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Abstract

Off-axis electronholographyis usedto characterizehe magneticpropertiesnf a GdBaCusO4/Lag 7551 .gVINO3 superlatticebelow the Curie
temperaturef the manganitdayers,in both cross-sectionandplan-viev geometry The samplesverepreparedor electronmicroscopyusing
focusedon beammilling. Differencedetweerthemagnetigropertiesof successie manganitdayersareobservedn thecross-sectionaample.
Magneticripple contrastand weakly magneticregionsare observedn plan-viev geometry Although the resultsmay be affectedby sample
preparatiorfor electronmicroscopythe observedlifferencebetweerthe magneticpropertiesof themanganitdayersareconsistenbetweerthe

differentsamplesexamned.
# 2005Elsevier B.V. All rights resened.
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1. Introduction

High-T¢ cuprae/dopel-mangaite RBaCusO-/La;_,Ay-
MnOs; (R=Y, Gd; A =Ca, Sr, Ba) layeredstructues, which
are usually strained as a result of small differencs in lattice
paraméer betwee theconstitientmaterids, exhibitinteresing
magneic and supercondcting propeties that are sensiive to
local variationsin interaomic spachg and bondangk in the
layers.They areof interestfor usein spirtronic devices, whose
propetieswill dependontheir layer strucure, defect topology
andinterfacequality.

Recently the presenceof an unexpectedantiferromagetic
(AF) phasenhasheeninferredin YBa,CusO,/Lag g Ca 3MN0O3
superldtices from hystkeresis loops that shov exchange
couplingat 5K [1]. The microscopc origin of this AF phase
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was not established.Here, we report on a preliminary study
of the magetic propertes of a similar GdBaCusO,/
Lag 7551 2gVInO; (GBCOLSMO) supetfattice, both belov
andabo\e the Curietemperatire of themangnitelayers,using
off-axis electon hologaphy in the transmision electron
microscope(TEM).

Off-axis electronholograply can be usedto measue the
magneic induction in a thin-PIm strucure with a spatid
resolution that can apprach the nanoneter scale [2]. The
technique involves the measuementof the phaseshift of a
high-enegy electronwave thathaspasse througha materid.
The phaseshift is sensitve to the locd electrostaic potential
(the mean inner potental) of the sanple andto its magneic
induction. In the absewe of dynamical diffraction, the phase
shift is given by the expression

o(X) :CE/Vo(x,z)dzf (E) //BL(x,z)dxdz 1)
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where zis theincidentelecton beamdirection x adirecton in
the planeof the sample,V, the meaninner potential, B, the
componentof magneticindudion perpendicula to bothx andz,
and Cg is an energy-dependd constantthat takesa value of
6.53 x 10°radV "t m~! at a microscopeaccderating voltage
of 300kV.

Although the magneic propeties of marganite PIms hawe
been studied using electron hologaphy in the past, the
complexity of their magneic phasediagrams,togeher with
their sensitvity to small variationsin compositionand stran,
suggets that further work is required to undestand the
magnetic propeatiesof suchmaterids fully [3D7] In particula,
none of these studes were perfaomed on layered manganite
structuresin cross-se@bn, both becausesuch measurements
involvethemeasuementof weak magneticsignalsandbecause
they are complicaked by contributionsto the measuredsignal
from diffraction and Fresrel contrast (seebelow) [8,9].

2. Experimental details

GBCO/LSMO supetattices were grown epitaxialy onto
SrTiO3 (0 0 1) substréesby dc magneton sputterirg [10]. The
sanple studed hereconsstsof asupefattice of bveGBCOand
four LSMO layers,with average layerthicknessesf 19.0and
9.2 nm, respedtvely, as shavn in the form of a schemat
diagramin Fig. 1. The labding of the LSMO layers (top,
secoml, third, botton), whicharereferredto in thetextbelow, is
debnedin this diagram.

Sanples were prepaed for electon microscopy by usng
focusa ion beam (FIB) milling with Gaions at 30 kV in an FEI
200FIB workgation. A Ptstrap wasdeposited onto the sampe
suffacein orderto minimizeary ion danmageduling sutseqient
FIB milling. Crosssectiond sampleswere preparedin standad
OenhOgeomety, while plan-view sanples were made by
milling away the SrTiO sutstrate frombereah thelayers. Great
carwastakento minimizedamayeto the sanpleby millingwith
alow bean current pamllel tothesurface of the Pnd membrane
Althouwgh FIB milling is known to damagethe suifacesof thin

GBCO 19.0 nm

Top layer of LSMO 9.2 nm
GBCO 19.0 nm

Second layer of LSMO 9.2 nm
GBCO 19.0 nm

[_Third layer of LSMO_ 9.2 nm

GBCO 19.0 nm

Bottom layer of LSMO 9.2 nm
GBCO 19.0 nm

~130 nm

SrTiOa substrate

Fig. 1. Schemat diagramof the GBCO/LSMOsuperlatticeexaminedin this
study The aweragethicknesse®f the layerswere determinecdoy HRTEM.
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TEM speimens, it providesthe great advantage for eledron
holograpty of eliminaing the rapid speimen thickness
variationsthatoftenresult from Arion milling layeredstructures
A Philips CM300-ST beld emisson gun (FEG) TEM was
usedto acquirehigh-resolition (HR) latticeimagesandoff-axis
electon holograms of the sanples at 300kV. A bright-pet
imageandanelectronhologram of a cross-sectionbhsampe of
the layeredstrucure areshovn in Fig. 2a andb, respectively.
Fig. 2c shavs a schenatic ray diagramillustrating the electron
microscopegeomety for electronholography The sampe is
illumi natedcoheently, with theregionof interestpostionedso
thatit coversapproximaely half the peldof view. An electon
biprism is usedto overlap the electronwave that haspassed
throuch the sanple with areferencewave thathaspassednly
throuch vacuum.Interferenceof the two partsof the electon
wawe resultsin the formation of holograplic fringes, which
recad both the amditude and the phaseshift of the electon
wave thathaspassd throughthesanple. The useof aOLoretzO
minilensallows hologramf magneic materialdo beacquirel
at high magnibation with the corventional microscope
objective lens switchedoff andthe samplein magetic-petl-
free conditions.For the presntexperimentsa biprism voltage
of 250 V wasused correspadingto a holograplic interference
fringe spacingwith the samplein Peld-free condtions of
2.6nm. Referenceholograms were acquirel from vacuum
alore and usedto remow distortions associatedwith the
imagingandrecordingsystenof themicroscope Samplesvere
examinedatboth90and293K, usingaliquid-nitrogen-cooéd
TEM specimenholder The LSMO layers were expected to
becone ferromagnéic belonv ~230K, while atroomtempera-
ture no magneic signal was expectedfrom the sample
Hologramswerealwaysacquiral at reman@ceaftersaturatimg
the samplemagnetically parallel to the layersin the cross-
sectimal sample or to the sample edge in the planview
sample by using the beld of the conventional microscope
objective lensto apply in-planebeldsof ~1 T with thesample
tilted at +308 Eachsanple wastilted backto 08in zeropeld
for elecron hologaphy Pairs of phaseimagesthat had been
acquirael with the samplemagnetized in oppositedirectiors
were usedto eliminate the unwanted mean inner potential
contibutionto thephaseshift (seebelow). Furtherdetailsof the
procedure usedto recad electon hologams and to extract
phaseinformationfrom them are describedelsevhere [2].

3. Reallts and discussion
3.1. HRTEM observaibns

An HRTEM image of the uppemost LSMO and GBCO
layersin the cross-gctionalsampleis shavn in Fig. 3. Lattice
fringeswereobsevedin all of the layersof interest, although
apprximately half of the top GBCO layer was amorphied,
presimably as a resut of the unintentonal ion damage that
occured during the deposiion of the protective Pt strap.In
addtion, the spacig of the lattice fringes visible within the
uppemost GBCO layer is slightly differentfrom that in the
othe layersin thissanple. In Fig. 3, theinterfaces betweerthe
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Sample
Lorentz lens

. Back focal
plane
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Fig.2. (a)Bright-Petl TEM imageof the GBCO/LSMO superlatticeimagedn cross-sednal geometryThelargeandsmallarrovsindicatethe GBCOandLSMO
layers,respectiely. The Ptoriginatesfrom TEM samplepreparatiorusingFIB milling. (b) Representaik off-axis electronhologramof the areashown in (a). (c)
Schematidllustration of thesetupusedo generat®ff-axis electrorholograns. Essentiatomponets arethe peldemissiorgun(FEG)electronsouce,whichis used
to provide coherenillumination, andthe electronbiprism, which is usedto overlapthe sampleandreferencevaves.The Lorentzminilens allows the sampleto be

imagedwith an optimal Peld of view in magnetic-pei-free conditions.

LSMO andGBCO layersareindistind, andthe layersarenot
always uniform in thickness.In a separatestudy similar
samplecontainingindividud GBCOlayerswerecharacerized
to haw interface roughressesof ~1.1nm, with ~30%
interdffusion of LSMO into the prstunit cell (~1.1nm) of
the GBCO layer [11]. In the presentsanple, the averag
thicknessesof the LSMO and GBCO layersweremeasuredy
HRTEM to be 9.2 and 19.0nm, respectiely.

3.2. Predictedphaseshift in cross-sectinal geonetry

If neitherVy norB, varywith zwithin asampleof thickness
t, andif thereareno (demagtetizing) Peldsoutsidethe sample,
thenEq. (1) canbe simpliPal to

e

d(X) = CeVo(X)t(x) — (E) /BL (X)t(x) dx (2)

In asampleof uniform thicknessandcomposiion, thein-plane
magneic induction is therebre expectedo be propotional to

thegradientof themeasuedphaseshift. Ontheassunptionthat
the sanple thicknessis uniform, thatonly theLSMO layersare
magneic and that they are magneized perpendiular to the
electronbeamdirection the phaseshift in the preent cross-
sectionasamplethatwould bepredictedusingEq. (2) is shavn
in Fig. 4. Theparaméersusedn thecalcukltionaregivenin the
captionto the bgure.If the magneic inductionis the samein
magnitudeand direction in eachLSMO layer, then the mag-
netic contributionto the phaseshift is predictedto hawe the
appearane of a staircase rising in each LSMO layer and
remainirg Rat in each GBCO layer, as shavn in Fig. 4a.
The phasegradientin eachLSMO layer is then propotional
to the magnitudeof the indudion. The meaninner potential
contribution to the phaseshift is shovn in Fig. 4b, on the
assumptia (basedon experimentalmeasuementspreented
belaw) thatV, for LSMO isslightly largerthanthatfor GBCO.
Thetotal phaseshift, whichwould be measuredexperimentally
from asingleelectronhologramjs shavnin Fig. 4c. As aresult
of the fact that the meaninner potentialcontibution is much
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Fig. 3. HRTEM image of the uppermos GBCO/LSMO layersin a cross-
sectionabamplepreparedisingFIB milling. TheGBCOlayersexhbit contras
thathasa periodicityof ~1.17nm. Thetop GBCOlayeris partly damagednd
amorphizedasa resultof Pt depositionduring FIB samplepreparation.
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Fig.4. Phaserobleshaving (a)themagneticcontribution, (b) themeaninner
potential contritution and (c) the total phaseshift, predictedfor a cross-
sectional sample that has a uniform thicknessof 100nm containing the
GBCO/LSMO superlatice. The following valueswere usedas input para-
meters:magneticinductionof LSMO = 0.32T [12]; meaninner potentialsof
LSMO, GBCOandSrTiO; = 18.7,17.3and18.0V; layerthicknessesf LSMO
andGBCO=9.2and19.0nm.
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larger than the magnetic contribution, the magneic signal of
primary interest mug be separatectarefuly from the mean
inner potential contibution to the total phase shift. This
separdbn was achieved by taking either half of the sum or
half of the differencebetweenphaseimagesthat had been
recaded with the samplemagnetizedin opposte directiors.
Theseimagesprovidedthe mean inner potential andmagnetic
contibutionsto the phaseshift, resgectively, on theassumgbn
that the magneticmicrostructurein the samplehasreversed
exactlybetweerthetwo recadedphasamages The sampleis
alsoassumedo reman magnetizedn theplane of thespecinen
at reman@ce. Both of theseassunptionsare expectedo hold
for the cross-sedbnal andplan-view sanple geometiesexam-
ined here

3.3. Magnéic observationsn crosssectionalgeonetry

Fig. 5 showvs expaimertal measuementsof the mean inner
potential and magneic contibutions to the phase shift,
obtaned from the cross-gctional sanple using the apprach
descriled abowe. The positionsof the LSMO layersareshavn
in grayin Fig. 5bbd.Themeasuedmeaninnerpotentialprobke

b SrTiOs

[=]

0.35 (C)

Phase shift (radians)

@
j

14 (d)

0 100
Position (nm)

200

Fig.5. (a) Experimentalmeasuementof themeaninnerpotentialcontribution
to thephaseshift, andproblesshawving (b andc) themagneticcontributionsand
(d)themeaninnerpotentialcontributionto thephaseshift at (b) 90 K and(c and
d) 293K. The positionsof the LSMO layersare shavn in grayin (b)B(d).
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(Fig. 5d) is reassungly similar to the prediced probk shavn

in Fig. 4b. The gente slope in the experimentalprobk is

thought to resultfrom a gradualdecreasén samplethickness
towardsthe specinen edge(Fig. 5d). The meauredmagnetic

contribution to the phaseshift is observedto decreasen the

mannemnf astaicaseat90 K (Fig. 5b), with signibcat changs

in phasealwaysoccurring at the postionsof the LSMO layers.
Thisbehavioiis alsoqualitaively consistenwith thesimulaed

probleshovnin Fig. 4a.Additionalfeatuesin theexperimental
problemayresut from aslightly differentdefoaushavingbeen
usedto recad thetwo individud phaseémageswith thesample
magneizedin oppositadirectiors. TheresultingFresrel fringes
at the postions of the interfacesmay thennot hawe canceled

exactly The magneticcontributionto the phaseshift is closeto

zeroat 293K (Fig. 5¢), which is consstentwith the expected
abseweof amagneic signalaboetheCurietempeatureof the

manganie layers(~210K) [1].

From a comparison of Figs. 4 and 5, it isinteresting to note
that experimentally the magnetic signal from the LSMO
layers is smaller than in the simulated probles, whereas the
mean inner potential probles 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 brst term in Eq. (2) and assuming a value for Vg 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 sample surface. Table 1 showsthat, on the
assumption that the magnetically 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 islikely
to result from noise in the experimental proble.

Tablel

Specimerthicknessesalculatedat the positionsof the LSMO layersfrom the
meaninner potential contribution to the phaseshift measurd from the FIB-
preparedcross-se@nal sample, and magnetic inductiors in these layers
inferred on the assumptiorof variousmagneticlly deadlayer thicknesses

Layer Specima Magneticphase Magneticinduction(T)
; o -
thicknes (nm)®  shift (rad) onm®_ 25nmP 30nmP
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

& Calcubtedfrom themeasuredneaninnerpotentialcontritutionto thephase
shift shavn in Fig. 5d, usinga value of V, for LSMO of 18.7V.

P Thisis themagneticallydeadayerthicknessassumedo bepresenbneach
samplesurface.
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The modg striking aspet of Fig. 5 is thateachLSMO layer
appearsto be less magneic than the previous one, with
increasing distane from the substrée. Corsistert phase
problesdemongtating this trend were obtained from several
differentregionsof thesanple, of differentspecinenthickness.
Although the uppemost LSMO layer may hawe beenion
damagediuringthe early stegesof the FIB sanple preparaibn
(Fig. 3), HRTEM obsenationsrevealedlattice fringesin all of

200 nm

Fig. 6. (a) Direction and (b) magnitudeof the magneticinduction measured
using electron holograply at remanencefrom the FIB-prepaed plan-viev
sample.The averagedirection of the magneticinduction is shavn using a
largearrow in (a). Thelocal inductionis indicated accordingto a color wheel.
Thesamplewvassaturatednagneticly parallelto its edgebeforeremovng the
appliedpeldandrecordingthe hologram.The smallarrow in (b) indicatesthe
boundarybetweersingle-layerandtwo-layerregonsin the sample Themean
innerpotentialcontribution hasbeensubtractedrom themeasuregphasémage
(seetext for details).(Forinterpretatiorof the referenceso color in this bgure
legend,the readeris referredto the web versionof the article.)
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the LSMO layersthatwerestudiedusingelectronholograply.
The obsewvedchangen magneticpropertieswith layernumber
may therebre be a real propety of the sample,ratherthan
resuting from TEM samplepreparaton.

3.4. Magneticobservaionsin plan-view geomety

An FIB-preparedplan-viev sanple contining the same
layer structure was examinedat 90K. Fig. 6 shavs the
measuredmageticindudion atremanace,aftersaturatngthe
sanple magnetically parallel to its edge.In Fig. 6, the mean
inner potentialcontibution, which wasobtainel by averaging
phaseimagesacquied with the sampe magnetizd in several
different directions, has been subtracted from the measued
phaseshift. The average directionof inductionin the sample
whichis shavn accordngto acolorwheel,is seerto follow the
direction of the applied magneticPeld, as indicated by the
arrow in Fig. 6a.In addition,eventhough thesanpleis asinge
crygal, magneic ripple contrasisvisible, with theinductionin
adjecentregionsrotating by anglesof ~908 The predominant
texture of the ripple contras is perpendiular to the average
magnetizaion direction of the PbIlm, as a result of local
perturbationsof its easyaxis [14]. No magneic signal was
appaentat 293K, asexpectedrom the Curie temperatire of
themarganitelayersandfrom the obsenationsfrom the cross-
sectonal sample

Interestingy, two regionswith differentmagneic contrast,
with asharpbounday betwea them,arevisiblein Fig. 6a. This
effectis likely to resut from the preenceof differentnumbers
of LSMO layersin projecton in different regions of the thin
pIm after preparatbn for electon microscopyUp to adistan@
of ~210nm from the specinenedge,only oneLSMO layeris
present.Two layersthen contibute to the contast, with the
two-layer region exhibiting apprimately twice the phase
gradientandhavingtwice the meauredsanple thicknesof the
sinde-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 SrTiO5 substrate. However the saturation
magnetization expected from bulk measurementsis 0.32 T at
90 K [12]. This difference 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 PIm at remanence, which can be seen by plotting the
magnitude of the magnetic induction measured in the plan-
view sample in Fig. 6b, or aternatively with a magnetic
thickness for the LSMO layers that is smaller than their
physical thickness.

The weakly magneic regionsthat arevisible in Fig. 6b are
distributedrandomy. Their presenceén the single-layermegion

T. Kasamaet al./ Applied SurfaceScience252 (2006) 3977D3983

suggets that they do not arise from the superpogion of
oppostely magnetizé regionsin two layers thatareviewedin

projecton. Theymaybeassocitedwith the AF phasereportel
by Haberkan etal.[1], althoughthepossbility of localdanage
during sampleprepaation cannotbe excludedcompleely. On
the assunption (mention&l abo\e) that the two LSMO layers
that are closestto the SrTiO5 substate contibute to the
magnetic signhalsobsewedin Fig. 6, andthatthe magneticdly

deadlayer thicknessis 30 nm on eachsamplesurface theratio
of the magneic sigralsin thes two layersis measued to be
0.59in the cross-sectionasampleand 0.70in the planview
sample The consisencybetweenthes valuesis encouragng,
andsupportghe fact thatthe observeddecreasen magneiza-
tion in the upperLSMO layersmay be a real propety of the
layers,perhaps relatedto the density of the weakly magnetic
regionsobservedn theplanview sampleratherthanresulting
from the effectsof TEM sampleprepaation

4. Condusion

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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