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Abstract

Off-axis electronholographyis usedto characterizethemagneticpropertiesof a GdBa2Cu3O7/La0.75Sr0.25MnO3 superlatticebelow theCurie
temperatureof themanganitelayers,in bothcross-sectionalandplan-view geometry. Thesampleswerepreparedfor electronmicroscopyusing
focusedion beammilling. Differencesbetweenthemagneticpropertiesof successivemanganitelayersareobservedin thecross-sectionalsample.
Magneticripple contrastandweakly magneticregionsare observedin plan-view geometry. Although the resultsmay be affectedby sample
preparationfor electronmicroscopy, theobserveddifferencesbetweenthemagneticpropertiesof themanganitelayersareconsistentbetweenthe
differentsamplesexamined.
# 2005Elsevier B.V. All rights reserved.
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1. Introduction

High-TC cuprate/doped-manganite RBa2Cu3O7/La1!xAx-
MnO3 (R = Y, Gd; A = Ca, Sr, Ba) layeredstructures,which
are usually strainedas a result of small differences in lattice
parameterbetween theconstituentmaterials,exhibit interesting
magnetic andsuperconducting properties that aresensitive to
local variationsin interatomic spacing and bondangle in the
layers.Theyareof interestfor usein spintronicdevices,whose
propertieswill dependon their layerstructure,defect topology
and interfacequality.

Recently, the presenceof an unexpectedantiferromagnetic
(AF) phasehasbeeninferredin YBa2Cu3O7/La0.67Ca0.33MnO3

superlattices from hysteresis loops that show exchange
couplingat 5 K [1]. The microscopic origin of this AF phase

was not established.Here, we report on a preliminary study
of the magnetic properties of a similar GdBa2Cu3O7/
La0.75Sr0.25MnO3 (GBCO/LSMO) superlattice, both below
andabovetheCurietemperatureof themanganitelayers,using
off-axis electron holography in the transmission electron
microscope(TEM).

Off-axis electronholography can be usedto measure the
magnetic induction in a thin-Þlm structure with a spatial
resolution that can approach the nanometer scale [2]. The
technique involves the measurementof the phaseshift of a
high-energy electronwave thathaspassed througha material.
The phaseshift is sensitive to the local electrostatic potential
(the mean inner potential) of the sample and to its magnetic
induction. In the absence of dynamical diffraction, the phase
shift is given by the expression

fðxÞ ¼ CE

Z
V0ðx; zÞ dz!

!
e
!h

"Z Z
B? ðx; zÞ dxdz (1)
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where z is theincidentelectronbeamdirection, x adirection in
the planeof the sample,V0 the meaninner potential,B? the
componentof magneticinduction perpendicular to bothx andz,
andCE is an energy-dependant constantthat takesa valueof
6.53% 106 radV!1 m!1 at a microscopeaccelerating voltage
of 300kV.

Although the magnetic properties of manganiteÞlms have
been studied using electron holography in the past, the
complexity of their magnetic phasediagrams,together with
their sensitivity to small variationsin compositionandstrain,
suggests that further work is required to understand the
magneticpropertiesof suchmaterials fully [3Ð7]. In particular,
none of these studies were performed on layeredmanganite
structuresin cross-section, both becausesuchmeasurements
involvethemeasurementof weak magneticsignalsandbecause
they arecomplicated by contributionsto the measuredsignal
from diffraction andFresnel contrast (seebelow) [8,9].

2. Experimental details

GBCO/LSMO superlattices were grown epitaxially onto
SrTiO3 (0 0 1) substratesby dcmagnetronsputtering [10]. The
samplestudiedhereconsistsof asuperlatticeof ÞveGBCOand
four LSMO layers,with average layer thicknessesof 19.0and
9.2 nm, respectively, as shown in the form of a schematic
diagram in Fig. 1. The labeling of the LSMO layers (top,
second, third,bottom), whicharereferredto in thetextbelow, is
deÞnedin this diagram.

Samples were prepared for electron microscopy by using
focused ion beam(FIB) milling with Gaionsat 30 kV in an FEI
200FIB workstation. A Pt strap wasdeposited onto thesample
surfacein orderto minimizeany ion damageduring subsequent
FIB milling. Cross-sectional sampleswerepreparedin standard
ÔtrenchÕgeometry, while plan-view samples were made by
millingaway theSrTiO3 substratefrombeneath thelayers.Great
carewastakentominimizedamagetothesamplebymillingwith
alow beam current parallel to thesurfaceof theÞnal membrane.
Although FIB milling is known to damagethe surfacesof thin

TEM specimens, it providesthe great advantage for electron
holography of eliminating the rapid specimen thickness
variationsthatoftenresult fromAr ionmillinglayeredstructures.

A Philips CM300-STÞeldemission gun (FEG) TEM was
usedto acquirehigh-resolution(HR) latticeimagesandoff-axis
electron holograms of the samples at 300kV. A bright-Þeld
imageandanelectronhologramof a cross-sectional sample of
the layeredstructure areshown in Fig. 2a andb, respectively.
Fig. 2c showsa schematic ray diagramillustratingtheelectron
microscopegeometry for electronholography. The sample is
illuminatedcoherently, with theregionof interestpositionedso
that it coversapproximately half theÞeldof view. An electron
biprism is usedto overlap the electronwave that haspassed
through thesample with a referencewave thathaspassedonly
through vacuum.Interferenceof the two partsof the electron
wave results in the formation of holographic fringes, which
record both the amplitude and the phaseshift of the electron
wavethathaspassed throughthesample.Theuseof aÔLorentzÕ
minilensallowshologramsof magnetic materialstobeacquired
at high magniÞcation with the conventional microscope
objective lensswitchedoff and the samplein magnetic-Þeld-
freeconditions.For thepresentexperiments,a biprism voltage
of 250 V wasused,correspondingto aholographic interference
fringe spacing with the sample in Þeld-free conditions of
2.6nm. Referenceholograms were acquired from vacuum
alone and used to remove distortions associatedwith the
imagingandrecordingsystemof themicroscope.Sampleswere
examinedat both90and293K, usinga liquid-nitrogen-cooled
TEM specimenholder. The LSMO layers were expected to
become ferromagnetic below &230K, while at roomtempera-
ture no magnetic signal was expected from the sample.
Hologramswerealwaysacquired at remanenceaftersaturating
the samplemagnetically parallel to the layers in the cross-
sectional sample, or to the sample edge in the plan-view
sample, by using the Þeld of the conventional microscope
objective lensto apply in-planeÞeldsof &1 T with thesample
tilted at '308. Eachsample wastilted backto 08 in zeroÞeld
for electron holography. Pairs of phaseimagesthat had been
acquired with the samplemagnetized in oppositedirections
were used to eliminate the unwanted mean inner potential
contributionto thephaseshift (seebelow). Furtherdetailsof the
procedure usedto record electron holograms and to extract
phaseinformationfrom themaredescribedelsewhere [2].

3. Results and discussion

3.1. HRTEMobservations

An HRTEM image of the uppermost LSMO and GBCO
layersin thecross-sectionalsampleis shown in Fig. 3. Lattice
fringeswereobserved in all of the layersof interest, although
approximately half of the top GBCO layer was amorphized,
presumably as a result of the unintentional ion damage that
occurred during the deposition of the protective Pt strap. In
addition, the spacing of the lattice fringes visible within the
uppermost GBCO layer is slightly different from that in the
other layers in thissample.In Fig. 3, theinterfacesbetweenthe
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Fig. 1. Schematic diagramof theGBCO/LSMOsuperlatticeexaminedin this
study. The averagethicknessesof the layersweredeterminedby HRTEM.



LSMO andGBCOlayersareindistinct, andthe layersarenot
always uniform in thickness. In a separatestudy, similar
samplescontainingindividual GBCOlayerswerecharacterized
to have interface roughnesses of &1.1nm, with &30%
interdif fusion of LSMO into the Þrst unit cell (&1.1nm) of
the GBCO layer [11]. In the presentsample, the average
thicknessesof theLSMO andGBCOlayersweremeasuredby
HRTEM to be 9.2 and19.0nm, respectively.

3.2. Predictedphaseshift in cross-sectional geometry

If neitherV0 norB? varywith zwithin asampleof thickness
t, andif thereareno(demagnetizing)Þeldsoutsidethesample,
thenEq. (1) canbe simpliÞed to

fðxÞ ¼ CEV0ðxÞtðxÞ !
!

e
!h

"Z
B? ðxÞtðxÞ dx (2)

In asampleof uniformthicknessandcomposition, thein-plane
magnetic induction is thereforeexpectedto beproportional to

thegradientof themeasuredphaseshift.Ontheassumptionthat
thesample thicknessis uniform,thatonly theLSMO layersare
magnetic and that they are magnetized perpendicular to the
electronbeamdirection, the phaseshift in the present cross-
sectionalsamplethatwouldbepredictedusingEq.(2) is shown
in Fig.4. Theparametersusedin thecalculationaregivenin the
captionto the Þgure.If the magnetic induction is the samein
magnitudeand direction in eachLSMO layer, then the mag-
netic contribution to the phaseshift is predictedto have the
appearance of a staircase, rising in each LSMO layer and
remaining ßat in each GBCO layer, as shown in Fig. 4a.
The phasegradient in eachLSMO layer is then proportional
to the magnitudeof the induction. The meaninner potential
contribution to the phaseshift is shown in Fig. 4b, on the
assumption (basedon experimentalmeasurementspresented
below) thatV0 for LSMO isslightly largerthanthatfor GBCO.
Thetotalphaseshift,whichwouldbemeasuredexperimentally
from asingleelectronhologram,is shown in Fig.4c.As aresult
of the fact that the meaninner potentialcontribution is much
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Fig.2. (a)Bright-Þeld TEM imageof theGBCO/LSMO superlattice,imagedin cross-sectionalgeometry. ThelargeandsmallarrowsindicatetheGBCOandLSMO
layers,respectively. ThePt originatesfrom TEM samplepreparationusingFIB milling. (b) Representative off-axis electronhologramof theareashown in (a). (c)
Schematicillustrationof thesetupusedto generateoff-axiselectronholograms.EssentialcomponentsaretheÞeldemissiongun(FEG)electronsource,whichisused
to providecoherentillumination, andtheelectronbiprism,which is usedto overlapthesampleandreferencewaves.TheLorentzminilens allows thesampleto be
imagedwith an optimal Þeldof view in magnetic-Þeld-freeconditions.



larger than the magnetic contribution,the magnetic signal of
primary interest must be separatedcarefully from the mean
inner potential contribution to the total phase shift. This
separation was achieved by taking either half of the sum or
half of the differencebetweenphaseimagesthat had been
recorded with the samplemagnetizedin opposite directions.
Theseimagesprovidedthemean innerpotential andmagnetic
contributionsto thephaseshift, respectively, on theassumption
that the magneticmicrostructurein the samplehas reversed
exactlybetweenthetwo recordedphaseimages. Thesampleis
alsoassumedto remainmagnetizedin theplaneof thespecimen
at remanence.Both of theseassumptionsareexpectedto hold
for thecross-sectionalandplan-view samplegeometriesexam-
ined here.

3.3. Magnetic observationsin cross-sectionalgeometry

Fig. 5 shows experimental measurementsof themean inner
potential and magnetic contributions to the phase shift,
obtained from the cross-sectionalsample using the approach
describedabove. Thepositionsof theLSMO layersareshown
in grayin Fig.5bÐd.ThemeasuredmeaninnerpotentialproÞle
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Fig.4. PhaseproÞlesshowing (a)themagneticcontribution,(b) themeaninner
potential contribution and (c) the total phaseshift, predicted for a cross-
sectional sample that has a uniform thicknessof 100nm containing the
GBCO/LSMO superlattice. The following valueswere usedas input para-
meters:magneticinductionof LSMO = 0.32T [12]; meaninner potentialsof
LSMO,GBCOandSrTiO3 = 18.7,17.3and18.0V; layerthicknessesof LSMO
andGBCO= 9.2 and19.0nm.

Fig. 5. (a)Experimentalmeasurementof themeaninnerpotentialcontribution
to thephaseshift,andproÞlesshowing (b andc) themagneticcontributionsand
(d) themeaninnerpotentialcontributionto thephaseshift at(b)90K and(c and
d) 293K. The positionsof the LSMO layersareshown in gray in (b)Ð(d).

Fig. 3. HRTEM image of the uppermost GBCO/LSMO layers in a cross-
sectionalsamplepreparedusingFIB milling. TheGBCOlayersexhibit contrast
thathasaperiodicityof &1.17nm.ThetopGBCOlayeris partlydamagedand
amorphizedasa resultof Pt depositionduring FIB samplepreparation.



(Fig. 5d) is reassuringly similar to thepredictedproÞle shown
in Fig. 4b. The gentle slope in the experimentalproÞle is
thought to result from a gradualdecreasein samplethickness
towardsthe specimen edge(Fig. 5d). The measuredmagnetic
contribution to the phaseshift is observedto decreasein the
mannerof astaircaseat90 K (Fig.5b),with signiÞcant changes
in phasealwaysoccurring at thepositionsof theLSMO layers.
Thisbehavioris alsoqualitatively consistentwith thesimulated
proÞleshown in Fig.4a.Additionalfeaturesin theexperimental
proÞlemayresult from aslightly differentdefocushavingbeen
usedto record thetwo individual phaseimageswith thesample
magnetizedin oppositedirections.TheresultingFresnel fringes
at the positions of the interfacesmay thennot have cancelled
exactly. Themagneticcontributionto thephaseshift is closeto
zeroat 293K (Fig. 5c), which is consistentwith the expected
absenceof amagnetic signalabovetheCurietemperatureof the
manganite layers(&210K) [1].

From acomparison of Figs. 4 and 5, it is interesting to note
that experimentally the magnetic signal from the LSMO
layers is smaller than in the simulated proÞles, whereas the
mean inner potential proÞles are similar in magnitude. By
examining the measured mean inner potential contribution to
the phase shift (Fig. 5d), the specimen thicknesses of the
LSMO layers are inferred to be 93, 100, 106 and 111 nm, by
using the Þrst term in Eq. (2) and assuming a value for V0 of
18.7 V. However, these values include regions close to the
sample surfaces that may be magnetically dead as a result of
FIB milling. It is not easy to measure the thicknesses of
magnetically dead layers on sample surfaces experimentally,
particularly if the magnetization of the sample is unknown.
However, based on a related study of patterned spin-valve
structures [13], they are expected to have thicknesses of at
least 20 nm on each samplesurface. Table1 showsthat, on the
assumption that themagnetically dead layer thicknessiseither
20, 25 or 30 nm on each sample surface, the experimentally
measured magnetic induction is always inferred to be smaller
than the value of 0.32 T expected from bulk measurements
[12]. These values are discussed further below. The slightly
negative value of induction inferred for the top layer is likely
to result from noise in the experimental proÞle.

Themost striking aspect of Fig. 5 is thateachLSMO layer
appearsto be less magnetic than the previous one, with
increasing distance from the substrate. Consistent phase
proÞlesdemonstrating this trend were obtained from several
differentregionsof thesample,of differentspecimenthickness.
Although the uppermost LSMO layer may have been ion
damagedduringtheearlystagesof theFIB sample preparation
(Fig. 3), HRTEM observationsrevealedlattice fringesin all of
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Table1
Specimenthicknessescalculatedat thepositionsof theLSMO layersfrom the
meaninner potentialcontribution to the phaseshift measured from the FIB-
preparedcross-sectional sample, and magnetic inductions in these layers
inferredon the assumptionof variousmagnetically deadlayer thicknesses

Layer Specimen
thickness (nm)a

Magneticphase
shift (rad)

Magneticinduction(T)

20 nmb 25nmb 30 nmb

Top 93 !0.021 !0.03 !0.04 !0.05
Second 100 0.064 0.08 0.09 0.11
Third 106 0.086 0.09 0.11 0.13
Bottom 111 0.158 0.16 0.19 0.22

a Calculatedfromthemeasuredmeaninnerpotentialcontributionto thephase
shift shown in Fig. 5d, usinga valueof V0 for LSMO of 18.7V.

b This is themagneticallydeadlayerthicknessassumedto bepresentoneach
samplesurface.

Fig. 6. (a) Direction and(b) magnitudeof the magneticinductionmeasured
using electron holography at remanencefrom the FIB-prepared plan-view
sample.The averagedirection of the magneticinduction is shown using a
largearrow in (a).Thelocal inductionis indicated accordingto a color wheel.
Thesamplewassaturatedmagnetically parallelto its edgebeforeremoving the
appliedÞeldandrecordingthehologram.Thesmallarrow in (b) indicatesthe
boundarybetweensingle-layerandtwo-layerregionsin thesample.Themean
innerpotentialcontribution hasbeensubtractedfrom themeasuredphaseimage
(seetext for details).(For interpretationof thereferencesto color in this Þgure
legend,the readeris referredto the web versionof the article.)



theLSMO layersthatwerestudiedusingelectronholography.
Theobservedchangein magneticpropertieswith layernumber
may therefore be a real property of the sample,rather than
resulting from TEM samplepreparation.

3.4. Magneticobservations in plan-view geometry

An FIB-preparedplan-view sample containing the same
layer structure was examined at 90 K. Fig. 6 shows the
measuredmagneticinduction atremanence,aftersaturatingthe
sample magnetically parallel to its edge.In Fig. 6, the mean
inner potentialcontribution, which wasobtained by averaging
phaseimagesacquired with the sample magnetized in several
different directions,has beensubtracted from the measured
phaseshift. The average directionof induction in the sample,
whichis shown accordingto acolorwheel,is seento follow the
direction of the applied magneticÞeld, as indicated by the
arrow in Fig. 6a.In addition,eventhough thesample is asingle
crystal,magnetic ripplecontrast isvisible,with theinductionin
adjacentregionsrotatingby anglesof &908. Thepredominant
textureof the ripple contrast is perpendicular to the average
magnetization direction of the Þlm, as a result of local
perturbationsof its easyaxis [14]. No magnetic signal was
apparent at 293K, asexpectedfrom the Curie temperature of
themanganitelayersandfrom theobservationsfrom thecross-
sectional sample.

Interestingly, two regionswith differentmagnetic contrast,
with asharpboundary between them,arevisiblein Fig.6a.This
effect is likely to result from thepresenceof differentnumbers
of LSMO layersin projection in different regionsof the thin
Þlmafterpreparation for electronmicroscopy. Up to adistance
of &210nm from thespecimenedge,only oneLSMO layer is
present.Two layers then contribute to the contrast, with the
two-layer region exhibiting approximately twice the phase
gradientandhavingtwicethemeasuredsamplethicknessof the
single-layer region.

The magnetic induction measured from the plan-view
sample is 0.23 T in the single-layer region and 0.20 T on
average in each layer in the two-layer region, on the
assumption that the LSMO layers are magnetic through their
entire thickness. This observation is consistent with a
magnetically dead layer thickness of 30 nm on each surface
of the cross-sectional sample, if the magnetic signal in the
plan-view sample originates from the two LSMO layers that
are closest to the SrTiO3 substrate. However, the saturation
magnetization expected from bulk measurements is 0.32 T at
90 K [12]. Thisdifference may be explained by the formation
of magnetization ripple in the cross-sectional sample, as
observed in the plan-view sample in Fig. 6a. It may also be
associated with the presence of weakly magnetic regions in
the Þlm at remanence, which can be seen by plotting the
magnitude of the magnetic induction measured in the plan-
view sample in Fig. 6b, or alternatively with a magnetic
thickness for the LSMO layers that is smaller than their
physical thickness.

The weaklymagnetic regionsthat arevisible in Fig. 6b are
distributedrandomly. Their presencein thesingle-layerregion

suggests that they do not arise from the superposition of
oppositely magnetized regionsin two layers thatareviewedin
projection. Theymaybeassociatedwith theAF phasereported
byHaberkornetal. [1], althoughthepossibility of localdamage
duringsamplepreparationcannotbeexcludedcompletely. On
the assumption (mentioned above) that the two LSMO layers
that are closest to the SrTiO3 substrate contribute to the
magneticsignalsobservedin Fig. 6, andthat themagnetically
deadlayer thicknessis 30 nmoneachsamplesurface, theratio
of the magnetic signals in these two layersis measured to be
0.59 in the cross-sectional sampleand 0.70 in the plan-view
sample. Theconsistencybetweenthese valuesis encouraging,
andsupportsthe fact that theobserveddecreasein magnetiza-
tion in the upperLSMO layersmay be a real property of the
layers,perhaps relatedto the densityof the weakly magnetic
regionsobservedin theplan-view sample, ratherthanresulting
from the effectsof TEM samplepreparation.

4. Conclusion

Quantitative information about magnetic remanent states
in a GBCO/LSMO superlattice has been obtained in both
cross-sectional and plan-view geometry using off-axis
electron holography. Measurements obtained from samples
that were prepared using FIB milling show clear magnetic
signals at 90 K from the LSMO layers, whereas no magnetic
signals were observed at 293 K. The magnetic induction in
the LSMO layers is observed to decrease with increasing
layer number from the substrate. Although this decrease may
result from TEM sample preparation, we suggest that it may
originate from an increase in the density of weakly magnetic
regions in the uppermost LSMO layers. Magnetic ripple
contrast is also observed in the single-crystalline LSMO
layers in plan-view geometry.
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