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Interface Reactions in LSMO−Metal Hybrid StructuresNico
Homonnay,† Kerry J. ÓShea,‡ Christian Eisenschmidt,† Martin
Wahler,† Donald A. MacLaren,*,‡

and Georg Schmidt*,†,§

†Institut für Physik, Martin-Luther University
Halle-Wittenberg, Von-Danckelmann-Platz 3 06120 Halle,
Germany‡SUPA, School of Physics and Astronomy, University of
Glasgow, Glasgow G12 8QQ, United Kingdom§Interdisziplinar̈es
Zentrum für Materialwissenschaften, Martin-Luther University
Halle-Wittenberg, Nanotechnikum Weinberg,Heinrich-Damerow-Straße 4
06120 Halle, Germany

ABSTRACT: Perovskites form a class of promising materials for
thedevelopment of multifunctional devices but require reliable
strategiesfor forming electrical contacts without compromising
functionality. Weexplore the interactions of a range of metal
contacts with ferromagneticoxide La0.7Sr0.3MnO3 (LSMO) and discuss
their impact on themagnetic, structural, and chemical properties of
the oxide. Althoughthe noble metals gold and silver have negligible
impact, metals typicallyused as adhesion layers, such as titanium
and chromium, drivesubstantial reduction of the oxide, impairing
its performance. Theseeffects can be suppressed by inserting a thin
barrier layer, such as theconductive oxide SrRuO3.

KEYWORDS: LSMO, LSMO−metal interfaces, complex oxide−metal
interfaces, complex oxide electrical contacts,complex oxide
degradation, LSMO oxygen deficiency

I. INTRODUCTION

Advanced oxides are now the focus of intense research
activity,driven by their numerous attractive properties for
nextgeneration microelectronics.1 Of particular interest is
ferro-magnetic La0.7Sr0.3MnO (LSMO), which has a high
Curietemperature2 (∼370 K), high spin polarization,3 and
colossalmagnetoresistance, making it a promising candidate for
roomtemperature spintronic applications4 and spin pumping,5
wherethe principal focus lies at the oxide−metal interface.
Crucially,such metal−oxide hybrid devices rely on smooth
interfaces,good electrical contact, and an absence of interfacial
chemicalreactions, because the functionality of oxides such as LSMO
isknown to be sensitive to changes in stoichiometry and
strain.6

For example, LSMO can undergo a phase change to a
vacancy-ordered superlattice driven by either epitaxial strain7−13
orcontact with a reducing agent.14−17 Thus, a
comprehensiveunderstanding of the effect of depositing metallic
contacts ontoperovskites is essential before functional metal−oxide
hybriddevices can be realized. Here, we present a systematic study
ofthe magnetic and structural effects of depositing metal
contactsonto LSMO thin films. We find that the magnetization of
>10nm thick oxide can be completely quenched after thedeposition
of just a few nanometers of a reducing metal.However, we can fully
preserve the magnetic properties byexposing the LSMO to air prior
to metallization or by insertinga suitable epitaxial conductive
oxide. We thereby outline clearstrategies toward the realization of
multifunctional oxidedevices.

II. EXPERIMENTAL SECTIONPulsed laser deposition (PLD)18 was used
for epitaxial growth ofLSMO, SrRuO3 (SRO), and SrTiO3 (STO) using
(100)-oriented STOsubstrates and stoichiometric polycrystalline
targets. The PLD systememployed a KrF excimer (248 nm) laser, and
the growth wasmonitored in situ by high pressure reflection high
energy electrondiffraction (RHEED).19 Ten nanometer and 20 nm thick
LSMO filmswere deposited at laser fluencies of 2−3 J/cm2, a
repetition rate of 5Hz, an O2 atmosphere of 0.2 mbar, and a
substrate temperature of 700°C. Previous experiments had shown that
under these conditionsLSMO films with correct stoichiometry and
good magnetic propertiescan be grown.20 Following deposition of the
oxide layer(s), sampleswere transferred under UHV to an electron
beam evaporationchamber for deposition of the metals.

Structural characterization was carried out using X-ray
diffraction(XRD) and scanning transmission electron microscopy
(STEM). XRDwas performed on a BRUKER D8 diffractometer, and STEM
wasperformed on a JEOL ARM 200cF microscope that is equipped with
acold field emission gun and operated at 200 kV.
Cross-sectionalsamples for STEM were prepared on an FEI Nova
Dualbeam FocusedIon Beam instrument. Electron energy loss
spectroscopy (EELS) wasconducted using a Gatan Quantum 965
spectrometer employing theDual EELS21 and spectrum imaging22
methodologies, typically using apixel step size of 0.5 Å and an
acquisition time of 0.2 s per pixel toreduce spatial drift and beam
damage. Principal component analysis(PCA) was used in some cases to
isolate spectral features from thebackground and noise.23
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Magnetic characterization was performed using SQUID
magneto-metry with a Quantum Design, Incorporated, MPMS SQUID
VSM,measuring from 380 K down to 4.2 K in a magnetic field of 20
Oe.

III. RESULTSXRD was used to determine the relaxation behavior
and out-of-plane lattice constants by preparing reciprocal space
mapsaround the (103) STO reflection, as summarized in Figure 1.For
a single LSMO layer, shown in Figure 1a, the STOsubstrate peak is
clearly visible with the LSMO peakcorresponding to a perpendicular
lattice constant of 3.859nm. Although the deposition of a 10 nm
thick Au layer had noimpact on the lattice constants of the LSMO
layer (Figure 1b),the deposition of a 10 nm thick Ti layer produced
an entirelydifferent result, as shown in Figure 1c and d. It can be
seenfrom the XRD diffractogram of Figure 1d that the
(002)reflection from LSMO/Ti has clearly shifted to lower
angles(labeled “A” in Figure 1a), corresponding to a larger
out-of-plane lattice constant. Although the in-plane lattice
constant isunchanged, the lattice has apparently shifted from its
originalcompressive strain to a tensed state with a lattice
c-parameter of3.956 nm. Shifting of the out-of-plane lattice
constant haspreviously been reported for LSMO, resulting from an
oxygendeficiency.24 Despite this, the thickness fringes in Figure
1d,highlighted by the arrows at B, indicate very smooth
interfaces.Similar changes in the LSMO out-of-plane lattice
constant wereobserved following the deposition of both Cr and Ta
cappinglayers (not shown here). However, the position of the
LSMOpeak was unchanged for noble metals, such as Ag, Pt, or Cu.The
temperature-dependent magnetization of the metallized

LSMO films is indicated in Figure 1e. The isolated 10 nm
thickLSMO layer (red curve in Figure 1e) had a Curie temperatureof
∼350 K and a magnetization of ∼2.4 μB/Mn atom at 4.2 K,which is in
good agreement with the best values seen in theliterature25 for a
Sr content of 30%. Deposition of 10 nm of Tior Cr, however, almost
completely quenched the magnetization(Figure 1e, blue and green
curves). The fact that the

magnetization is massively reduced while the Curie
temperaturefor the remaining magnetization remains more or
lessunchanged indicates that what is observed is not just an
overalldeterioration of magnetic properties but a complete
disappear-ance of ferromagnetism in most of the layer. For other
lessreactive materials, such as Au, Pt, Ag, and Cu, only
minormodifications were observed and may well be attributed
toexperimental error or small sample-to-sample variations in
theLSMO.The structure of films was assessed on the atomic scale
using

STEM, and Figure 2a shows a low-magnification overview ofthe
STO//LSMO(10 nm)/Au(10 nm) film with an atomic-resolved view of the
interface provided in Figure 2b. As this is ahigh-angle annular
dark field (HAADF) image, the contrastderives primarily from atomic
number variations with the Aulayer appearing brightest. It may be
observed that the oxide/metal interface is atomically sharp, the
LSMO is of very highcrystalline quality, and there are no obvious
structural changesup to the Au/oxide interface. The Au layer was
polycrystalline,and lattice fringes are observed in the upper
region of Figure2b.Conversely, the deposition of 10 nm of
polycrystalline Ti

drives a structural phase change in the LSMO, and the
close-upview in Figure 2d imaged along a substrate directionclearly
shows the formation of a superlattice with cell-doublingalong the
film’s out-of-plane direction. (Note that Ti has alower atomic
number than Au and thus appears darker withrespect to the LSMO.)
The change in cell periodicity is moreclearly observed in the HAADF
image intensity trace shown inblue in Figure 2e, which also
includes EELS data that arediscussed below. A number of previous
studies have discussedstructural transitions in the La1−xSrxMnO3‑y
system, as afunction of both the (La,Sr) content26 and
oxygendeficiencies,27−29 the latter commonly producing
vacancy-ordered superstructures. We have no evidence for a change
inthe (La,Sr) content that was inferred from the high
Curietemperature of the as-deposited LSMO films. However, the

Figure 1. X-ray diffraction reciprocal space maps using the
(002) Bragg reflection of LSMO (a) before and (b,c) after
deposition of either 10 nm Auor 10 nm Ti. (d) A comparison of the
intensity profiles more clearly shows a shift in peak position upon
Ti deposition. (e) SQUID measurementsindicate a reduction of LSMO
magnetization upon deposition of Ti and Cr in particular, whereas
Pt, Cu, and Au have less effect.
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HAADF image of Figure 2d strongly resembles those
reportedpreviously for brownmillerite systems, perhaps the
mostcommon oxygen vacancy-ordered structure to form forLSMO of this
(La,Sr) content.12,30 Brownmillerite structures,which do not
support ferromagnetism, are a variant of theABO3 perovskite
crystal, whereby half of the oxygen atoms havebeen removed from
alternate BO2 layers. This generates astacking sequence of the form
AO-BO2-AO-BO-AO, and theunit cell alternates between oxygen
octahedra and oxygentetrahedra centered on the B cation sites. At
least 5 distinctvariants of the brownmillerite structure have been
described forLa0.7Sr0.3MnO2.5, differing in the sense of rotation
of the oxygentetrahedra, although the HAADF imaging presented
herecannot readily discriminate between these phases as the
imagecontrast is dominated by heavier atoms whose positions may

not vary substantially. We measure the out-of-plane
latticeparameter to be 16.5 ± 0.4 Å, which is in excellent
agreementwith that found elsewhere.14 The dark planes in Figure
2dcoincide with the MnO2 planes of the LSMO, indicating adeficiency
in either manganese or oxygen. EELS data weresubsequently recorded
to investigate the location of oxygen inthe film, and the results
are presented in the lower panels ofFigure 2. Figure 2e shows a
typical EEL spectrum of the Ti/LSMO interface after removal of
plural scattering effects andPCA analysis, containing the Ti L2,3
edge, O K edge, and theMn L2,3 edge. Seven PCA eigenfunctions were
deemedsignificant for analysis on the basis of the (inset) scree
plot,which has an abrupt gradient change that separates
statisticallysignificant information from uncorrelated noise.23
Figure 2fthen plots the variation of the Ti L2,3 (black), Mn L2,3
(green),and O K (red) signals across the LSMO-Ti boundary. TheHAADF
signal intensity (blue) is also given to aid comparisonwith the
STEM images. It can immediately be seen that thedark planes in the
HAADF image coincide with peaks in theMn signal and thus correspond
to the MnO2 planes of theoriginal perovskite. The oxygen signal is
more diffuse butextends a significant distance into the Ti layer,
decaying at aconsiderably slower rate than the Mn signal, thus
indicatingthat the Ti acted as an oxygen getter and has oxidized.
The TiL2,3 ELNES spectrum is consistent with that of a TiOx
phase,comprising two main broad L3 and L2 white lines.

31 A smalldegree of intermixing is apparent from the overlap of
Ti andMn signals but is ascribed to surface roughness. A
comparisonof the oxygen signal levels of the STO and
brownmilleriteLSMO regions indicates a decrease in oxygen in the
LSMObrownmillerite phase (see below). Oxygen vacancies aretypically
compensated by a reduction of the Mn4+ content toretain charge
neutrality, which accounts for the loss ofmagnetization found in
the LSMO here.32

EELS fine structures are plotted in Figure 3. The oxygen
Knear-edge fine structure in the EELS spectrum shows
significantchanges when the Mn oxidation state is modified, and
threemain features can be identified in Figure 3a in good
agreement

Figure 2. (a) Low magnification STEM image of the LSMO with
Aucap. (b) High resolution view of the Au/LSMO boundary showing
ahigh quality interface. (c) Low magnification STEM image of the
Ti/LSMO film with a close-up view given in (d), where a complete
phasetransition can be observed. EELS data were acquired along the
lineindicated. (e) Typical background-subtracted EELS spectrum
collectedfrom the LSMO/Ti interface and spanning the Ti-L2,3, O−K,
and MnL2,3 features after the application of principal component
analysis. The(inset) scree plot indicates the spectra to be
well-represented by 7eigenfunctions (black arrow). (f) Integrated
EELS intensities as afunction of position across the interface
indicate migration of O (red)into the Ti capping layer, thus
providing an explanation for the phasetransition.

Figure 3. (a) Background-subtracted EELS spectra of the O K edge
inthe pristine LSMO film (black) and vacancy ordered phase (red).
Thepre-edge peak indicated by P is no longer discernible in
thebrownmillerite phase. (b) The Mn L2,3 edge has an increased
L3/L2peak intensity ratio in the vacancy ordered LSMO (red),
consistentwith a lowering of the Mn valence.
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with previous observations:33 a prepeak shoulder immediatelyat
the onset (indicated by P in Figure 3a), a main peak at ∼535eV, and
a third peak around 540 eV. A prepeak shoulder alsooccurs in other
manganese oxide spectra, where it arises fromexcitation to an
occupied orbital with a hybridized Mn 3dcontribution34 and is known
to be sensitive to Mn d-bandoccupancy. We interpret the loss of the
prepeak in the vacancyordered LSMO film (red curve in Figure 3a) in
comparisonwith that of bulk, uncompromised LSMO to indicate a
similarreduction of the Mn valence.33 Additionally, the “white
lineratio” of the Mn L3/L2 peaks (i.e., the ratio of L3 to
L2integrated intensities) is a well-established measure of
transitionmetal valency and will generally increase with Mn
chemicalreduction.35 A comparison of the Mn L2,3 edge for
pristineLSMO and the reconstructed film is given in Figure 3b,
wherean increase in the L3/L2 peak ratio can be observed,
thusconfirming a reduction in Mn oxidation state. Together, thedata
are consistent with a chemical reduction of the Mn andconsequent
change in bonding environment through thecreation of oxygen
vacancies.Given the technological relevance of Ti as a typical
adhesion

layer for noble metal electrical contacts,36 we explored
thethickness-dependence in more detail. Figure 4a illustrates
theeffect of varying the thickness of the Ti layer on
LSMO.Interestingly, complete quenching of the LSMO
magnetizationoccurs with the deposition of just ∼2 nm of Ti, even
though thecrystal structure appears intact, as illustrated by the
STEMimage in Figure 4b. Again, the Ti L2,3 ELNES spectrum
isconsistent with that of a TiOx phase with a similar appearanceto
that given in Figure 2e. Figure 4c presents EELS profiles ofthe Ti
L2,3, O K, Mn L2,3, and La M4,5 signals across the LSMOlayer after
deposition of ∼2 nm of Ti. It may be observed thatthere is a
significant oxygen signal throughout the Ti layerdeposited onto the
LSMO, whereas the LSMO layer itself issignificantly deficient in
oxygen with respect to the STO at thefar right of the plot. The
titanium oxide appears largelyamorphous. To assess the oxygen
deficiency, we measure theL3/L2 intensity ratio using the
methodology of Schmid and

Mader,37 which corresponds roughly to a Mn valence of 4(ignoring
more subtle variations in the white line ratio thatdepend on the
local bonding environment). For oxygen-deficient LSMO (i.e.,
La1−xSrxMnO3−y), this yields y ≤ 0.34,which is equivalent to
approximately 11 at. % of the oxygencontent,38 suggesting that a
relatively high density of oxygenvacancies can be supported prior
to reconstruction.In cases where the sequential deposition of oxide
then metal

is not possible without a vacuum break, the oxide film will
beexposed to air for a period of time. Immediate deposition of
Tiafter a vacuum break has a similar deleterious effect on theLSMO
as before. However, when the samples were held in airfor 4 days,
the magnetic properties of the LSMO werepreserved after Ti
deposition, as indicated in Figure 4d. Thesmall decrease in
magnetization below 105 K is due to a slightdifference in cooling
field and is unrelated to the metallization.At the structural phase
transition in the STO substrate thatoccurs at this temperature, the
magnetization and anisotropy ofthe LSMO changes slightly. Depending
on the external field,the LSMO will either remain saturated or will
shift slightly off-axis with respect to the field and thus no
longer be detected bythe magnetometer; the latter manifests as a
small decrease inmagnetization.To determine whether the observed
preservation of

magnetization in Figure 4d could be ascribed to oxidation ofthe
LSMO film in atmosphere, we subsequently increased theoxygen
pressure from 0.2 to 1.2 bar during the cooling stage ofthe growth
so that the sample would be exposed to oxygenwhile still hot and
thereby react faster. However, themagnetization was still quenched
by the deposition of Ti, asillustrated in Figure 4f, irrespective
of the oxygen overpressure.This suggests that the as-grown films
are stoichiometric (whichone would surmise from their initially
good magnetization) andthat the four-day-long exposure to
atmospheric conditions mustinstead diminish the rate of oxygen loss
once the film is coatedwith Ti. It is therefore possible that
adventitious contaminationformed a thin barrier between Ti and
LSMO, slowing oxygenmigration and thus slowing the resulting redox
reaction. No

Figure 4. (a) SQUID measurements of Ti capping layers of
different thicknesses. (b) STEM image of an LSMO film with a 2 nm
thick Ti cap. (c)Corresponding EELS intensity profiles of Ti, O,
Mn, and La signals across the Ti/LSMO stack, showing oxygen
depletion in the LSMO andcomplementary oxidation of the Ti layer.
Signals are normalized to their maximal values to aid comparisons.
The locations of data acquisition areindicated approximately in the
STEM image and by the HAADF data at the top of the plot. (d)
Exposing the LSMO to air for 4 days prior to Tideposition preserved
the magnetic properties and (e) preserved the apparent crystal
structure observed in STEM. (f) Changing the oxygen pressureduring
cooling of the LSMO film after deposition had no effect on the
Ti-capped LSMO.
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such barrier was evident in STEM, although we cannot excludethe
possible presence of a few monolayers of organiccontamination.
Indeed, although the crystal structure appearedintact in STEM
imaging (see Figure 4e) after 4 days’ exposureto the atmosphere, it
was considerably less robust to electrondose in the microscope, and
underwent a phase transitionduring data acquisition similar to that
observed elsewhere.39

This suggests that the oxygen content of the film had againbeen
reduced by the Ti layer but not sufficient to impair eitherthe
magnetization or the apparent structure, i.e., that oxygenmigration
had been slowed but not halted. Although asystematic study was not
conducted, we found that theLSMO still decomposed to a
brownmillerite phase severalmonths after Ti deposition onto the
air-exposed LSMO. Theseresults indicate the importance of
understanding the kineticsand resulting time scales of the
interfacial reactions that weobserve: materials that appear
initially uncompromised bymetallization may subsequently degrade.We
now turn to strategies for minimizing the oxygen

gettering effects of Ti and related adhesion layers. For
manyapplications, the insertion of an epitaxial oxide between
theLSMO and the metallic contact may be sufficient. If, forexample,
the metal is predominantly required to make ohmiccontact to the
LSMO layer, then one might use a thin SROinterlayer, which is
highly conductive and nonmagnetic downto 150 K.40 Conversely, an
insulating STO interlayer may beused in cases where the metal is
used purely as a mask for dryetching and electrical conductivity is
not required. STO forms aconvenient, readily deposited, and
well-lattice-matched layerupon which the epitaxial growth of both
Pt and Cu haspreviously been reported.41 Irrespective of the
application, it isdesirable to keep the insertion layer thickness
to a minimum,and we therefore compared the performance of 1, 4, and
10 nmthick layers of SRO and STO sandwiched between LSMO andTi. The
thicknesses are the nominal thicknesses according todeposition rate
for stoichiometric material. They were alsoverified by X-ray
reflectometry. For the thinnest layers, the X-ray reflectometry
data may be subject to an error of ±0.5 nm.Figure 5a shows, from
left to right, a series of reciprocal space

maps for an LSMO layer without any protection layer and withSRO
protective interlayers of increasing thickness. SQUIDmeasurements
(shown in Figure 5b) illustrate that a 1 nm SROinterlayer was
insufficient to protect the LSMO, but thatinsertion of a 4 nm thick
SRO layer preserved the magneticmoment of 2.75 μB/Mn atom, with XRD
showing no change inthe lattice constant, as observed in Figure 5a.
Note that the kinkin the SQUID curves at 150 K for SRO thicknesses
of 4 nm andabove is caused by the SRO layer itself, which is
ferromagneticbelow this temperature.36 A similar pattern was
observed for anSTO interlayer, where 4 nm was sufficient to restore
themagnetic properties of the LSMO, as illustrated by the
SQUIDmeasurements in Figure 5c. A STEM image summary of
theLSMO/SRO/Ti film is given in Figure 6 for (a) a nominally 1nm
thick SRO interlayer and (b) a nominally 4 nm thickinterlayer of
SRO. Corresponding EELS profiles are givenbelow and illustrate the
Ti L2,3, O K, Mn L2,3, and La M4,5 edgesignal intensities across
the stack. It is clear that for a 1 nm thickSRO interlayer, the
gettering effect of the Ti significantlyaltered the SRO crystal
structure, driving it to an amorphousstate. The crystal degradation
continues past the LSMOinterface, so that the LSMO is again oxygen
deficient, asconfirmed by EELS. Conversely, only the lower ∼2 nm of
thenominal 4 nm thick SRO film (Figure 6b) appeared
structurally

Figure 5. (a) A series of X-ray diffraction reciprocal space
maps forLSMO/SRO/Ti stacks, where the SRO thickness ranges from 0
to 10nm (left to right: 0, 1, 4, and 10 nm). SQUID measurements of
LSMOfilms with different thicknesses of (b) an SRO interlayer and
(c) anSTO interlayer indicate that a 4 nm insertion layer is
sufficient toprevent the quenching of magnetization whereas 1 nm
thick layers arenot.

Figure 6. STEM image (top) and corresponding EELS
profiles(bottom) for an SRO interlayer thickness of (a) 1 nm and
(b) 4 nm.Signals are normalized to their maximal values to aid
comparisons. Thelocations of data acquisition are indicated by the
HAADF data at thetop of the plot. The LSMO structure has
drastically changed to avacancy ordered state for just 1 nm of SRO,
but 4 nm is sufficient toprotect the LSMO, which remains
intact.
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intact. Note that the SRO layer thicknesses were determined
byobservation of X-ray reflectometry oscillations; in both
STEMimages, the apparent layer thickness is greater because of
thediffuse nature of the intermixed region and surface roughness
ofthe as-deposited SRO. In the case of the nominal 1 nm film,there
is an ∼2.5 nm thick oxygenated layer between the LSMOand unoxidised
Ti that contains both titanium oxide and theamorphous decomposition
products of SRO. In the case of thenominal 4 nm film, crystallinity
(but reduced O content) isretained within the first ∼2 nm, but the
amorphous oxideextends a further ∼5 nm into the Ti. Consequently,
the LSMOcrystal structure was preserved, and the thicker SRO film
actedas an effective barrier to the Ti.

IV. CONCLUSIONSIt is concluded that direct deposition of
reducing metals, suchas Ti or Cr, onto functional oxides should be
avoided. In caseswhere LSMO layers in a similar configuration still
show theoriginal physical properties, the interface most likely
contains apassivating contamination caused by prolonged exposure
toatmospheric conditions. If reactive metals are required
asadhesion layers for electrical contacts, then the insertion of
asuitable epitaxial oxide, such as SrRuO3, can preventdegradation
of the performance of La0.7Sr0.3MnO3. If a maskis required for
subsequent lithographic purposes, then thedeposition of Pt appears
to be the most viable method, as it didnot degrade the magnetic
properties of the LSMO. Theseresults provide valuable insight into
the effects of metalcontacting and ultimately enhance our
understanding towardthe development of uncompromised functional
oxide devices.
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