (v — x0,y — yo)dxdy.

At this point, by inserting Eq. (12) into Eq. (6), we can determine the magnitude of the LTSLM voltage signals
AV, and AV, for homogeneous parallel (O = 0) and antiparallel (@ = 180°) magnetization of both electrodes,
respectively. For AV, with Rog = R, and (cos{O(xo,y0)}) = 1, we obtain V,, = 2IATA/A; - R} |1,. For AVq,,
with Rog = Rep and (cos{©(xo,y0)}) = —1, we obtain V,, = 2IATA,/A; - R;p|TO. This shows that for these two
cases, the voltage signal is proportional to the derivative of the junction resistance with respect to 1" and that the
contrast for the voltage signals between parallel and antiparallel states can be maximized by choosing an operation
temperature 7 which yields a maximum difference in the slopes of the R,(T") and R, (T") curves.

By converting Eq. (12), we find for the convolution (cos{©(x,y0)}) of the local value of cos{©(x,y)} with the laser
beam induced temperature profile

QAJAG(@(SC(), yo))
ATA,(G, + Gly)

G+
p “p> 1] . (13)
Iz,

(cos{O(x0,90)}) ~ <G’ — o

‘To



This equation can be used to calculate the local variation of (cos ©) from the beam-induced voltage signal AV, i.e.,
inserting AG(O(zo, y0))=—AV (O(z0,v0))/I R%; from Eq. (6) into Eq. (13) finally yields

AV (©(z0,90))
RZg
247

(Gry = Gl ATA,

(cos{O (w0, y0)}) ~ ay +a (14a)

G, + Ggp>
G, — G

(14b)

with a; = 7 and  ap = (

‘To

The coefficients a; and a2 can be determined experimentally. In order to obtain maximum contrast between
parallel and antiparallel magnetization orientation, we chose T, = 30K, i.e., the temperature for which we found
the maximum difference in the slopes of the R(T') curves for high-R and low-R states [cf. Fig. 2(c)]. G} |z, and
GplT, can be measured, provided that the magnetizations in the electrodes in the MTJ are uniform. Our LTSLM
images indicate that this is essentially the case for o = 70° and antiparallel orientation, cf. Fig. 2(b)9, yielding
Gl,lm, = 0.16 (MQ K)~" from Fig. 1(c) at Ty = 30K.

By contrast, for parallel orientation LTSLM imaging revealed some local variations of AV, requiring a more careful
evaluation of G} |7,,. We first use G|z, to determine the product AT Ay, which is not known with high accuracy a
priori. From Eq. (12), using (cos (O(zo,¥0))) = —1 and AG(O(x¢,yo)) = AG,p we find

AGa AJ AJAVa
ATA; = P — P 1
GZI})'TO Gizp|T0 IRgff ( 5)

With the measured AV,, = —20uV and R.g = 18.3k(2 for the antiparallel state at o = 70° we obtain AT A, =
14 K(pum)?2. From the most abrupt change of AV (0(xg, o)) in the LTSLM voltage images we can estimate o ~ 0.8 um
and with this we get AT ~ 3.5 K, which is reasonable.

The above value of the product AT'A; is the same for all images. Thus, to obtain G|z, we use this value and the

relation G|z, = —A;AV,/(IR2;AT A,), where for AV, we use a value measured in the center of the MT.J where
the magnetizations were in the parallel configuration, cf. Fig. 2(b)1. With R.g = 4.5kQ and AV, = 54V we obtain
Gy lr, = —0.66 (MQK) .

Having all parameters fixed now, we convert all LTSLM images, by calculating (cos (©(zo,v0))) from Eq. (14),
which yields

(k2)* AV (w0, yo)

(cos (©(z0,10))) = 4.0 nY% Ry

~ 06, (16)

for I = 4 pA; these images are shown in the right panel of Fig. 2.

We further use cos(O(x,y)) = (cos(O(xo,yo))) to re-calculate the conductance G(H) from the converted LTSLM
images (at given field H and angle o) by integrating Eq. (8) over the junction area. Here, we use gqp = Gop/As =
1/(RmaxAy) = 0.36 (MQ)~1pum =2 with Rpax = 18.3k as determined from Fig.2(b), which is justified by the homoge-
nous LTSLM images 8-10 in Fig. 2(b). Since we know from the LTSLM images that the low-R state (Ruyin =~ 4.5kQ)
is inhomogeneous, we cannot simply calculate g, from 1/(RminAy). Instead, we use g, as a fitting parameter, to
obtain after integration of Eq. (8) for the low-R state G = (4.5kQ2)~!. This yields g, = 1.51 (MQ)~!'um~2, which
corresponds to R, = 1/(g,Ay) = 4.41kQ, i.e., a value which is ~ 2% smaller than the measured Ryi,. From here we
obtain TMR(H) = [R(H) — Ruin] /Rmin = Gmin/G(H) — 1 (with Gimin = 1/Rmin), cf. triangles in Fig. 2.

! Throughout this text Fig. numbers refer to the figures in the main paper.
2 H. Jaffres, D. Lacour, F. Nguyen Van Dau, J. Briatico, F. Petroff, A. Vaures, Phys. Rev. B 64, 064427 (2001); Ref. [14] in
the main paper.






