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Abstract

Quantitatve measuremertdf intensityprofilesof equalthicknesdringeshasbeencarriedoutin
SiandMgO crystalimageswith anenegy-filtering transmissiorelectronmicroscopeusingan
imagingplate. Thecrystalshave a90° wedge-shapwith {110} surfacedor Si andwith {100}
surfacegor MgO, andareobsenedunderthe exactaxialincidenceof a200keV electronbeam
alongthe[100] axisfor Si andalongthe [1IO] axisfor MgO. The intensitiesaremeasuredn
brightfield and022and040darkfield imagedor Si, andin brightfield and111,002,220,113,
222,and004darkfield imagesfor MgO, with andwithoutanenepy slit having +5 eV enegy
width for incidentelectrons.The intensity profiles obtainedfrom the imagesare presenteds
standardexperimentaldatafor calculationof electrondiffractionintensities.A few simulation
programsfor high-resolutiontransmissiorelectronmicroscopyare checkedoy comparingthe
calculatediffractionintensitieswith the experimentaldata. The complex potentialsuitablefor

matchingthe datais discussed.

Intr oduction

High-resolutiontransmissiorelectronmicroscopy(HRTEM) hasbeenestablishedsa method
to analyzenano-structuramaterialswith atomicscaleresolution,supportedy the advanceof
atransmissiorelectronmicroscopg TEM) andits attachmentsin particular the development
of detectorsuchasanimagingplate[1] anda slow-scanCCD camerd?2], which canrecordan
imageintensityasdigital datawith high sensitvity, goodlinearity andwide dynamicrange has
openedup quantitatve analysisof HRTEM imagesandelectrondiffraction patterns.We have
pointedoutthepossibilityof a quantitatve HRTEM usingsomecomputerexperimentsn which
theimageswerecalculatedor InGaAs/InPcrystalscontainingvariousdiffuseinterfaceg3] and

for InP crystalsusingvariousslicethicknesseandcrystalpotentiald4]. We have alsoreported



quantitatve agreemenbetweenthe obsered andcalculatedHRTEM imagesof the [001] InP
crystals[5].

Thequantitatve analysisof experimentatatadepend£ntirelyonthesimulation. Therefore
an objective inspectionof the simulationprogramis indispensabléor its accurag. A general
simulation programcalculatesthe crystal potential evaluatedfrom atomic scatteringfactors
[6-8], the scatteringprocessin the crystal using a dynamicaldiffraction theory suchasthe
multi-slice method[9, 10] or the Bethemethod[11], andthe imagingprocessy the objective
lenson the basisof electronoptics, suchasthe partial coherentimagingtheory[12]. These
theoriescontainvariousapproximationsandthereis a possibility thatthe programshave bugs
or errors. In fact, the resultsof the calculationof dynamicaldiffraction intensity by various
programsdo not alwaysagreewith eachother[13]. Although mutualcomparisorof various
programamay be effective to find out the bugs,to makethe calculatedesultsconsistents not
thefinal aim. The comparisorwith thereliableexperimentaldataandthe subsequerfeedback
to thetheoriesarestill moreimportant.

Equalthicknesdringesin a wedge-shapedrystalimageare a directrepresentationf dy-
namicalelectrondiffraction intensity Therefore mary investigationswvere carriedout on the
basisof the measurementf the equalthicknesdsringe intensities[14-21], andthey have con-
tributedto the improvementof the dynamicalelectrondiffractiontheoryandthe evaluationof
the structurefactor of the crystals. Theseexperimentswvere, however, carriedout on the two-
beamexcited Braggcondition,andnot on the multi-beamexcited zoneaxis conditionwhichis
usedin the usualHRTEM work. In a previous paper we have reportedthe dynamicaldiffrac-
tion intensity profilesobtainedrom a GaAsandan InP crystalusinga slowv-scanCCD camera
underthe [100] zoneaxis condition and have comparedthemwith the calculatedintensities

basedon the multi-slice method[22]. The paperhaspointedoutthatthe calculatedntensities,



which ignoredthe contrikution of inelasticallyscattereclectrongo the equalthicknesdringe
intensities,agreewith the correspondingxperimentalprofilesat thinnerregion than20 nmin
specimerthickness.

Theaim of the presenstudywasto provide reliableandstandardxperimentaldataof zero-
lossfiltered intensity profiles as well as unfilteredonesof equalthicknessfringesfrom a Si
crystalasatypical simplesubstancendaMgO crystalasatypicalionic crystalunderthezone
axis condition. Kamiyaet al. [20,21] indicatedthatin a small angleregion the contrikution
of inelasticallyscatterecelectronss mainly causedby plasmonexcitation ratherthanphonon
excitation. Measuremenof zero-losdfiltered intensity profilesusingan enegy-filtering TEM
enableausto cutthe contrikution of inelasticallyscattereclectronsdueto plasmonexcitation
out of the profiles. After comparisorbetweenthe simulatedresultsusing a few programsis
presenteda trial is also shavn wherethe simulatedresultsare checkedwith respectto the

obtainedexperimentaldata,usingvariouscrystalpotentials.

Experimental

Si single crystals(diamond-typea = 0.54307nm) having a 90° wedge-shap&ere prepared
by cleaving a Si (001) waferalongthe {110} planesandwere mountedon a specimerholder
for TEM. MgO singlecrystals(NaCl-type,a = 0.42112nm), having the {100} surfaceswere
preparedy burningMg in air andwerecollectedonacarbon-coatedrid, with holes for TEM.

Thecrystalorientations[100] for Si and[lIO] for MgO, wereexactly adjustedandconfirmed
by Kikuchi linesandby symmetryof theintensitiesof diffractionspots.All imageswveretaken
undertheseaxially iluminatedconditionsatroomtemperatureTheedgeof thespecimeralong
the[001] axishasa 90° wedge-shapwith the(110) and(IlO)surfaceior Siandwith the(100)

and(010) surfacedor MgO in thesecrystalorientations.Thus,the thickness canbe derived



asafunctiont = 2x of the distancex from theedge.

The bright field imagesandthe 022 and 040 dark field imagesfor Si, andthe bright field
imagesandthe 111,002,220,113,222,and004 dark field imagesfor MgO wererecordedat
adirectmagnificationof morethan200,0000n theimagingplates,whosepixel sizeis 25 um.
The datacantherebybe readout by a spatialresolutionof 0.125nm or lesson the specimen.
Multi-beamlattice fringeswererecordedunderthe sameconditionwithout the objectve aper
tureandwereusedo calibratethemagnificatiorof theimages.Theincidentbeamintensitywas
measuredn a vacuumregion out of thecrystalfor the brightfield imagesandit wasmeasured
afterremoving the objectve aperturdor the darkfield images.Theintensityof the equalthick-
nessfringeswasthennormalizedwith respecto theincidentbeamintensity Zero-losdfiltered
imageswere obsered with JEM-2010FEHCs = 1.0 mm) and JEM-2010ERCs = 3.3 mm)
TEMs equippedwith an Q-type eneny filter. The accelerating/oltagewas200kV, andanen-
ey slit wassetsoasto cutoff inelasticallyscattere@lectronsvith enegy losslargerthan5 eV.
Unfilteredimageswereobsenedwith the abose microscopesinda JEM-2010(Cs = 0.5 mm)
TEM operatedat 200kV.

The multi-slice simulationprogramto be checkedy the experimentaldatais the oneused
in ourroutineHRTEM work [4]. Scatteringactorswerecalculatecusingthe DoyleandTurner
expressior[7] exceptfor theonefor O?~, whichwasusedby Tanji et al. [23]. It wasconfirmed
from multi-slice calculationthatthe imageof the flat crystalrepresentshe contrastof the po-
sition with correspondinghicknessin the imageof the wedge-shapedrystal[24]; therefore,
theflat crystalmodelwasusedfor the calculation.Eachlayerof the multi-slice calculationwas
normalto theincidentdirectionandcontainedonly the atomson the sameheightwith respect
to theincidentelectronbeamj. e, a/4 for Siand(a/v/2)/2 for MgO wereappliedto theslice

thicknesswhoseproprietywascheckedn the previous paper[4]. For referencegcalculations



with two packagedgrogramswerealsocarriedout. Oneof themis MacHREM, which is also
basedon the multi-slice methodoriginally developedby Ishizuka[12,25], andthe otheris the

on-lineversionof EMS [26], whichis basedn the Bethemethoddevelopedby Stadelmann.

Resultsand discussion

Intensity profilesof equalthicknessfringes

Figurel shavs anexampleof zero-losdilteredbrightfield TEM imagesof a [1IO] MgO crystal,
recordedon animagingplate. The areasenclosedy rectanglesaresamplingareaswherethe
intensity was averagedover a width of 100 nm alongthe c axis. The width correspondgo
800 pixels on the imaging plate when the obsered magnificationis 200,000. The averaged
intensityof theimagewasthennormalizedo theincidentbeamintensity which wasmeasured
in avacuunregionoutof thecrystal. Becausef quanturmoisein eachpixel of theimage both
the averagedntensityandtheincidentbeamintensityhave a standardieviation to the amount
of several percentsof the intensities. A final intensity profile was obtainedby averagingthe
normalizedprofilesof severalimages.

Thenormalizedntensitiesof the equalthicknesdringesof Si, MgO (zero-losdiltered)and
MgO (unfiltered)arepresentedh Tablesl-3atintervalsof 2 nmin thicknessrespectrely. The
correspondingntensityprofilesfor Si andMgO areshovn in Figs.2 and3, respectrely. Since
the magnificationof theimageswascalibratedoy thelattice fringeson the multi-beamimages,
theerrorin thespecimerthicknesscausedy inaccurag of themagnifications negligible. The
total errorin the intensityincluding the abore-mentionedquantumnoiseis indicatedby error
barsin Figs.2 and3 atintervalsof 5 nmin thickness.Theprofilesof Si (Fig. 2) areinfluencedoy
theamorphousurfacelayer, 1 nm thick, andthe profilesof the222and004 darkfield images

of MgO (Figs. 3f and 3g) are influencedby specimendrift. The former wasignoredin this



measuremenglthoughit shouldbe eliminatedin anexperimentalprocedure Thelattershavs
thedifficulty in measuringhe intensityweakerthan1 % with respecto theincidentintensity
evenif theintensitywasmeasuredisingtheimagingplate. As theincidentbeamis limited up
to about10~’ A/m?, to avoid irradiationdamageandthe detectabilityof the imaging plateis
1010 C/n?, an exposuretime to recordthe intensityup to 1 % of the maximumintensity for
suchweakimagesbecomedongerthan10s, whichis toolongto avoid specimerdrift.

Comparingthe zero-lossfiltered intensity profiles (solid lines in Figs. 2 and 3) with the
unfilteredones(dashedines), it is obviousthatall correspondingprofileshave similar figures.
Theratio of the zero-losdilteredintensityto the unfilteredintensitytendsto decreasevith in-
creasinghicknessonthewhole,althoughit is notalwaysproportionalto thethicknessecause
of multiple scatteringin crystal. For example,in the 000 profiles of Si andMgO, the ratio,
which is about90 % at a thicknessof 10 nm, approximatelydecrease$o 70 % and 60 % at
thicknessesf 50 nmand90 nm, respectiely.

Figure 2 revealsthatthe incidentelectronsto the [100] orientedSi crystalare mostly dis-
tributedto the {022} diffractedwavesandthe transmittedwave (or the 000 diffractedwave),
accompaniedby decreasén intensitywith increasen thicknessdueto inelasticscattering.On
theotherhand,asshowvn in Figs.3a-3c theincidentelectrondo the[lIO] orientedMgO crystal
are mostly distributedto the transmittedwave andthe {111} diffractedwavesaswell asthe
{002} diffractedwaves. Thefirst peakat 23 nm andthefourth peakat 88 nm of the 000 profile
shavn in Fig. 3aareweakin intensityandit is one of notablecharacteristicef the intensity

profilesof MgO asmentionedn thefollowing section.



Comparison betweencalculatedintensities

Priorto thecomparisorbetweertheexperimentabndthe calculatedntensity calculationhave
beencarriedout with threekindsof simulationprograms;j. e., our program(abbreviatedasP1)
andMacHREM(P2)basednthe multi-slicemethod andEMS on-line(P3)basednthe Bethe
method. P1 and P3 usescatteringfactorsevaluatedusing Doyle and Turner expression[7],
while P2 usesscatteringfactorsfrom internationaltables[6]. The calculatedntensitiesof the
[100] Si andthe[110] MgO, takingno accounbf temperatureffectandinelasticscatteringare
indicatedn Figs.4 and5, respectely. In orderto evaluatethecorrespondencef thecalculated
intensities the correlationcoeficientr = S%Eb betweerprofilesa andb wascalculatedwhere
Sa ands, arestandardieviationsof thetwo profilesa andb, respectiely, ands,, is covariance
betweenthem. The intensity profiles for the Si are consistentwith eachother as showvn in
Figs.4a-4c,andhigh correlationcoeficientsof r = 0.996~ 0.999wereobtainedbetweerthese
intensityprofiles. For the MgO shown in Figs.5a-5g,thereis a smalldiscrepang betweerthe
profilesandthe correlationcoeficientdecreasetb 0.980~ 0.993.

Resultscalculatedby P1 usingotherscatteringfactors[8] wereslightly differentfrom the
resultsshavn in Figs.4 and5. It wasalsoconfirmedby the calculationswith P1 andP3that
inadequateparametersuchasinsufficient numberof excited wavesand large slice thickness
give differentresults. Therefore all the calculationsmentionedabove were carriedout under
thesameconditionsasgoodaspossiblewithin thelimit of theprograms.The smalldifference,
which appeardetweenP1 and P2 might be causedoy using differentscatteringfactors. The
differencebetweenP1 (P2) andP3seemdo be causedoy the differencein algorithmbetween
themulti-slice methodandBethemethod whichis not clearatthe presentThediscrepang s,

however, insignificanton the comparisorwith the experimentakesults.



Comparison betweenexperimental and calculatedintensity

The positionsof the peaksin the calculatedorofilesshavn in Figs.4a-4cslightly disagreewith
thosein the experimentalprofiles of Si shovn in Fig. 2. The position differencerangesbe-
tween—2 nmand4 nm. Theintensitiesof the calculatedprofilesalsodisagreeavith thoseof the
zero-losdfiltered experimentalprofiles, becausdemperatureeffect andinelasticscatteringof
electronsarengylectedin thesecalculationdor the profiles. The inelasticscatteringdecreases
thetotal intensity of elasticallyscatterecelectrong27] andalso contritutesto the imagefor-
mationaswell asthe background28]. The former effect is unavoidableandessentiabn the
electronscatteringin crystal, while the latter effect can be almostremoved usingthe enegy
filter asshowvn in Figs. 2 and 3. To takeaccountof the inelasticscatteringin crystal,a phe-
nomenologicatalculationwheretheinelasticscatterings treatedasanabsorptioreffect, was
carriedout with our multi-slice programP1 by utilizing comple potential[29]. For simpli-
fication, the constantratio of imaginarypart of the complex potential,V,,, to real part, Vre,
varyingfrom 0 % to 10 % atintervalsof 1 %, wasusedfor a calculationsimilar to thatusedby
Hashimotoet al. [27]. As shovn in Fig. 4d, thediffractionintensityis decreasingvith increas-
ing ratio, \\//'_2 In addition,temperaturdactor, B, wasalsovariedfrom 0 nn¥? to 1 x 102 nn?
atintervals of 5x 10~4 nn? for each\\/}—r";. Thereare no appreciablechangesn the positions
of the peaksfor all B, while the intensityincreasegor the 000 profile andit decreasefor the
022andthe 040 profileswith increasingB. Thebestcorrespondenceasobtaineda \\//'_2 =4%
andB = 4.5 x 102 nm? with the correlationcoeficient r above 0.95,asshavn in Fig. 6. It
is confirmedby this calculationthat B = 4.5 x 10~3 nn?, which is the value of the tempera-
turefactorappearingn internationakables[30], is the mostprobablevalue. Thereciprocalof
meanabsorptioncoeficient estimatedrrom this calculationis 71 nm. Sincethe positionsof

the peaksin the calculatedprofilesin Fig. 6 changescarcelywith varyingratio \\//'_2 asshavnin



Fig. 4d,thediscrepang of thepositionsof thepeakbetweertheexperimentabndthecalculated
profilesstill remainsrangingbetween—2 nm and4 nm. In this calculation,all of the inelasti-
cally scatterecklectronsareassumedo becut off by the enegy slit andthe objective aperture.
Someof phononscatterectlectrons however, passthroughthemandcontribute to theimage
formation. In addition, the ratio of V, , to Vie dependon the scatteringangle[31], although
the constantratio obtainedfrom this calculationseemgeasonableomparingwith theoretical
valuesby Radi[32]. It is preferablefor more accuratesimulationto include sucheffectsas
the contrikution of theinelasticallyscatteredsurvivedelectrongo theimageformationandthe
dependencef theratio of V;, to Ve Onthe scatteringangle.

On the otherhand,thereare somedifferencesn shapeaswell asin intensity betweerthe
zero-losdiltered experimentalprofilesof MgO in Fig. 3 andthe calculatedprofilesin Fig. 5a-
5g. Forinstancethefirst peakat 23nmis weakerthanthesecondneat45 nmin Fig. 3a,while
the strongesipeakis the third oneandthe first oneis strongandcomparableawith the second
onein Fig. 5a. Thedifferencein the 111 profilesis alsoremarkablethe secondpeakat 43 nm
is weakerthanthefirst oneat22 nmin Fig. 3b, while thesecondoneis strongandcomparable
with the first onein Fig. 5b. The discrepang remainsalthoughthe samephenomenological
calculationsasthat for Si have beencarriedout. Crystalpotentialusedin thesecalculations
wasderived from the scatteringfactorsfor neutralatoms[7]. Then,similar calculationswvere
performedusing the crystal potentialsderived from the scatteringfactorsfor Mg+ [7] and
0% [23]. Significantchangesappearin the 000 and 111 profiles. This reflectsthe fact that
the scatteringfactorsfor ions aredifferentfrom thosefor neutralatomsin theregion of small
scatteringangle. The heightsof the peaksin the 000 profile calculatedusingtheion scattering
factorsapproachthosein the experimentalprofile in Fig. 3a, asseenin Fig. 5h. For the 111

profile, however, the positionsof somepeaksare shifted, and consequentlythe correlation
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coeficient to the experimentalprofile is worsethanthatfor the profile calculatedwith neutral
atoms.Thatis, the correlationcoeficient of the 000 profile increase$rom 0.95t0 0.97,but that
of the 111 profile decreasefom 0.92t0 0.78.

It hasbeenreportedthatMg?t 0%~ is betterthan Mg®0P° for calculatingthe crystalpoten-
tial of MgO in comparisorbetweerthe calculatedandmeasuredtructurefactors[33], andthe
recentmolecularorbital calculationsuggestghat net chage of Mg andO in MgO crystalis
1.83ratherthan?2 [34]. In orderto takethe effectinto accountthe calculationwascarriedout

with trial crystalpotentials V(= (1 — X)Vheu + XV,

‘on)» Which werederived from a mixture of

the scatteringfactorsfor neutralatoms,Vhey, andthosefor ions,V,,,. The mixing rate of the
scatteringfactorsfor ions, x, wasvariedfrom 0 % to 100 % at intervals of 5 %, andtheratio
of Vi, to Ve wasalsovariedfrom 0 % to 10 % at intervals of 1 % for eachmixed potential.
Both thetemperaturdactors,B, for Mg andO wereassumedo be equalandfixedto 0 nn? or
3.0 x 10-3 nn¥ [35]. Thebestcorrelationcoeficientsbetweerthe experimentakndcalculated
profileswere obtainedat B = 3.0 x 1073 nnm?, x =75 % and\\/}—r"; = 4 %. The corresponding
calculatedprofiles with the zero-lossfiltered experimentalprofiles are shovn in Fig. 7. Al-
thougha high correlationcoeficient of r = 0.997 is obtainedfor the 000 profile, it seemghat
the discrepang betweenthe experimentaland calculatedorofilesfor the 111 (r = 0.892) and
002 profiles (r = 0.863)is serious. In caseof MgO, the position of the peaksaswell asthe
intensitywasinfluencedoy thetemperaturdactor. The positionof the peaksof the 002 profile
agreedwith the experimentaloneat B = 0 nn? ratherthanB = 3.0 x 103 nm?. The highest
correlationcoeficient for the 111 profile wasobtainedat x = 65 % and\\/}—r“; = 3 %. Thesere-
sultsmay suggesthat differenttemperaturdactorsfor individual elementstaking accountof
anisotropidhermalvibration,shouldbetakenin the calculation;in additionto the othereffects

suchasthe contritution of the inelasticallyscatterecelectronsandthe dependencef theratio
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of V. to Ve onthe scatteringangle,which werepointedoutin the caseof Si.

Conclusion

Bright field anddarkfield TEM imagesof both 90° wedge-shape&i andMgO crystalswere
recordecbn imagingplatesunderthe zone-axisncidencecondition. Intensityprofilesobtained
from zero-losdilteredandunfilteredequalthicknesdringesarepresentedor the000,022,and
040 reflectionsof [100] Si andfor the 000, 111, 002, 220, 113, 222, and 004 reflectionsof
[110] MgO. Contritution of inelasticallyscatteredlectronsexceptfor phononexcitationto the
imagess shovn by comparingoetweerzero-losdiltered andunfilteredintensityprofiles.

It hasbeenrevealedthatthe results,which werecalculatedvith afew simulationprograms
written in the basedon the multi-slice methodor the Bethemethod ,arealmostcoincidentwith
eachother Then,comparisorbetweerthe experimentaprofilesandthecalculatedorofileswas
carriedout. In the calculationsfor Si taking no accountof inelasticscattering,the position
of peaksalmostagreeswith the experimentalone but the intensity of them disagrees.The
agreemenimprovesto 0.95in correlationcoeficientby introducingacomplex potentialof (1+
0.04i)Vre anda temperaturdactorof B = 4.5 x 10~ nn? in the calculation.For MgO crystall,
the calculationassumingneutralatomscould not accountfor the experimentalresult,giving a
pooragreemenin thepositionaswell astheintensityof peaks.Theagreemenimprovedwhen
the calculationwasperformedusingthe complex potential,taking accountof a mixture of the

both scatteringactorsfor neutralatomsandions.
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Appendix

It hasbeenrevealedthat bettercorrelationcoeficientswereobtainedat x = 100 % (and\\/}—r"; =
4 %) whenanotherexpressiorof structurefactorfor Mg2t andO? ions[36] wereappliedto
thecalculation.It seemghatthe expressiorreflectswell the structurefactorfor Mg+ andO?~

ionsin MgO crystal.

References

1 Mori N, Oikawa T, HaradaY, and MiyaharaJ (1990) Developmentof the imaging plate
for the transmissiorelectronmicroscopeandits characteristics.J. Electron Microsc. 39:

433-436.

2 Moonegy PE,FanG Y, Meyer C E, TruongK V, Bui D B, andKrivanekO L (1990)Slow-
scanCCD camerdor transmissiorelectronmicroscopy In: Proceedings of the Xllth Inter-
national Congressfor Electron Microscopy, eds.L D Peachg andD B Williams, volume1,

pp. 164-165SanFranciscd’ress SanFrancisco).

3 Shiojiri M, Isshiki T, Nishio K, TsujikuraM, SaijoH, Takahash¥, OhtsukaN, andYalu-
uchi'Y (1992) Quantitatve structureimagesof interfacesin InGaAs/InPmultilayer het-

erostructuresd. Electron Microsc. 41; 438—444.

13



10

11

12

13

Nishio K, Isshiki T, SaijoH, andShiojiri M (1994)Multi-slice calculationfor InP crystals

usingdifferentslices. Ultramicroscopy 54: 301-309.

Oikawa T, KawasakiM, Kondo Y, Yaluuchi Y, TakahashiY, Isshiki T, and Shiojiri M
(1993) Quantitatve analysisof high resolutionimagesof InGaAs/InP multilayer het-
erostructure.In: Abstracts of 49th Annual Meeting of Japanese Society of Electron Mi-

croscopy: J. Electron Microsc. 42, p. 254.

IbersJ A andHamilton W C, eds.(1974) International tables for X-ray crystallography,
volumelV. Revisedandsupplementaryablesto volumesll andlll (KynochPressBirm-

ingham,England).

Doyle P A andTurnerP S (1968) Relatvistic Hartree-FockX-ray andelectronscattering

factors.Acta Cryst. A 24: 390-397.

WeickenmeierA and Kohl H (1991) Computationof absorptve form factorsfor high-

enegy electrondiffraction. Acta Cryst. A47: 590-597.

Cowley JM andMoodie A F (1957) The scatteringof electronsdoy atomsandcrystalsl. A

new theoreticalapproach Acta Cryst. 10: 609—-619.

GoodmanP and Moodie A F (1974) Numericalevaluationof N-beamwave functionsin

electronscatteringoy the multi-slice method.Acta Cryst. A30: 280-290.

BetheH (1928) Theorieder beugungvon elektronenan kristallen. Ann. d. Phys. 87: 55—

129.

IshizukaK (1980)Contrastransferof crystalimagesn TEM. Ultramicroscopy 5: 55-65.

IshizukaK, EndohH, KuwanoN, ShindoD, TanakaN, andHoriuchi S (1994)Standardiza-
tion of thecomputersimulationof high-resolutiortransmissiorelectronmicroscopemage,

14



14

15

16

17

18

19

20

21

|. Calculationof diffraction amplitudesby the multi-slice method. Electron Microscopy

(Japanese) 29: 141-143.

KohraK and WatanabeH (1961) Measuremenbf anomalousabsorptioncoeficients of

electrondor MgO crystals.J. Phys. Soc. Jpn 16. 580-581.

WatanabeH, FukuharaA, andKohraK (1962) Measuremenof meanandanomalousab-
sorptioncoeficientsof electronan MgO crystalsby the useof electronmicrographicm-

ages.J. Phys. Soc. Jpn 17: Suppl.B—II, 195-199.

KamiyaY (1963) Effect of inelasticscatteringon meanandanomalousabsorptioncoef-
ficientsof electronsin magnesiunoxide crystalsstudiedby electronmicroscope.Jpn J.

Appl. Phys. 2: 386-393.

HashimotoH (1964)Enegy dependencef extinction distanceandtransmissie power for

electronwavesin crystals.J. Appl. Phys. 35: 277-290.

UyedaR and NonoyamaM (1965) Electronmicroscopestudy on the extinction and ab-
sorptionof 100kV electronsin magnesiunoxide single crystals. Jpn J. Appl. Phys. 4:

498-512.

IchimiyaA (1969)Meanandanomalousbsorptiorcoeficientsof electrondor magnesium

oxidesinglecrystal. Jpn J. Appl. Phys. 8: 518-529.

KamiyaY andGotoT (1980)Extinctioncontourin electronmicroscopidmagesof crystals.

J. Phys. Soc. Jpn 49: 1475-1479.

Kamiya, NakaiY, andMasudaE (1981)Absorptioncoeficientsof electrongn crystals.

Acta Cryst. A37: 485-488.

15



22

23

24

25

26

27

28

29

30

31

Nishio K, KakibayashiH, Isshiki T, SaijoH, andShiojiri M (1994)Intensitymeasurement
of equal-thicknes$ringesin TEM imagesof wedge-shape@GaAsandInP crystalsby a

slow-scanCCD camera.J. Electron Microsc. 43 198—202.

Tanji T, MasaokaH, andIto J (1989) Simulationof high resolutionelectronmicroscope

imagesof awedge-shapedrystal,MgO. J. Electon Microsc. 38. 409-414.

YahuuchiY, Takahashy, Ohtsukal, Isshiki T, TsujikuraM, SaijoH, andShiojiri M (1991)
High-resolutiontransmissiorelectronmicroscopyobsenationsof InGaAs/InPmultilayer

heterostructured?hys. Sat. Sol. (a) 127: 385—-396.

IshizukaK andUyedaN (1977)A new theoreticalandpracticalapproacho the multislice

method.Acta Cryst. A33: 740-749.

StadelmanrP A (1987) EMS - a softwarepackagefor electrondiffraction analysisand

HREM imagesimulationin materialsscience.Ultramicroscopy 21: 131-146.

HashimotoH, Howie A, andWhelanM J (1962)Anomalouselectronabsorptioreffectsin

metalfoils: theoryandcomparisorwith experiment.Proc. Royal Soc. A269: 80—103.

KamiyaY andUyedaR (1961) Effect of incoherentwaves on the electronmicroscopic

imagesof crystals.J. Phys. Soc. Jpn 16: 1361-1366.

YoshiokaH (1957) Effect of inelasticwaveson electrondiffraction. J. Phys. Soc. Jpn 12

618-628.

Macgillavry CH andRieckG D, eds.(1968)Inter national tablesfor X-ray crystallography,

volumelll. Physicalandchemicaltables(KynochPressBirmingham,England).

Humphreys C JandHirschP B (1968)Absorptionparameters electrondiffractiontheory

Phil. Mag. 18: 115-122.

16



32

33

34

35

36

RadiG (1970)Comple lattice potentialsn electrondiffractioncalculatedor a numberof

crystals.Acta Cryst. A26: 41-56.

FukamachiT andHosoyaS (1971)Electronstateof anO—2 atomin MgO. J. Phys. Soc.

Jpn 31: 980-989.

Xu'Y N andChingW Y (1991) Self-consistenbandstructureschage distributions,and

optical-absorptiorspectran MgO, a-Al,0,, andMgAl,,O,. Phys. Rev. B 43: 4461-4472.

GoodmarP (1971)Theinfluenceof temperaturentheMgO zone-axigattern.Acta Cryst.

A27: 140-147.

PengL M (1998)Electronscatteringactorsof ionsandtheir parameterizationActa Cryst.

A54: 481-485.

17



Figure captions

Fig. 1 A zero-losdilteredbrightfield TEM imageof [1IO] MgO crystalhaving a 90° wedge
shaperecordedon animagingplate. Theintensityin the areasenclosedy rectanglesvas

averagedover alongthec axis.

Fig. 2 Dependencef diffractionintensityon crystalthicknesdor [100 Si crystalaxially
illuminatedby a200keV electronbeam.Theintensityis normalizedwith respecto the
incidentbeamintensity (a-c) Intensityprofilesof brightfield, 022 darkfield and040darkfield

with (solid line) andwithout (dashedpaneneqy slit of +5 eV in width, respectrely.

Fig. 3 Dependencef diffractionintensityon crystalthicknessfor [1IO] MgO crystalaxially
illuminatedby a200keV electronbeam.Theintensityis normalizedwith respecto the
incidentbeamintensity (a-g) Intensityprofilesof brightfield,and111,002,220,113,222,
and004 darkfieldswith (solid line) andwithout (dashedpnenengy slit of +5 eV in width,

respectiely.

Fig. 4 (a-c)Diffractionintensitiesfor 000,022,and040of Si, calculatedwvith programsP1
(solidline) andP2 (dashedpasedn the multi-slice methodandprogramP3(dotted)basedn
the Bethemethod respectiely. (d) Dependencef diffractionintensityon theratio of V,  to
Vie. Diffractionintensitiesfor 000 of Si calculatedvith P1,for theratio, V, /Vre, varyingfrom

0% to 5 % atintervalsof 1 %, areindicated.

Fig. 5 (a-g)Diffractionintensitiesfor 000,111,002,220,113,222,and004 of MgO,
calculatedwith programsP1(solid line), P2 (dashedandP3(dotted),respectiely.
(h) Diffractionintensitiesfor 000of MgO calculatedwith P1,usingscatteringactorsfor

neutralatomsandions.
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Fig. 6 (a) Dependencef the correlationcoeficientbetweerthe experimentalandcalculated
intensityprofilesfor Si, ontheratioof V, ., to Vie. (b-d) Experimentaintensityprofiles(solid
line) shavn in Fig. 2 andcalculatedntensityprofiles(dashed)for 000,022,and0400f Si,
respectiely, atV, /Vie = 4 % andB = 4.5 x 103 nn?. The correlationcoeficientsbetween

theprofiles,r, areindicated.

Fig. 7 (a-g) Experimentaintensityprofiles(solid line) shovn in Fig. 3 andcalculated
intensityprofiles(dashedpestmatchingwith the experimentalones(seetext), for 000,111,
002,220,113,222,and004 of MgO, respectiely. The correlationcoeficients,r, arealso

indicated.
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Table 1 Normalizedintensity of equalthicknessfringesin both zero-lossfiltered imagesand

unfilteredimagesof Si, for the brightfield of 000andthe darkfields of 022and040.

Crystal Normel i zed intensity
t hi ckness Zero-loss filtered Unfiltered
t [ nni 000 022 040 000 022 040

0 9.21E-01 1.50E-03 6.21E-04 9.64E-01 3.22E-03 9.32E-04
2 8.90E-01 4.46E-03 1.35E-03 9.37E-01 7.96E-03 1.88E-03
4 8.25E-01 1.39E-02 4.11E-03 8.78E-01 1.94E-02 4.99E-03
6 7.30E-01 2.79E-02 7.57E-03 7.89E-01 3.61E-02 8.69E-03
8 6. 19E-01 4.50E-02 9.73E-03 6. 77E-01 5.57E-02 1.11E-02
10 5.08E-01 6.21E-02 9.50E-03 5.65E-01 7.54E-02 1.10E-02
12 4,12E-01 7.68E-02 8.43E-03 4, 68E-01 9.11E-02 1.04E-02
14 3.40E-01 8.46E-02 7.99E-03 3.97E-01 1.01E-01 1.04E-02
16 2.99E-01 8.45E-02 8.60E-03 3.59E-01 9.96E-02 1.14E-02
18 2.93E-01 7.58E-02 1.00E-02 3.58E-01 9.03E-02 1.28E-02
20 3.18E-01 6.25E-02 1.11E-02 3.93E-01 7.52E-02 1.36E-02
22 3.70E-01 4.76E-02 1.05E-02 4,58E-01 5.89E-02 1.28E-02
24 4,34E-01 3.29E-02 8.06E-03 5.36E-01 4.23E-02 1.01E-02
26 4,99E-01 2.00E-02 4.79E-03 6. 15E-01 2.81E-02 6.80E-03
28 5.50E-01 1.12E-02 2.69E-03 6. 79E-01 1.81E-02 4.61E-03
30 5. 78E-01 6.63E-03 2.15E-03 7.17E-01 1.32E-02 4.01E-03
32 5. 76E-01 7.28E-03 2.72E-03 7.21E-01 1.46E-02 4.53E-03
34 5.49E-01 1.34E-02 3.58E-03 6.94E-01 2.23E-02 5.51E-03
36 5.02E-01 2.35E-02 4.09E-03 6.41E-01 3.46E-02 6.20E-03
38 4,39E-01 3.56E-02 4.36E-03 5.69E-01 4.97E-02 6.75E-03
40 3.69E-01 4.71E-02 5.24E-03 4,90E-01 6.39E-02 7.93E-03
42 3.03E-01 5.52E-02 7.03E-03 4,12E-01 7.46E-02 9.97E-03
44 2.47E-01 5.86E-02 9.37E-03 3.47E-01 7.96E-02 1.23E-02
46 2.08E-01 5.77E-02 1.10E-02 3.02E-01 7.96E-02 1.43E-02
48 1.94E-01 5.30E-02 1.11E-02 2.87E-01 7.45E-02 1.54E-02
50 2.00E-01 4.57E-02 9.91E-03 2.99E-01 6.67E-02 1.45E-02
52 2.27E-01 3.71E-02 7.62E-03 3.35E-01 5.64E-02 1.24E-02
54 2.65E-01 2.74E-02 5.15E-03 3.86E-01 4.46E-02 9.78E-03
56 3.06E-01 1.83E-02 3.62E-03 4, 44E-01 3.33E-02 7.86E-03
58 3.45E-01 1.13E-02 3.19E-03 4,97E-01 2.42E-02 6.91E-03
60 3.70E-01 7.32E-03 3.13E-03 5.36E-01 1.92E-02 6.43E-03
62 3.81E-01 7.26E-03 2.97E-03 5.57E-01 1.88E-02 6.06E-03
64 3.76E-01 1.03E-02 2.70E-03 5.55E-01 2.27E-02 5.72E-03
66 3.54E-01 1.52E-02 2.65E-03 5.31E-01 2.93E-02 5.75E-03
68 3.18E-01 2.07E-02 3.45E-03 4, 87E-01 3.68E-02 6.77E-03
70 2. 75E-01 2.58E-02 5.15E-03 4, 31E-01 4.39E-02 8.74E-03
72 2.28E-01 2.97E-02 6.80E-03 3.68E-01 4.97E-02 1.10E-02
74 1.86E-01 3.21E-02 7.76E-03 3.12E-01 5.40E-02 1.26E-02
76 1.53E-01 3.34E-02 7.67E-03 2.67E-01 5.65E-02 1.29E-02
78 1.34E-01 3.30E-02 6.69E-03 2.41E-01 5.68E-02 1.22E-02
80 1.30E-01 3.05E-02 5.41E-03 2.36E-01 5.39E-02 1.10E-02
82 1.40E-01 2.59E-02 4.57E-03 2.49E-01 4.81E-02 1.00E-02
84 1.61E-01 2.02E-02 4.35E-03 2.80E-01 4.07E-02 9.51E-03
86 1.87E-01 1.46E-02 4.39E-03 3.19E-01 3.29E-02 9.19E-03
88 2.14E-01 9.81E-03 4.10E-03 3.62E-01 2.63E-02 8.75E-03
90 2.38E-01 6.75E-03 3.38E-03 4, 00E-01 2.19E-02 8.06E-03
92 2.52E-01 5.44E-03 2.70E-03 4,28E-01 1.97E-02 7.33E-03
94 2.56E-01 5.70E-03 2.45E-03 4,39E-01 1.97E-02 6.93E-03
96 2.48E-01 7.22E-03 2.92E-03 4,30E-01 2.17E-02 7.23E-03
98 2.29E-01 9.69E-03 3.82E-03 4, 06E-01 2.52E-02 8.23E-03
100 2.01E-01 1.30E-02 4.66E-03 3.66E-01 3.00E-02 9.33E-03
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Table 2 Normalizedintensity of equalthicknessfringesin zero-losdfiltered imagesof MgO,

for thebrightfield of 000andthedarkfieldsof 111,002,220,113,222,and004.

Crystal Normel i zed intensity
t hi ckness Zero-loss filtered
t [nm 000 111 002 220 113 222 004

0 9.86E-01 5.34E-04 2.42E-03 8.81E-04 3.89E-04 3.22E-04 8.54E-04
2 9.01E-01 1.42E-03 1.01E-02 5.49E-03 8.22E-04 1.80E-03 2.60E-03
4 7.76E-01 3.34E-03 2.80E-02 1.50E-02 1.52E-03 6.09E-03 3.52E-03
6 6.04E-01 7.07E-03 6.14E-02 2.59E-02 2.40E-03 7.88E-03 3.34E-03
8 4,12E-01 1.31E-02 1.05E-01 3.09E-02 3.19E-03 6.09E-03 3.43E-03
10 2.58E-01 2.29E-02 1.51E-01 2.78E-02 3.47E-03 4.13E-03 5.16E-03
12 1.37E-01 3.71E-02 1.82E-01 1.89E-02 3.32E-03 5.52E-03 6.41E-03
14 7.46E-02 5.23E-02 1.88E-01 1.00E-02 3.38E-03 8.69E-03 5.43E-03
16 6. 70E-02 6.94E-02 1.63E-01 7.32E-03 4.09E-03 8.35E-03 4.02E-03
18 9.17E-02 8.12E-02 1.24E-01 1.02E-02 5.14E-03 5.78E-03 3.42E-03
20 1.26E-01 8.94E-02 8.41E-02 1.22E-02 5.94E-03 3.73E-03 2.94E-03
22 1.46E-01 9.27E-02 5.70E-02 1.07E-02 5.86E-03 3.02E-03 2.24E-03
24 1.46E-01 9.00E-02 4.93E-02 7.11E-03 5.09E-03 2.24E-03 1.88E-03
26 1.28E-01 8.22E-02 5.67E-02 5.18E-03 5.06E-03 2.31E-03 1.89E-03
28 9.95E-02 6.89E-02 7.26E-02 6.41E-03 5.88E-03 3.52E-03 1.91E-03
30 7.32E-02 5.52E-02 8.78E-02 9.74E-03 6.88E-03 3.93E-03 2.04E-03
32 6. 04E-02 4.24E-02 9.51E-02 1.30E-02 7.09E-03 2.38E-03 2.42E-03
34 6.92E-02 3.42E-02 9.15E-02 1.43E-02 6.57E-03 1.51E-03 2.81E-03
36 1.01E-01 3.29E-02 7.65E-02 1.27E-02 5.77E-03 3.20E-03 2.73E-03
38 1.51E-01 3.76E-02 5.41E-02 8.41E-03 5.22E-03 5.36E-03 2.32E-03
40 2.04E-01 4.36E-02 3.55E-02 4.66E-03 4.62E-03 4.53E-03 1.80E-03
42 2.47E-01 4.89E-02 3.15E-02 3.87E-03 3.89E-03 2.39E-03 1.43E-03
44 2.69E-01 4.94E-02 4.52E-02 5.82E-03 3.15E-03 1.81E-03 1.47E-03
46 2.65E-01 4.54E-02 6.92E-02 7.54E-03 2.61E-03 1.95E-03 1.82E-03
48 2.38E-01 3.74E-02 9.55E-02 6.94E-03 2.27E-03 2.05E-03 2.16E-03
50 1.97E-01 2.90E-02 1.15E-01 5.05E-03 1.95E-03 3.44E-03 2.66E-03
52 1.50E-01 2.12E-02 1.19E-01 4.41E-03 1.70E-03 5.59E-03 3.63E-03
54 1.06E-01 1.54E-02 1.11E-01 7.34E-03 1.52E-03 5.95E-03 4.56E-03
56 7.89E-02 1.23E-02 9.23E-02 1.20E-02 1.45E-03 3.89E-03 4.42E-03
58 7.13E-02 1.15E-02 7.08E-02 1.59E-02 1.42E-03 2.99E-03 3.55E-03
60 8.47E-02 1.18E-02 4.85E-02 1.62E-02 1.41E-03 4.81E-03 2.95E-03
62 1.15E-01 1.18E-02 3.05E-02 1.35E-02 1.48E-03 7.09E-03 2.87E-03
64 1.53E-01 1.06E-02 1.97E-02 8.94E-03 1.62E-03 5.75E-03 2.58E-03
66 1.87E-01 8.02E-03 1.77E-02 5.55E-03 1.74E-03 3.09E-03 2.10E-03
68 2.07E-01 5.01E-03 2.31E-02 4.39E-03 1.81E-03 1.89E-03 1.77E-03
70 2.08E-01 3.59E-03 3.29E-02 5.43E-03 1.98E-03 2.15E-03 1.64E-03
72 1.91E-01 5.10E-03 3.97E-02 7.07E-03 2.51E-03 2.17E-03 1.56E-03
74 1.61E-01 1.03E-02 4.24E-02 7.74E-03 3.28E-03 1.82E-03 1.67E-03
76 1.26E-01 1.87E-02 4.13E-02 6.87E-03 3.84E-03 2.11E-03 2.12E-03
78 9.33E-02 2.85E-02 3.73E-02 5.05E-03 3.84E-03 2.85E-03 2.44E-03
80 6.91E-02 3.87E-02 3.24E-02 3.82E-03 3.41E-03 3.00E-03 2.29E-03
82 5.51E-02 4.61E-02 2.84E-02 4.24E-03 3.07E-03 2.40E-03 1.86E-03
84 5.02E-02 4.99E-02 2.70E-02 5.48E-03 3.10E-03 2.08E-03 1.56E-03
86 5.10E-02 5.03E-02 2.84E-02 6.22E-03 3.44E-03 2.22E-03 1.47E-03
88 5.26E-02 4.64E-02 3.30E-02 5.82E-03 3.63E-03 2.54E-03 1.59E-03
90 5.24E-02 3.87E-02 3.91E-02 4.92E-03 3.23E-03 2.84E-03 1.80E-03
92 4,85E-02 2.98E-02 4.40E-02 4.57E-03 2.50E-03 3.24E-03 1.92E-03
94 4,22E-02 2.08E-02 4.61E-02 5.16E-03 1.99E-03 3.41E-03 1.95E-03
96 3.65E-02 1.33E-02 4.43E-02 6.01E-03 1.95E-03 2.88E-03 2.01E-03
98 3.38E-02 8.33E-03 3.82E-02 6.66E-03 2.22E-03 1.99E-03 2.06E-03
100 3.72E-02 5.68E-03 2.88E-02 6.45E-03 2.30E-03 1.83E-03 1.99E-03

21



Table 3 Normalizedintensity of equalthicknessfringesin unfilteredimagesof MgO, for the

brightfield of 000 andthedarkfieldsof 111,002,220,113,222,and004.

Crystal Normel i zed intensity
t hi ckness Unfiltered
t [nm 000 111 002 220 113 222 004

0 9.87E-01 2.14E-03 1.12E-03 1.65E-03 1.00E-03 9.33E-04 9.96E-04
2 9.16E-01 3.60E-03 1.04E-02 6.31E-03 1.68E-03 2.92E-03 3.74E-03
4 8.00E-01 6.41E-03 3.30E-02 1.66E-02 2.68E-03 7.08E-03 5.27E-03
6 6.36E-01 1.15E-02 7.58E-02 2.79E-02 3.94E-03 8.64E-03 5.01E-03
8 4,48E-01 1.99E-02 1.34E-01 3.41E-02 5.02E-03 6.66E-03 4.87E-03
10 2.86E-01 3.32E-02 1.91E-01 3.09E-02 5.51E-03 5.24E-03 7.58E-03
12 1.56E-01 5.20E-02 2.32E-01 2.20E-02 5.47E-03 6.78E-03 9.96E-03
14 8.27E-02 7.27E-02 2.33E-01 1.30E-02 5.62E-03 9.72E-03 9.02E-03
16 7.19E-02 9.51E-02 2.01E-01 9.82E-03 6.67E-03 8.98E-03 6.80E-03
18 9.73E-02 1.11E-01 1.50E-01 1.32E-02 8.39E-03 6.47E-03 5.85E-03
20 1.35E-01 1.22E-01 9.99E-02 1.50E-02 9.71E-03 4.65E-03 5.13E-03
22 1.57E-01 1.26E-01 7.18E-02 1.32E-02 9.58E-03 4.02E-03 4.14E-03
24 1.58E-01 1.22E-01 6.87E-02 9.56E-03 8.88E-03 3.48E-03 3.70E-03
26 1.40E-01 1.11E-01 8.36E-02 7.77E-03 8.86E-03 3.73E-03 3.91E-03
28 1.12E-01 9.47E-02 1.09E-01 9.33E-03 9.80E-03 5.06E-03 4.11E-03
30 8.50E-02 7.79E-02 1.32E-01 1.30E-02 1.10E-02 5.44E-03 4.25E-03
32 7.21E-02 6.32E-02 1.39E-01 1.66E-02 1.16E-02 4.00E-03 5.12E-03
34 8.20E-02 5.45E-02 1.35E-01 1.80E-02 1.11E-02 3.36E-03 6.24E-03
36 1.18E-01 5.42E-02 1.11E-01 1.63E-02 1.01E-02 5.20E-03 6.32E-03
38 1.78E-01 6.11E-02 7.95E-02 1.20E-02 9.48E-03 7.28E-03 5.39E-03
40 2.47E-01 7.01E-02 5.54E-02 8.63E-03 8.78E-03 6.29E-03 4.32E-03
42 3.11E-01 7.68E-02 5.37E-02 8.46E-03 7.78E-03 4.37E-03 3.67E-03
44 3.49E-01 7.73E-02 7.68E-02 1.09E-02 6.73E-03 4.07E-03 3.81E-03
46 3.56E-01 7.11E-02 1.16E-01 1.26E-02 5.98E-03 4.40E-03 4.45E-03
48 3.30E-01 6.04E-02 1.58E-01 1.20E-02 5.59E-03 4.62E-03 5.36E-03
50 2.77E-01 4.84E-02 1.91E-01 1.01E-02 5.24E-03 5.75E-03 6.59E-03
52 2.14E-01 3.80E-02 2.05E-01 9.90E-03 4.97E-03 7.83E-03 8.70E-03
54 1.51E-01 3.03E-02 1.96E-01 1.33E-02 4.81E-03 8.42E-03 1.07E-02
56 1.09E-01 2.61E-02 1.70E-01 1.80E-02 4.75E-03 6.67E-03 1.06E-02
58 9.30E-02 2.48E-02 1.29E-01 2.16E-02 4.74E-03 5.99E-03 9.00E-03
60 1.07E-01 2.46E-02 8.77E-02 2.22E-02 4.76E-03 7.66E-03 7.97E-03
62 1.47E-01 2.43E-02 5.66E-02 1.96E-02 4.87E-03 9.92E-03 8.09E-03
64 2.01E-01 2.28E-02 4.14E-02 1.53E-02 5.16E-03 8.61E-03 7.62E-03
66 2.51E-01 2.04E-02 4.17E-02 1.24E-02 5.57E-03 6.13E-03 6.43E-03
68 2.82E-01 1.83E-02 5.36E-02 1.18E-02 6.04E-03 5.01E-03 5.57E-03
70 2.88E-01 1.91E-02 6.87E-02 1.30E-02 6.53E-03 5.27E-03 5.37E-03
72 2.69E-01 2.46E-02 8.14E-02 1.45E-02 7.33E-03 5.33E-03 5.25E-03
74 2.30E-01 3.51E-02 8.73E-02 1.47E-02 8.40E-03 4.96E-03 5.24E-03
76 1.85E-01 4.93E-02 8.52E-02 1.34E-02 9.52E-03 5.10E-03 5.96E-03
78 1.43E-01 6.45E-02 7.74E-02 1.17E-02 1.01E-02 5.81E-03 6.95E-03
80 1.10E-01 7.83E-02 6.84E-02 1.07E-02 9.97E-03 6.07E-03 6.91E-03
82 9.13E-02 8.76E-02 6.00E-02 1.11E-02 9.63E-03 5.74E-03 6.00E-03
84 8.42E-02 9.10E-02 5.64E-02 1.23E-02 9.48E-03 5.50E-03 5.41E-03
86 8.45E-02 8.89E-02 5.89E-02 1.30E-02 9.61E-03 5.67E-03 5.45E-03
88 8.73E-02 8.21E-02 6.50E-02 1.28E-02 9.72E-03 5.92E-03 5.81E-03
90 8.79E-02 7.15E-02 7.34E-02 1.21E-02 9.28E-03 6.25E-03 6.24E-03
92 8.39E-02 5.98E-02 8.18E-02 1.18E-02 8.40E-03 6.66E-03 6.61E-03
94 7.59E-02 4.83E-02 8.84E-02 1.24E-02 7.66E-03 6.92E-03 6.60E-03
96 6. 78E-02 3.90E-02 9.17E-02 1.36E-02 7.25E-03 6.72E-03 6.35E-03
98 6. 26E-02 3.25E-02 8.75E-02 1.42E-02 7.19E-03 6.04E-03 6.54E-03
100 6.52E-02 2.86E-02 7.70E-02 1.40E-02 7.16E-03 5.76E-03 7.13E-03
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Fig. 1 Koji Nishioet al.
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