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Chapterl．　FundamentalsofCrystallography

1．1．CrystalStructure

Insolids，atOmSarerigidlyheldtogetherbymutualinteractionscommonlyknownas

COValent，10nlC，metallic，VanderWaalsandhydrogenbonds．Acrystalisasolidwithinwhich

atoms are arrangedin a regular，rePeated and three－dimensionally periodic way bythe

aforesaidinteractions．TheatomsormoleculesinacrystalarecalledstruCturalunits．Anideal

CryStalisconstruCtedbytheinnniterepetitionoftheidenticalstruCturalunits．Conceptofthe

regulararrangementisrepresentedbyalattice，havingperiodicpolntSinaspace．Thelatticeis

formedbythreetranslationalvectorsa，bandc．Then，thecrystallatticevectorinarealspace，

r，isdennedby

rヨフa＋gb＋rC，

Where，P，q and r areintegers．For simpliclty，We refbrto Fig．1．1fbr atwo－dimensional

representationofrintermS Ofaandb．Thepositiondennedbyrfromthe origin（0）has

identicalsurroundingsbythetranslationaloperation．
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Fig．1．1（a）Latticepointsand（b）Crystallatticevectorintwodimensions，

1血ereatomsormoleculesareattachedtoeachlatticepolnt．

C－aXIS

Fig．1．2　Asetofaxes，Showingdennitionsofa，b，Canda，β，γ
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Theparallelepipedde丘nedbythecrystallineaxesiscalledaprlmitivecellorunitcell．

InFig．1．2，a，bandcaretherepeatingdistancesalongthethreecrystallineaxes（a，bandc），

andα，βandγare angles betweenthe axes．These parameterS are Called crystallographic

ParameterS．Duetotheperiodicarrangementofatoms，CryStalsexhibitanisotropICPrOPerties．

Dependingontheatomicormoleculararrangements，CryStalsalsoexhibitsymmetry．Bythe

Symmetry OPerations such as rotation and reflection，the crystal struCtureis possible to

SuPerPOSeOnitself．Consideringathree－dimensionalsymmetrylnSPaCe，naturalcrystalsare

Classi丘edintosevencrystalsystems．Bravaisshowedthat，thereare14fundamentallattices，

CalledBravaislatticeorspacelatticel1］．Thesevencrystalsystemsandthecrystallographic

ParameterSareShowninThble1．1．

Tablel．1Crystalsystems

CrystalSystem Axes Axialangles

Cubic

Hexagonal

Trigonal

Tetragona1

0rthodlOmbic

Monoclinic

Triclinic

α＝∂＝C

α＝∂≠C

α＝∂＝C

α＝∂≠C

α≠∂≠C

α≠∂≠C

α≠∂≠C

α＝β＝γ＝900

α＝β＝9007γ＝1200

α＝β＝γく1200，≠900

α＝β＝γ＝900

α＝β＝γ＝900

α＝γ＝900≠β

α≠β≠γ≠900

Historically，the GermanPhysicistMaxvon Laue丘rstsuggestedin1912thatX－rayS

COuld be difn－aCted by crystalsl2］．Owing toits wavelength comparable tointer－atOmic

distances，X－raylSPOSSibletobedi釣●aCtedbyacrystal．ThispropertyofX－rayisbasically

usedforstudyingcrystallinestruCtureSandarrangementsofmolecules．

Fig．1．3　Unitcelland（hkDplane

1．2．ConceptofLatticePlanes

Duetotheirperiodicarrangementalongthethree－aXeS，SPaCelatticesproducelattice

Planesorcrystalplanes．TheorientationofalatticeplanecanbedeterminedbythreepolntSif

theyarenotcollinear．Forclari丘cation，ifwedrawaunitcellofthecrystalwiththevectorsa，

b，andcasshowninFig．1．3andifthreepolntSA，BandClayondi脆rentaxes，thenthe
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Planecanbede丘nedbythecoordinatesofthethreepolntS．

ItisusefulforstruCturalanalysistospecifythecrystallineplanebyMillerindicesh，k

andl．Ifweassumeaplanepasslngthroughtheongln，thenthenextplane，Whichintersectsat

a／h，b／kandc／l，isde丘nedbythe（hkl）planeasrepresentedinFig．1．3．Thus，theindice（hkl）

denotes eitheraslngle plane orasetofparallelplanesinsidethe crystal．Consideringthe

repetitionoftheunitcell，h，kandlbecomeintegers．

Fig．1．4　ReflectionofX－raySfromasetof（hkDplanes．

1．3．Bragg’sCondition

X－raydi釣●aCtionanalysISWaSbasedontherelationofBraggsconditiondevelopedin

1913．Figurel．4illustrates a set of（hkl）planes，SeParated by equal distance dhkl，Where

moleculesareperiodicallyarranged．WeconsiderparallelX－raybeams（1，2，3）areincidenton

thelatticeplanesatanangle，0．ThebeamSundergomirrorreflectionfromtheparallelplanes，

havingthereflectlngangleequaltoO．Ifweconsiderelasticscatterlng，Withoutchanglngthe

WaVelength，thedifn－aCtedbeamS（1′，2’，3’）willinterfbreundertheconditionofthereflection．

Ifweconsiderthecaseofthea鴎acentplanes，Pathdi脆rencebetweenthetworaysll′and22’

becomes2dhklSinO．ConstruCtiveinterfbrence occurs whenthe pathdi脆rence ofthetwo

beamShasanintegralmultipleofthewavelength，A．Then，theconstruCtiveinterfbrenceoccurs

When，

2亡転用inβ＝〃A．

ThisistheBragg’slawusedinoptlCSandcrystallography．However，inX－rayCryStallography，

theplanedistancedhkl／nisusuallygeneralizedtobedhkl，andthentheaboveequationbecomes

2亡転用inβ＝A．

1．4　ReciprocalLattice

Theconceptof’recIPrOCallattice’isverymuchusefulto simplifythecalculationsof

CryStallographicdataandtounderstandthetheoryofdi釣●aCtion．Essentially，thisconcepthas
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itsorlglninthemathematicaldennitionofasetofvectors，CalledtherecIPrOCallatticevectors．

Wehaveassumedthata，bandcarethethreetranslationvectorsintherealspacethatdescribe

theshapeandsizeoftheunitcellofaparticularcrystallattice．AsetoftherecIPrOCalvectors

a＊，b＊andc＊isde丘nedas：

a＊…

bxc

a・bxcつ　　　　a・bxcフ　　　　a・bxc

b＊⊆＿＿吏竺・。＊；＿＿竺塑
…………‥（1．4）

Thetripleproductofthedenominatorisequaltothevolumeoftheunitcelloftherealspace．

Fromthedennition，a＊isperpendiculartotheplaneformedbybandc；b＊isperpendicularto

theplanefbrmedbycanda，andc＊isperpendiculartotheplanefbrmedbyaandb．Thenthe

relationsbetweenrealandrecIPrOCalvectorsbecome：

a・a＊＝1，　　　a・b＊＝0，　　　a・C＊＝0，

b・a＊＝0，　　　b・b＊＝1，　　　b・C＊＝0，　　　　．．（1．5）

C・a＊＝0，　　　C・b＊＝0，　　　C・C＊＝1，

The recIPrOCalvectors represent a recIPrOCallattice．Dimension ofthe recIPrOCal spaceis

reverseoflength．

l

l

こl■■■F

Fig．1．5　DennitionofthevectorintherecIPrOCalspace．

TherecIPrOCallatticevectorisdennedby：

塩＝力a＊＋紬＊＋Jc＊

痘Iisthevectorfromtheorigin（0＊）toanylatticepointinthereciprocalspace（Fig・1・5），
Whereh，kandlareintegers．WeshallnowestablisharelationbetweentherealandrecIPrOCal

spaceusing（hkl）planeand痘l・InFig・1・6（a），thetriangleAABCisonthe（hkOplaneinthe
realspace，WhichintersectsatpolntSa／h，b／kandc／l．Usingtheseintercepts，thevectorsAB，

ACandCBcanberepresentedas：AB＝b／k－a／h，AC＝C／l－a／handCB＝b／k－C／l．Using

Eq．（1．5），

痘′・AB＝（力a＊＋紬＊＋J巧・（b／友一a／力）＝（捕一㍍）＝0
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Similarly，rhl・AC＝Oand rhl・BC＝0・Therefbre，Iklisperpendiculartothe

（hkl）plane．Letnbetheunitvectorperpendiculartothe（hkOplane．

Then，thedirectionof痘Iisparallelton，andhencewecanwrite：

㌦揖＝l㌦たgln

（届ハ

（b）

Fig．1．6（hkOplaneintherealspaceandtheplanenormal，n．

InFig．1．6（b），distanceofthe（hkl）planefromtheoriginOisdhkl．UsingEq．（1．7），itis

POSSibletocalculate：

nerefbre，

硫た∫＝五・m＝

＊　　　l
r舷J＝　－・n

d舷～

il l●　　＿

l－　い・－1

Eq．（1．8）provesthatthereciprocallatticevectorisperpendiculartoasetofthe（hkl）planes，

anditsmagnitudeisequaltothereverseoftheinterplanarspacing（dhkl）oftheseplanes．Asa

resultoftheserelations，eaChreciprocallatticepointrepresentsthecorrespondingsetof（hkl）

Planesintherealspace．

1．5　TheEwaldSphereConstruction

IntheBraggsreflectionasshowninFig．1．7，WeCOnSiderunitvectorsS。andSalong

theincidentand scattenng directions，reSPeCtively．Thenthevector，S－S。，hasthe direction
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PerPendiculartothe（hkl）plane．Combiningthevalueof S－S。＝2sinO・n WithBragg’s

equation（1．3），WeCanWrite：

S‾So＝右●n

Or，

S S。l

A　ノ　d‘～

Fig．1．7　Schematicrepresentationofincidentandscatterlngdirections，

byunitvectors．

Again，COmbiningEqs．（1．8）and（1．9），Wehave：

；一㌢＝㌦ん′
＊

ThisistheBraggsconditionintherecIPrOCalspace．TheconditionofconstruCtiveinterfbrence

issatis丘edwhenthevector（S／仇－S。几）touchesareciprocallatticepoint．

Theabovedifn－aCtionconditioncanbeunderstoodbythegeometricalconstruCtionof

Ewaldsphere，alsoknow竺aSaSPhereofreflectionl3］・Intherealspace，X－raySOfwavelength

入are difn・aCtedfrom（120）planes ofa crystalas shownin Fig．1．8（a）．Acorresponding

representationisillustratedinFig．1．8（b）inthereciprocalspace．TheEwaldspherehasaradius

l／仇，PaSSlngthroughtheorlglnOfrecIPrOCallattice，0＊．Inthiscase，thevectorCO＊coincides

to S。規．The vector（S／仇－S。／〃is achord extendingfrom O＊to apoint onthe sphere．

Equation（1・10）issatis丘edwhenthereciprocallatticevectorIl2。isonthesphere・Generally，

theBraggsconditionissatis丘edwhenanyrecIPrOCallatticeisontheEwaldsphere．
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The Ewald sphere has proved to be a valuable toolforinterpretlng geOmetriCal

relationships between the crystal struCture and the corresponding X－ray Pattem．Using

Eq．（1．10）andFig．1．8，Weknowthattherecを，rOCallattices，locatingontheDvald甲here，Will

叩γ，‘W・〃〃J〟‘・．＼LJ・町l昭／川l・Jん′Jり，′仙γ〃．

120plane

（a）Realspace （b）Reciprocalspace

Fig．1．8．（a）Diffractionconditionintherealspace，and（b）illustrationofEwald

SPhereconstruCtionintherecIPrOCalspace．

1．6　PolymerStructure

Polymericmaterialsaresoftsolids，de丘nedbythearchitectureoflongchainmolecules．

Linearpolymershavelongchainsmadeofrepeatlngunits，Wheremonomersareconnectedby

COValent bonds．Thelength ofthe polymer chainis distributed depending on the

POlymerization．Duetothecomplicatedconfbrmation，POlymersrevealvariousmorphologleS

fromamOrPhous to ordered states．By drawlng and／or annealing treatments，the polymers

exhibit regular struCture and show three－dimensional periOdic arrangement at room

temperature．

Inthepolymermorphology，StruCtureunitscanbeclassifiedbytheorderingmagnitudes：As

thefirstorderstruCture，themonomerunithasseveralÅ．Thesecondorderingappearsinthechain

confbrmationsuchashelixandtacticityin～10Å．Crystallinelamellaeappearasthethirdorder

havingascaleof～100Å．AsthehigherorderstruCtureS，POlymerdevelopstofibrils（～1000Å）and

spherulites（～10000Å＝1岬1）［4，5］．
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Thble1．2．ExaInPlesofcrystallinestruCtureSOfsomelinearpobTmerS．

NameofpobTmerS CrystalstruCture Latticeparameters（Å）

Polyethylene（PE）　　　　　　OrthorhoInbic

Polypropylene－α（α－PP）　　　Monoclimic

Polypropylene－β（β－PP）　　　Hexagonal

PobT（ethyleneterephthalate）　TriclimiC

（PET）

Polyoxymethylene（POM）　　Hexagonal

α＝7．37，占＝4．94＆C＝2．55　　　　　［6］

α＝6．65，占＝20．96＆C＝6．50，β＝99．30［6］

α＝占＝19．08＆C＝6．49

α＝4．56，占＝5．94＆C＝10．75，

α＝98．50β＝1180γ＝1120

α＝占＝4．45，＆C＝17．3

l71

Wehaveextensivelystudiedthemorphologyandcrystallizationofsomelinearpolymers，

Which，ingeneral，eXhibitcrystallinec－aXisparalleltothechainmolecule．Thblel．2indicates

information aboutthe crystalstruCtureS Ofsomelinearpolymersinvestlgated．The detailed

discussion will bethe main o切ectives ofthis book．Lattices ofpolymer molecules are

Characterizedbya’repeatdistance’anda’repeatunit’．Inmostcases，therepeatdistanceis

COnSideredtobenearlyequlValenttothelengthofc－aXisoftheunitcell．Duetothelimitof

thewavelength，X－raydifn・aCtionmethodise脆ctivetomeasuretheorderofseveralÅtolOOO

Å．Thelargerorderingisstudiedbyelectronmicroscopy，OPticalmicroscopy，andlightscattering

etc．

Fordetailedpresentation ofthe crystallinelattice and recIPrOCallattice，readers may

COnSultthetextbookofC．Kittell8］．
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