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Space frequency analysis of microscope images by 2-dimensional
fast Fourier transform

Kyoichi OSHIDA and Tatsuo NAKAZAWA

Thepracticalimageanalysismethodforthemicroscopepicturesofelectricalmaterialsisintroduced.The

frequencyanalysisofthedigitizedTEMpicturesbyusinga2-dimensional(2D)fastFouriertransform(FFT)

andtherealspaceimagesreconstructionbymeansofthe2DinverseFFr(IFFr)arementioned.Theconcrete

pictureimagereconstructionmethodby2D-1FFTisillustrated.
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1.Imtroductiom

The study ofthe microstructure ofelectronic

materialscanbeenhancedbyusinghighresolution

transmissionelectronmicroscopy(TEM)combinedwith

imageanalysis･Thedigitalimageanalysismethodcan

applytoquantitativeinvestigationofthemicroscope

picture･AsshownimFig･1,thetechniquesofdigitalimage

processingformicroscopeimagesaredividedroughlyinto

twocategoriesofmethods･One(theuppersideflowinthe

Fig.1)isaspatialfrequencyanalysisbythe2-dimensional

(2D)fastFouriertransform(FFT),andtheverificationby

the2DinverseFFr(IFFT).Another(thedownsideflow

intheFig.1)isthemeasurementandtheoutlineextraction

onthebasesofthebinarizedmicroscopepictureimage･

Inthispaper,wehaveshownthepracticalimage

analysismethod forthemicrostructuresofacceptor

graphiteintercalation compounds(GICs)with CuC12

Reconstruction

oIjmage
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Fig.2_LattlCerrlngeimagesoraprecursorVGCFsample(a),apristineVGCFsampleheattreaLCdto2900oC(b),andaCuCl:JnlercabLcd

VGCFsample.ThecorrespondingpowerspectraObLa)nedFormthedigitizedimagesorthemby2D-FFTiLreShownintheinsets,

respectively.

inlerCa】anlS.The2D-FFTwasusedForlheFrequency

analysISOrtheTEN picLures.Fromtheanalystsorthe

powerspectrumobtainedbythe2DIFrr.Somespcciric

Frequenciesandrealspaceimagesassociatedwiththcゝc

frequencieswereextractedbymeansorlhc2D-1FllT･

2.FrequencyanaJysJS

TheTEMimagesoftheJatticefringesTorprecursor

vaporgrowncarbonfibers(VGCFs)I)･2),orprislineVGCFs

heaHrcatedto29000CandorCuC12intcrcalaledVGCF

とIrCShowninFig.2(a),(b)and(C),respeclively3)･4).ln

orderlOPreparethedigitaldataforthesuccessiveanalysts,

thcヽcTトM imagesweredigilizedandstoreinthe

い‖-叩UIcrrhcdigits/edimagesarecaHedastheorLglnal

州LLr.Chlmmhere.

Jhe21)[･ドr/H･1･-riゝlhcoperiltionlolhcwhole

iM･LgC.llntl(IJ=…l-Ihum thepartialoperationlike

Lap)acianriher,thatIS,the2D-FFTcanremoveperlodic

noisesanddistortionsorthewholeimagethatcannotbe

eliminalCdbylhepartia一operalion.Furlhcrmore,itis

possibJcLodospacerrequcncyanalystsOrthewhole

imagcITheprocessor2D-FFrand2D-1FFToperalions

iLrCShowninFig.3.TheresLJLtorFFTisthecomp一ex

number.andthepowcr叩CClrumiscalculatedbylhesum

orcilCh qゝuarcorthercalpartandtheimaglnaryPart.

SincelhcTE… imageitselristhoughttObewindow,

whichcutdownthecontinuousdatalotherectangular,the

edgeorthelmageisdiscontinuousandilarreclsthe

characlerisljcsorresulhngpowerspecLrum･lnorderto

removethiserfec(,thewindowLreatmenlisperformedto

theor唱lnalimagebeforetheFドToperation.Inthisstudy,

WeuseHammlngWindowro√thewindowlreatmenlA

seriesorw-ndowlrcaLmenl,FFr,powerspcclrunlProcess

isshownlnLhcuppernoworFig･3.whi一easeriesorFlT,
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Figs.The2dimensionalfastFouriertransfom(2D-FFr)andthe2dimensionalinversefastFouriertransform(2D-IFFr)

operation.

extractionspecificfrequencies,IFFTprocessisthedown

nowinFig.3.0ntheotherhand,thewindowtreatmentis

notneedwhenwegetthereconstructionimagebyIFFr

operation.Thespecificfrequenciesareestimatedby

analysisofl九epowerspectrum,andthemaskpatternis

madefortheextractiorLOfspecificfrequencies.Themask

patternisappliedlothecomplexdatacalculatedbythe

FFroperationwithoutwindowtreatment,thenthespecific

frequencyImageisobtainedbytheIFFToperation.

TheinsetsofeachpictureinFig.2arel九epower

spectraoftheoriginalimagesobtainedbythe2D-FFr5)･

ThetwobrightspotsinthepowerspectrumofFig.2(b),

thataresymmetricallyposilionedabouHhecentralpoint,

correspondtothe002latticeplanes.Thecentralpoint

correspondstothebrightnessoftheoriginalimage.Since

thetwo002Spotsandthecenterspotappeartobesharp,it

isknownthaHhe002latticeplanesareconsistently

paralleland the interlayerspaclng isuniform.Tn

comparison,thespotsil一thepowerspectrum,which

correspondtothe002latticeplanesinFig.2(a)are

extended.Theextensionofthespotsalongl九ex-axis

indicatesthepresenceofaperturbationtothe002lattice

planes,whereastheextensionalongthey-axiscorresponds

loaspreadinl九edistributionofinterlayerspaclngS.

meextendedsizeofthespotsinFig.2(a)especially

alongl九ex-axis,relativetothoseinFig.2(b),indicates

thatl九estructureoftheprecursorVGCFsismore
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disorderedthanthatoftheheat-treatedVGCFs.Located

nearthecenterofthepowerspectnlminFig.2(b)isa

cloudofspots.Thecloudindicatestheexistenceofa

changeinthemagnitudeatlongspatialintervalsinthe

prlnCipaldirectionappearlngintheimage.Thesizeofthe

di肌sespotsprovidesameasureofthesizeofthereg10nS

withasimilarorientation,andofthedifferentorientations

oHatticeplaneswithinthelatticeimageunderanalysis.

AllthelatticeplanesinFig.2(b)haveacommon

direction.

Figure2(C)showsthelatticefringeimagesfor

CuC12intercalatedVGCFswiththeinsetindicatingits

powerspectrum obtainedbythe2DIFFr.Thepattern,

whichappearsinthepowerspectmm,lSVerySimilarto

thestreaking,foundintheelectrondiffractionpatternof

thesamesample.WecanthtJSObtainthestreakpattern

eitherbyimageanalysts,Orbyelectrondiffraction.Its

characteristicpatternisdistributedinalineperpendicular

tol九eOoflatticeplanesoftheoriginalimage.¶e

spectrumisverysharpforCuCl2GICsandthisisbecause

thetransversewidthoftheFFTpowerspectrumpatternis

verysmall,indicatinglargelateralreglOnSWiththesame

stage.Sincel九espectrum isdistributedonlyinone

direction,lhe2-dimensionalpowerspectrumimagecanbe

graphedbyintegrationperpendiculartothedistributionof

l九espectmm5),usingthesameapproachaswasfollowed

fortheTEM imagesofthepristineVGCFsandofthe
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Fig.4.ThedistributiorLOfinterlayerrepeatdistancesfortheCuC12intercalatedVGCFsampleobtainedfromthepowerspectrumof

Fig.2(C).

VGCFsheaHrealedlo2900oC.

Figure4showsthedistributionofinterlayerspaclngS

obtainedbyintegrationalongl九ex-axisofthepower

spectrum inFig.2(C).Therearemanypeaksinthe

integratedpowerspectruminFig.4intheregionbetween

O･3and4mm.Thelargepeakontherightat0.336nm

correspondstothe002graphitelatticeplanes.Stage-1,

stage-2,andhigherstageregionsaSWellasgraphite

stackingareassumedtoappearinFig.4.Weobservea

fairlysmallstagellpeakaround0.93nm.Thereisanother

peakbetween1.21and1.65mm(thehighestpointlocated

at1.396mm).Thispeakisthoughttocomsislofastage-2

Component(peakatl･27nm)andastage-3Component

(peakat1.61nm).

Fromthisfrequencyanalysis,itisclearlhaHheTEM

patternforCuC12GICsshowsevidenceofstage-1,stage-2,

andstage-3 reglOnS,andgraphiteslacking,butthe

preseIICeOfthestage-1reglOnisnotasevidentinthe

originalimageshowninFig.2(C)asintheFourieranalysis

inFig.4.Thereareseveralotherpeaksbetweenthe

graphiteandstage-1peakswhichmaycontributelothe

constructionoftheoriginalimage.

Thesepeakshavethepossibilityofcontainingthe

followlngtwokindsofcomponents.Oneisafundamental

componentfromwhichtheshapeofthewaveisformed,

andtheotheroneisassociatedwithhamoniccomponents.

SincethebrightnessoftheTEMimageoftheCuCl2GICs

changessmoothly,averylowintensityfortheharmonic

components is expected,exceptforthe harmonic

componentofl九e002latticeplanes,asmentionedabove.

Ilmaybelhatthecomponentsintherealspaceimageare

relatedlothesepeaks.

Someoftheimagecomponentscanceloneanother,

whichcausesdarkspacestoappearintheimageforthe

CuC12intercalatedlayers,whilesomeothercomponents

reinforceeachother,andcontributelotheshapeofthe

stagelayers.Ilappearslhatthestreakinthepower

spectrum ofFig.2(C)consistsofaseriesofpeaks

superimposedonthepowerspectrum.

3.Reconstructionoftheimage

Realspaceimageswerereconstructedbytakingthe

2D-IFFrinordertoverifythestagingstructureofthe

CuC12VGCFsdiscussedabove.Theimagesreconstructed

from the specific frequenciescorresponding to the

interlayerspaclngSOf0.336nmand1.396mmareshownin
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Figs･5･ImagesorLFfTrrorとICuC1,...tercilliILCdVGCFsampLe･TheimagesarcrcconslruCICdFromspec.'r.cFrcquc一一ciescorresponding

LOLhcinlcrhtyCrSPとLCi一一gsor(il)0･336nmとInd(b)I396nm.

Fig･6･ImageolLlleTFFrforlhcCuCL2intcrcalLltCdVGCF

sdmPIccorrcspo.ldi.lgLOthesupcrposiliontwointcrlaycr

叩iLClngS,0.336nmandl.396nm.

Fig･5(a)And(h),rcspeclively6)17)･Thewhite)inesinFig.5

(こI)corrc叩Ondtothe002laLticeFringe,andlhosel'nFig･5

(b)corrc叩OndloLhcstage-2orslagel3regionsinthe

l'ntcrlaycrinliLgC.lllCimagesorFig.5(a)and(b)arecasily

Mr)CriJTIPmCdLIPOnCilChoLhcrbyselectmgthespeciFic

rrcquCnC心 州し川ICnPCrrOrmlngLhc2D-1FFT,TheFigure

obIとIincdlly しヽ岬rm1P恥ingド心･5(a)and(b)hythis

mclhodiいいOWninI:也.(). rht:i‖＼Ctt0ドig.()ヽhowhlhc
･Wlcctcd.,Jre叩 州 C川Olthc･pnWLLrヽIICtetrtm=huLiヽ恥じdtor
lhccxLrこICtionoIIhC叩L･CJHicJrt:quCnCicヽ inthejm相C
pとIItcrn.Thect:ntr叫)oiLlt､()川-cpowL･r hrightnc､Soflhc

real叩aCCimHgC･lnI･-ig･(),wcfh-d‖1乙ll'tnimilgCゝinll');LrtO

the tゝagcim相C(Jr(11C､ctLnbtlconヽlrucZL:dfrom two

dirrerenlrrequencicscorrespondhlgtOthehighinlensLly

PeaksinthepowerspecLrum･BuHhesuperimposedimage

(Fig･6)dirrcrssIlghtlyfromtheoriginalimageshownin

Figl2(C),whichmaycontainstage-1,-2,-3regl'ons.

Thcotherrrequcncycomponentsarehypolhesizcdto

contribuLctotheconslruclionoltheorlg川aLimage.We

wereablelorcconslrucHhecorresponding)magesshown

inFig･7bytakinglhcFFTofthelFFT･Theimagesin

Fig･7arcccntcredonpeaksat(a)0.358nnl,(b)0.412nm,

(C)Ol443nm,ilnd(d)O･478nnl0日hepowerspectrum

hl10WninFig･4･ThepeaksappcaTbetweenthegTaPhiLe

itndstage-IinlcrlaycrspaclngS.Thebrightnessofthe

imagesisnlOdulatcd,respectively,Forclcarviewlng･We

canseethatthespacLngSOrthe一ayersareslightlyextended

ongoingfrom(a)to(d)inFig･7Flgure8(b)istheimage

obLaincdbysuperlmposingFigs･5(a),(b),andFigs.7(a)

to(d)ITheoriglnalTE… imageofCuC12(Fig.2(C))is

shownagaininFig･8(a)incomparisonwith(b).Wccan

seethatFig･8(b)ismoresimilartotheoriginalimagethan

Fig･6･ThelayersofFigl8(b)appeartobesharpeHhan

thoseintheoriglnalImage(a)becausethesclcctionor

speciFicfrequenciesactsasanoisereductionoperation.

ButsomeHncsappearinrainlform intheCuCll

inlcrcalatcdlaycrsorFig･2(C)･Thisappear;LnCCiscaused

hyaJとICkordatawhenthじSPCeiricrrequCnCicswcrc

selccICd･Ir州 orlhcrrcqLJCnCicsprCSCnlintheor]gmal

imこLgC(Fig･2(C))canbcidenLirkdandscJcctcd,aperrccl

rceo仙IrLJClionoLlhcor鳩目1aJim;LgeCaTlbe呈tChieved.

日owcvcr,LhcoriginとLHmiLgeOrFig.8(a)already

coTILainsゝomcrain=incswherethelnlercalanLsenlcrand
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Figs.7.1magcorthelFFTForlhcCtlC12inlerCilkltCdVGCドsamplc･Theim鳩CSarcrCCOnStruCICdrronlthespcciricrrcquencleS

correspondi■lgLOlhehllerlayerspilCl'ngsor(とI)0.358nm,(b)0.4L2nm,(C)0,443nnlllnd(d)0･J78nm･

川H､.汁.(.I)OIigLI日日.ItLjccrrjngcimilgCOrlhcCuCl2jHICrCとlhLcdVGCl:ゝuml)Lc.(b)lnl乙IgCurlhclHrlro√theCuCL2inlcrcaJalcdVGCF
一一ML)lm r- NT"Ltt･tllrolTl州 叩CCincrrcqLJCnCicsshownil-ngS･5iLlld71
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exit.Thesefaintf由turesappearasaresultoftheinmence

oftheaperturesettingwhentheTEMimagewastaken,

whichoccurredlikewisewhentheaboveimageanalysis,

thespecificfrequencyselectionofthepowerspectrum,

weremade.Apartoftheelectronbeam ofTEM is

interceptedbytheaperture.Thereforetheaperturesetting

ofTEM obseⅣationmayalsoactsasafrequency

3Selectionoftheelectrondiffraction.

Asaresultoftheseanalyses,itisclearlhalthelattice

fringeimageoftheCuCl2 GIC(Fig.2(C))consistsof

certainimageswhichcorrespondtospecificfrequencies

thatarerevealedbyanalysisofthepowerspectrum,where

stage-2andstage-3imagesareshowntobedominantin

theOofgraphitelatticefringeimage.Imageswhich

correspondtotheotherinterlayerspacIJlgSPreSentfurther

detailsthatarefわundintheoriginalstageimage･

4.Summary

The practicalimage analysismethod forthe

microscope pictures of electriCal materials were

introduced.ThefrequencyanalysisofthedigitizedTEM

pictureswasdonebyusinga2-dimensional(2D)fast

Fouriertransform (FFT).Realspace imageswere

reconstructedsuccessfullybymeansofthe2Dinverse

FFT(IFFT)usingsomespecificfrequenciesobtainedfrom

theanalysisresultofl九epowerspeclnlmObtainedbythe

2D-FFT.Itisthoughtthattheanalyticalmethodofspatial

frequencyanalysisaccordingtoa2D-FFrandverification

bythereconstructionofthepictureimageusing2DITFFT

isusefultothematerialresearch.
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