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AllRZUg 

Elno Inetastahile monokllne :Modltikation von dcr Y.mmuunenset.zur1g des 
Anort.hits~ CnAizSi20.t~, "\\'"llT'dn s.vnthcti~t~-11 darge~tellt. Die Kfist-alle sind_ tnci~t 
~ubmikro~kopiF->ch verz\vi lllngt. Dje l-tnun1gn)ppe dcr SnhHUmz iRt r21. Ihl'e 
GiLtcrkomtunt.en sind a= 8,228(11, h = 8,621(1), c ~ 4.827(1), f)= 90,00(a); 
.z = 2. Die Strukt.ur \\.'Urcte midi d('1' ~finimumfunktions-~iethodc bestimmt n.us 
den mit oine1n autornatischen DirfmJdumo1,cl' geiiH.lSfinnen Jnt<'nRiti\t.en. F..:0; ist 
cine GcrUststruktur nut RirJg"(~n nus vier 'Tetra.edcrn 1Nie lX'Lln .1-'ekl.!:lp.a.t.. Di0 

Co.-Atonu'! 8lnd st.atistisl'fl Ruf zw-ei .Punktlagen vcrteilt Jl'"llt den Bc..-or:;ntz.nngs­

Wahrschoinliehkeitcn 0,403(1) und 0,564(5). Die Strnktur weist eino betonte 
Pseudosyminetrit' m1(1.h Pmnn uuf. Die AbW('idnmgon duvon la.~.'l.en sich in Bnittlr 

Linil~ durch dit:~JHl-hez;u voll!-5ti~ndige Ordnung der .A.l- nnd Sl-Vel't.e-ilung erkliiren. 
Die nutt.leren T- .() -'.f-\Vi11kel an den zwci- und dreifu. ch-k.oordinted:cn 0 -Ato­

rnon 8ind in dor 1norwldlmm St.rukt.ur· klciner als heirn A tlorthit .. Ah Crund fi_'rr 

die Verz\'\'illlgnng Wl'l'd(~n Fehler l•ci rlf"r AI- und Si-~\nlagernng wA.hrend de.-:: 

'V£H.·-hsturns verrnntet. 
Es spricht nil'l1Ls filr die ..-:U1nahmo, dalJ diH rnonokliTHJ Phase verachiNlen 

votn ,)'hon1biH~hen Ca.-·\I 2Ri20s"~ von DAVlS \lTid TvrJ'L"Fl i~;;t. 

Abstmct 

A wonoclinic nwt:.a..oo;ta blt:'l pl1n;;.;.c of aiHHt-hit.e c(unpm-!it.iml, CaAhSi::O.~" hns 
been ~vnthesized a.~ an artificia-l p roduct. Crygtal~ fl.t'O twinned rnmrtly on a . .:>ub · 
mlerot~.~opic :wale. In t-he cel1 whooe dirncn.:-.ions arc a= 8.228(1.), b::.....; 8.621(1 ). 

c::.....; 4.82i(l) A, fJ = 90.00(5) ..., , there arc t.wo f(Jnnula unit8. The spa-ce g1·oup is 
1'2.1 . The ~-;tt·ucture hnr; heen worh::nd out with the mininmm-fum:tion rnot.ho<l 
bnsed upon intensit-ie-s 1neasured on an aut.ornn.ted dlft'nt(~t-omet-er. Final o.t-mnic 
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coon]illilt-os g-ive ~l-n R of O.Ofj \Vith i ~otropic t.hc n nal paramcf nn) . Til(' s t r• 11dure 

is ~L f1•nnw\•/ork in '\'hieh the-re can bn l't.·nu:::nized rlnf::,>13 of four t.etrahcdn-1 like the 

oncR of ±ebpar. The ea.lcium aton1~ arr; ~t ~--..t, i ~tion.ll,v tlii'->trihul,od Ln t"\.\ '1) p<Jln t 

posit.ivni-3 \-Vitl• the O<X~U(lt1-ncio!i of 0.403(4) und 0 .564(0) respl"CtiYl"ly. The st-nn;­
tun: ha.s a pronounced p8('Hdosyrnrue-tt;v of P-mnn. Tin., thn:iatimJ fron1 thi~;; l•jghtlr 
symmet-ry Js primarily explained by nearly C'mnplet-e order iu the Si and Al :iiH-es 

· jn the fr·n.m,~wol'k . A eornJHtr-i;.;on of t.his stl-uct-ure \•.dth that of anorthit-e has 
re\·ralcd t-hat. the meanT- 0 T anglc~s nt- t.\-\'0· a-nll t.hr00·f•om·dinnJod nx_yg~n 

atoms are sn1aUe1· than t he cot'I'e8ponding- anglNl of •lnm·thltf~ . A n1cch anigtn of 

-t-'"dnniug i~ :·m.ggcott~U. iu h•rm~ of 1nistakes in th~ H1 and AI plaeen1ent.s whwh 
n u-t:y onf•ur i11 tho j)I'O~OS8 of (_'1·y~tal growth. 

There is no ovidcnco tbnt Hie Hyn tlmtic ;;orthorlwuibi.c Cu.Al~Si20~n, 

dt·sc·I·ibod by DAVI S and TFrrL..t.; (1H52), i~ dist.inC't· frorn the present. m.on~Jclin ic 

phase. 

lutrodudion 

Throe polymorphic forms arc known for Ca.Ahf'ih08 . They nre 
hexagonal, orthorhom.bic and triclinic. Among them the trielinic form, 
which is ealled anorthite, ocm1rs in nature ;ts one of t he common rock­
forming silicates. On the other hand, the hexagonal and ort.horhombic 
forrns art' metastable and known only aH artificial products (DAVIS and 
TlCTTLE, 1 \152). Of these met-astable phase, the cryst."l strul'ture of the 
hcxa-goua.\ form }w.s h'"'n workPd nut hy 'l'AKEt:muand DoN KAY (1Hi50): 
it consists of sheet~ similar to those of hexagonal HaAl2Si"Os (T'T'o, u•no; 
TAK~:UCHI, 1958). 

In a series of investigations on growing felspar eryst als, on e of t.lw 
1•resent authors (.T. ITo) obtained a 11ew metastable phase of t-he 
anorthite composition CaAhSi,Os. The erystab of this phase are mono­
clinic: hut dose to orthorhombic. The following; account presents the 
re~ults of our invcstig"tion carried out in the hope t hat the elucidation 
oft he mct.astablc ~tructurc might throw light on the structural fea.t.ures 
characteristic of rn cta>t>thle pha.-cs of sili<:at.cs in general. 

lllatcrial 

The metastable phase of anorthite composition was obt ained during 
the investigation which was undcJi.aken t-o <·stablish a high-temperature 
solvent method for growing crystalline phases in t.he felspa-r group . The 
crystals of the rnet>~stablc ph""' wen: forrn cd hy r·apid eooling of a melt 
caused h,y an accident-al lmrning-up of the heating element of the 
furnace. The rapid cooling occurred at an undckrminahlc mt.e from 
t he ~oa.king temperature of 1400°C to IOOO'C . . From the t emperature 
of lOOO"G, the melt wa~ cooled down to 7iiO"C nt tlw rate of 4 oc per 
hom. The final ory~talline produot. ofthi>< particular run mostly con~i8t.~ 
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Fig. 1. Crysta ls of monoclinic c,,Al,Si,O, 

of triclinic C1~AhSi20s (<morthite ) having crystal ~izcs of up to a mm 
in length, and fine mullite, in addition to cryRtals of the m etastable 
phase. A small amount of corundum an d crist<Jbalik W<JI'O 1Liso identi­
fied in it. In the product we have further found , t<J dat(l, one crystal of 
hexagonal Ca.Ah~i20" whose a axis, unlil<e that. of the previously 
reported hexagonal form (D AVlS and Tc•t•rL.~> , 1952; TAKELfGt!l ·~nd 

D0~.4.Y, 195tl} i~ d oubled , tcnt.a.tivc mL'<l.~urcmcnt giving~~ pcriodicil.y 
of 10.2 A. The mode of assemblage of these crystalline phases clearly 
iudicat.es th1~t t h.c "r~·b-tltlli•a~tion took p lace under noncquilibrium con ­
ditions. On heating at 1:1oo •c for t.wo hours, t he crystals of this 
met a<!table phase are t ransformed into t.he triclinic form. 

The crysta-L~ of t he meta..~t.ab le phase are sbown in .Fig. l ; they at·c 

elongated 'parallel t.o the c axis, and have well developed (100) faces. 
They are colorless and tmnsparent. Aggregates of fine cristobalite aro 
often ob~orved as inclusions. Two represent.ative results nf microprobe 
analyses carried out by Dr. D AVID '\VALKER, Harvard University, are 
compared bolow with tho ideal comp<lsition of anorthite : 

Anorthite 

SiO: 44.4"/o 48.111/o 43.2•/G 
Al:Os 35.6 31.8 36.i 
c..o 19.9 18.0 20.1 
~a.o 0 .1 0.1 

100.0 98.0 100.0 
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The fit·• t result yields the formula Ca~_ggXao . o tAll .o48 i 2 .0505; and tlw 
second Cao.u1\'au.o1 Ai t.7so'li2.240 R; t he latter h11S been given as an extreme 
example showing deviat ion fi'Om t h0 anorthite composition. Jn ad dition 
to t he microprol"' am•lyses, we narrieo out a wet clwrni.,,.l n,ualysis of 
baud-picked bu lk 8pecimens wit h t he result as follows: f>i02 4R.40f0, 
AI~O:t 33.3%, CaO 1 i.90fo, and Na'.!O 0 .1 o;n, rota! 91l.i0fo. f>ine.c i t was 
not possible t.o ><eparate rrist.obalitc inclusions complntdy, the higher 
value in the Si0 2 component is attrilmtnblc t-o er il;tobalite. lf therefore 
this value for the silica component i.s reduced so that the rc~ulting 
value gi,,c., a ~·alue of 43.2°j0 li ke that for the u.northite composition, 
the eontent£ for the remaining compont•nt<:~ u1·e calcula.ted t o be: Al~03 
31l.80/o, CaO 19.90/n, ~a..O 0.1 n/0. The chnminal eornp<lsitiort of this 
nutierial thus essentia lly eorresponds to the anorthite composit.ion, 
CaAl2Sh08 . The above result. of mieroprobe ana.Jy~cs, however , 
might suggest tha.t the composition ll1 >1Y n ot necessari ly be homoge· 
neo us in a CI'y stal but vadah le from the a-nor thite r:omposition t o 
Cao.oAh.sS i 2.20~. 

T.at.tke consl.ttnts and spaco group 

The single-(:rysta.l d iffraction patterns show monoclinic diffraction 
symmetry, bttt arc rnarked.ly d ose tn orthorhombic. The latt.ice eon­
st ants determined with a four-circle d ifTm ct<nncf.cr (MoKx, 
,l ~ o. 70926 A) at 18 •c are: 

a = 8.228(1) A, b = 8.621(1) A, c = 4.827(1) A, {J = 90.00(5), . 

ThP. unit cell contains two molecules of CM\.hSi20 8, giving a. ealculat cd 
specific gravity of 2.6~ g/cm3. Thi~ vaJue is c:omparcd below with those 
of other modification8 of Ca.Al2Si20a. 

Speciric gntv!ty H.exngonal ~'lonoclinic Anol't.hiLc 

Clilculat-ed 2.77 1l g/cm 3 2.69, g/cm • 2 . 76 ~ ~ g/cm'J 
2 .78b 2.66,• 

Observed 2.74• 2.!19(1)• 2.i6d 
2.70~ 

• D AVIS and T uTTL>: (1952), • T AKEUCRt anrl Do"NAY (1959), e Calculated 
by the prt'sent authors bnscd upon the cell v olume givon by ' V A INWR!GH T and 
S·nRKEY (1971) for an An1oo •pccimcn , • D EEll, H owu: nnd Zt:s lnt AN (1963), 
• Pres<mt study . • '.rhe value for Cao.,Ah.8Si2,,0 1 • 
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As observed in t he above table, the specific gravity of the present 
material gives the smallest value among the known polymorphic forms 
of Ca.A)zShOs. 

The observed va-lue of 2.70 given in this table for the m onoclinic 

modification i8 the one reported by DAVIS and T'l:'l'1'J.E (1052) for a 
metastable phase of CaAl2Si20 s which t hey r.alled "orthorh't>mbic 
Ca.AhSi20 s". T'heir lat ti r.e constants arc ncar to t hoSP. of t he mono. 

clinic phase: a = S. 224(6), h = 8.606(6), c ~ 4.R36(i)) A. Tn addition, 
the powder-diffraction patterns of the "orthorhombic" phase and the 
present p hase are ident inlll, suggesting t h:tt the "ort.hor·h.om.bic" phase 

is i.dcnti ea.l with the present monoclin i ~: phase. 'l 'he confusion undoubt­

f.dly arose from t he fact that DAVIS and T'<.TTLE (1952) ohtain<x.l t he 
crystal data for their· material only from it~ powder patte rn. 

The crystals of monoclinic Ca.AhSi20" are weakly piezoeleet.ric, 

so that, they must be ac.cntric. The OkO and hOO reflections a re mis~ing 

on precession and \l'cissenbc:rg photographs if k and h arc odd. Since 
the dill'raction symmet ry is .rnonoelinic, t.he extinction r ule for O~;O 

leads to the acentric spar-e group P2t as most probable one. 'fhe ntissina 

!lpcotra for hOO reflections can then. he considered a8 structm·al extinc~ 
tions. Ind~:ed a. counter -d iffract()meter mca.s umment hM mvmtled 

very weak int(;nsity for the 900 r·c tlcetion which is slightly above 

b~~ckground level. 

AnalJsis 

Analysi s u s ing a twinned crys tal 

IJnt.il we came acros.s <L oryst~l fragment which exhibited monoclinic 

clifhaution symmetry, a ll crystal fragments lmcl givr~n orthorhombic 
diffraction symmetry. Their lattice oonsta.ntfl aro identic:al, within 

errorg of exper iment, with tho&\ given above. The ext.inct.ion rule of 
speck « is ccmsist cnt with that of t he space group l' 21212. Sirwe t hese 

crystallogra phic clnt-11 •no paralld with those of "orthOThombic 

CaAh~i20s" , we wcrenatnru.Uy misled to assume th>~,t the~ cryst11.ls were 
orthorhombic and idontin;ll with "orthorhombic OaAhSi~OR"· 

Jn order to carry out the. structure analysit~ , aU reflections within 

one oetant of reciprocal space up to sin fJ ~ 0.70 were measured with 
rnono..Jrromatized Mol{"' radia tion on a four-circ:lc cliffrar:t<)rnct,Qr . At 

thiR early stage of anuly~iH, we !Jccame awar·e of the fact that t.he space 
group l' 2t2t2 is not probahl!: for t.he st.ructure under consideration for 

two rea..~ons. l·'irst , in t he intensity distribution observed in x -mv 

photographs, it is observed t,ha t the intensities of l!kO ;tnd hOI !Lre ver~ 
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weak if !t+k and h + l r<'spcl!tively are odd. It follows that, if these 
.. weak rdl.eetions are left out , tl1e remaining rnfl.c~:tionR lead to space 

gronp Pmnn or P2nn . This situation suggests that the structure of the 
pre~;ent material may be regarded as ''derivative of a structure which 
has oithet• a. space group Pmnn or P 2 nn. 

In that event, t he 8pace group of t hiR material should be;, accordin"' 
. t o the theory of derivative ct-ystal strn.,turcs ( Bc"F.RGER, 1947), 011~ 

of the subgro ups of Pmnn or P2nn. A difficulty then arose t·hat neit her 

Pmnn nor P2n.n l1ave sub!,rroup P 21212. Though the space group P mnn 
does (:Ontain a dihedral s ubgroup of P 2212~, it is obviously different from 

. P212J2. H owever, comparing t.hese two dihedral group.'!, wo imnl!xli­

ately notice t hat they have a common monoclinic subgroup P21 whose 
unique axis is parallel to the b axis of the present matorial. Tho a hove 

consideration leads to a view that the true symmetry of this materia.! 
would be P21, a nd it~ Htru(Jture would be a derivativo of a strueturc 
having a space group Pmnn. 

· We now explain t he second reason which eliminates spacn group 
P 2t2t2. Since t he unit cell of t his mat-erial is small, and t ho structure 

would pt·csumably bo b uilt on a. fra mework consisting of oxygen tetra­

hedra around Si and Al t~toms, it is not d iflicult to I".Onstrnet possible 
structural modeiH. Prnliminary c;alcnlati.ons of structm·e factors, h ow­
ever, soon disclosed t hat none of t he models explained the intensit ies 

of Olcl and hOI rcllcotionA ~atiRfact.orily, though they g>l\'e rou gh agree­

ment lwtween Fo and Po for hkO reflections with h+k = 2n. (n, an 

intf.ge.r) . This situation wa..s such 1;hat it could not be improved by any 
means so long as t.here a-re twofold axes parallel to t he c ,1xis, s uy;Kesting 

that P21212 is nnt. probabl!'. \Ve t bmx:fore decickd to 11ssnme th~ space 

group P21. lt wa~ t hought t ha-t the 1' 2, structure would produce a 
diJTraction pattcm which is clo,'l! ' c:nough to orthorhombic symmetry. 

'fhe first at.tempt8 to dClivc u,n npproximate structul'e were made 

by examining thn 1'atterson function. Bcc»usc of th e stwng psoudo­
symnwtl'y of l'mn:n, t h() clistrfbution of peaks in the Patterson funct ion 
should bear the geometrical relation characteristic of' the vector sets 

ari~en from point set,~ having space group Pmnn. Utilizing this geo­

metrict>l mlation, we were indeed successful in interp reting the: Patt<l·l'· 

son function to form a 1uininw m function M 2 (xyz) (Fig. 2). I t is to be 
u oted t hnt Jfz(xy:z) t.hus obt-ained is a m ultiple of a }lO&;iblc true w lu­

t.ion aod its inverse image lJ(\!!I~uso t he crystal is acentric. 
!~Toting t h11t tho c-axis projection would probably be close t o ccnt.ro­

Ryrnrnctrical because of t.he pseudosymmetry, then, to confirm the 

'L.. Krl~tn.lloar. Dd. 137, i'o/13 25 
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above result , W(! applied t he symbolic-addition procedure t o t he .·. 
reflection~ of t he hkO zone. Out of 78 hkO r eftcction s with h + k = 2n, · 
34 reflcct.ionR ha.ve ' fiJ I values bigger t han l.O. Among them the signs · 
of E 'a fm· 31 reflections were determined and they were used to forrn 
an ]iJ mu-p. As shown in l''ig. a, the re.~ulting E map gaye the distribution 
of peaks wh ich is essentia lly consistent '"ith t-hat in th(! c- t~xis projec­
tion of .M2(xyz). 
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b 

Fig. 3 

Fig.2. }\..f11(xy z: ). Final at<•mic locations t~ ro indi('a tcd. 'l'hc or igin if; t.ak~1 1 tlt 

·- h 0, . ·· !- of t he convcntionnl cell uf PZ1 

Fig. 3. 'I'wo-d im(')nsiomll E map ha8t><.l upon hkO reflt:~cr.ionij , Since th<' R~o.ce 
group P1nnn wns tllit)Utncd , th i ~ projec t-ion has a plane symuwtry cmm. Fmu.l 
a .tomic lo L~il.t,ions tU'O inrli<.~ated by dot,s. 'fhc origin is t.akon at - t, 0 , - ! 

of the conventional cell of P 2t 

Based upon j'J'J2 (xyz), we can readily derive a framework structure 
having P 21 symmet ry . As will be obseryed in Fig . 2, there are in 
M 2 (:vyz) two possible twofold positions, Ca( l) and Ca(2), for r.a.lcium 
atoms. Since the unit cell cont-ains only two calcium atoms, we placed 
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calcium at{)ms in the Ca( l ) site . St ruct ure-factor caknlations ba-sed 
t his initial set of at<nnic coordutateH gl\ve a r esidual R = 0.25. 

Tho at<Jmic coordinates were then re fi ned to R ~ (1.1.6 with 1;hc full ­
lllatrix least-squares probrra.m, ORFLS, writt en for T1B 1 70!)0 com.puk r 

B us rxo, M ARTIN and L EVY (1962) antl n\Odified by Jr-r..ucA for 
AC 5020E. A clilfL'fCll l'<! l•'ourier synt hesis computed at t lt is sta-ge 

indicat.fld t hat calcium :ttoms should also be !orat-ed in t.he Ca(2) site. 
This implies that two calcium at oms in t he unit rt- ll are st-atist.icallv 
dist ributed oYer two sets of t wofold locationR. l n t he s ubsctJliCnt lea.~t­
squarr.~ r:alculations applying the rrntd paramet ers, we thereforo re fined 
the occupancy para.mekrs for the sites C11( l ) and Ca(2). The valne of R 
was then reduced to 0.12. 

A difficulty again :nose in t ha t thi~ value of R t:ould not he reduced 
any fmt-her. Though the agreement between Fo and .1'0 is in general 
fa irly goo.J, that f~1· t he particular set of' weak hkO relt!lctions ·h,·wing 
h-1 k #- 2n is thorou ghly unacccpt.abiB. To explain this difficulty , w:~ 
fi111illy (loeirled to agsum e that t,he crystal fmgrnont, under in vest- igation 
was a twin of the P21 stru cture formed on a sub m i<>roseopie scale . 
Since t he ~ym metry of the P 21 st ructure is r:lo~e t o Pmnn, the occur­
rence of such a. twinning is highly likely. A ~imilar exam pi() has b een 
reported for t-he so-called h exagonul m odilir.aiion of BaAJ~Si~08 • This 
form is apparently hexagon>\] (ITO, l!liiO), uut t-he hexagonal By mmetry 
is actually t he result of a submicros~:opic twinning of an orthorhombic 
st11110tnre ('1',\.REUCm , 1958) . 

T r u e s tru c t u re 

ln t he mea.nt ime we happen ed t o find a tiny cry8tal fragment 
which does exhibit monoclinic diffraction sy mmet ry. lt was t hen 
proved t hat t he cryst.>Ll f ragment on whi ch we had been wor king was 
indeed a t wirL T he shape of the new crystal is .roughly that of parallel­
epiped with dimensions 0. 10 X 0.10 X 0. 11) tnrn. The lattice constants 
given p1·eviously are t hose of this crystH,l. A new set of 2303 intensitie-S 
was therefore measured on a four -circle diffractometer u sing MoK." 
radia.tion for all re(!ections having sinO ~ 0.6. Intensities of symmetri­
cally equivalent reflectiml8 were averaged, and a total of 1157 r cflec­
tions was collected. Of these, 9nii reflection s which have values bigger 
than 2 a(J ) were used for t he following refinements. Correction for 
transmission was not made. 

Structure-factor calculations b ased u pon t he P 21 structure , which 
gave an R = 0.12 for the previous set of F o's obta ined from the t winned 

25* 
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crystal, gives for this new set of Fo's a value of 0.08. Succt.ssive le~>~t­

squares rnfinement appl;ying isotropic temperature factors redu<:ed 

it to O.OIL For these comput<>tions, an empirical weighting factor was 

u sed of the form: u:, = 1j(a + 1/F"'" + cjF!b,) (CRUICKS!fAXK, 1()65). 

'l'he values of a and c which minimi1.ed the variation of (F o-Fc) with 

F ob• were 5.4 and 0.028 respectively. It is now L'Onoluded that the 

mon oclinic modification of the an orthite composit ion hllll been estab­

lished. 'l'hc final atomic p a-rameters which give R = O. Ofl are l ist ed 

in Table 1. 

Discn~sion 

Ge n er a l fe atures of 8t ru c ture 

The c-axis and a-axis projection.~ of the crytital structure (Fig. 4 and 

l<'ig.5) show thut t he structure is built on n. framework which is com­

p osed of tetrahedral groups around silicon 11nd a luminium shat·ing 

every corner witlt neighbouring groups. 'T'he links of t he framework 

oonsist. of rings of four tetrahedra whose eonfigum tiou is closely similar 

to t hnt of the rings found by T.ur.on (1 !l:l3) in fclspars. The linkage 

of the r ings, however , iR differen t .from tha t in the fcl~pi11" structure. 

As will be observed (Fig.4 and .Fig.fi) t he tdmhedm divide t hemselves 

int<l two groups; small an d large t-etrahedra altnrnate in every direction 

T n.b le 1. Fract·ional alrnnir. coonlinatea. i ,9ot-ropt'c tht rma.l parum~lerB a.nd thr.1:r 

,-;ta·ndarcl devi{lt-inn.R (in parenl.he~es) 

ThC' !-ite:i Ca{ l ) anti Ca-(2) 61'6 occnpiH«l by calciurn a.locns with t.ho o~oup.t.nciN~: 

of 0.•103(4) and O.GG-l(5) •·espoolively 

X y B 

Co\(1) 0 .7470(!i) 0.4738(4) 0 .8042(9) 0.48(5) A• 
Cn(2) 0 .2498(4) () 0.3440!8) 1.42(:i ) 

T(1) 0.9:)03(2) O. H\18(G) O.S!J4:i(4 ) 0.~:>(3 ) 

'1'(2) 0.0650(3) 0.3360(G) 0.~976(5) 0.70(3) 

'l'(:l ) 0.441>4(3) 0.3276(6) 0.3952(5) 0.45(~) 

T(4) 0.5676(3) 0.1373(6) 0.894 1(5) 0.62(3) 

0(1) 0.0609(8) 0.18 19(10) 0.1 7:!7(15) 1.05( 1(1) 

0 (2) ·0.0380(7) 0.0021(9) 0.7:!81( 12) 0.88(9) 

0(3) 0.7614(8) 0.13•78(11) 0.0021(14) 1.47(10) 

0(·.1) O.!l540(7) 0 .2974(9) 0.6863(12) 0.50(8) 

O(o) 0.5610(7) 0 .29~0(9) 0 .6604(13) 0.60(8) 

0(6) 0.5254(7) 0.4807( 10) 0.248(i(l ~) 1.30(1l) 

0 (7) 0.2664(6) 0.3714(\l) 0.4 789(10) O.S I(Il) 

0 (8) 0.4408(7) 0 .1 762(11) 0.1895(14) 1.11( 10) 

'l'he: <!l'YKt~:~.l Ktn1ef11re of rnow•c:linic CaAlzSi~08 389 

- ---·- b - -- ...: 

Fig. 4. The c-axis projcct.ion of the l1Ty~tu l !':h'!Wtm •f" of Juonoclinic CaAbSi20 !:1 

Fig. 5. Project-iou ort ( 100) of o. flhl.h hounded by ::t: ,_ t j:! Ut\d x = 3/ 4 

oO t.hat ear.h oxyg:en ut.om is shared by one small and one la rge one. 

The diffe rence io; morl) c:onspicuous if we look 1\t the T- 0 bond lengths 

wh ich are given in 'l'a.ble 2. T he significan t differences in t hn mean 

'l'-0 b ond le ng t h s suggcRt that the small tetrahedra T (1) and T(3) <~ro 

ntltin ly oc:c up ied by silicon, nnd large tetrahedra T(2) and T(4) by 

a luminium ~>t-oms. Thelle bond lE'ngths at'e to be compared with t l10se 

of anorthite (M E GA\\", K EMl'ST.Im and RADOSLov:um , 1962; WAIN­

WJUGHT and STARKEY, 1071) . The mean T- 0 bond ](mgt hs in anorthite 

a.re 1.6!4 A for small t<~trahcdn~. and 1.749 A for large t-etrahedra, 

indic!&ting t hat the ordering of Si and AI in anorthite is c.ssentially 
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Tab!" 2. 'l'('i)-O(n) bond lengths , T (i) O(u)- T (j) angle8, and mean. C .. -O(n) 

di.!tan<A!.B 

:~;rror~ iu bond lengt-hs u.nd di.st.anceH arc in t.l to range from ± 0.005 .A to 

-' 0.009 .A, and tlu\t in a ngle.• + 0.5° 

n n nnd long:th B.oud nuglo <Cu.-O(n)> 

u r.t A t:ll.1 " 2 2.:1s:J • .\ 

2 l. fo47 125.4 2' 2.602 

4 L.641 132.5 2" 2.434 

3 1.643 !43.~ 4 

:\olean l .M1 123.1 

2 l.il3 13 1.1 2.:183 

4 1.700 t:l2.2 1' :.!.4:14 

2" .1.789 125..:1 1" :!.(i02 

1.730 142.8 3 

Mean L.733 135.4 

3 I! 1.641 128.0 4 2.328 

6 1.63i 129.5 4" 2.665 

5 1.628 ! 3 t.:l 4' 2.378 
1.574- 142.8 2· 

1\lean 1.620 I :12.9 

4 8 1.799 128.0 3 2.328 

5 1.754 13J .5 3' 2.378 

w .1.69\l 12H.5 3" 2.655 

3 1.(;78 143.3 l 
Mc:Rn I. 7:13 133.1 

perket . :rhough t-he Ri,Al order in m onoclinic CaAlzSizOs i!l un<loubt­

.. dly of high degree , jt, iH not as complete as that of an orthite. '!'h is fact 

may be attributed to higher growth ru.te of this matPrial. 

Since '!' 0 - T a ngles and neighbouring cations »ffcct the T 0 

bond lengtlL~ (Ct WICJ{SH A r.."K, J 91i1; P A.. 'IT and CHl'IGKSJTA KK, 1 !)68; 

BRowx, GIBBS aml R .I HH E, 196!1), t he a ngles at 0 !Hld t he m ean length~ 

bet.wcen 0 and neighbouring Ca atom' are list ed together so t hat we 

can ea~ily impect thc~c coiTelations. Among four independent tetra­

hedra, the tetr·n.hcdron T (3), which is s ubstantially occupied by sil icon 

at.oms, dtKJS show ·~ beautiful corn·Jat ion hntween 'I' - 0 longths and 

anglcS>}t 0. V,.'ith incr easing angles at 0, the T - 0 lengths oHhe td.m­

hedron dec:rnase linearly. Howe ve r, it seems difficult to find s imilar 

evidence for other individual tetrahedra . 

'.fhe cry~tal F.ttl'uct.nre of monoelinic Cu.:'\ l:tSi10 8 

7(3) 0(7) 7(2) 

~$~--,~57-~~~()~-;~n~o--~eD 

m; ow m; 
e@-- --{()1------E) 

1.543 1.578 

Fig. H. B ond lt>ngths (I\) between t WO·Cf)Urdinatod mcygen a.m.l. T t(.t.oms 
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The oxyge n. atoms in thi.<J structure arc grouped into two c:1tcgorios ; 

t hose c:oordinated by onc: 8i a11d one AI at-oms, and t hose coordinated 

by one Si, one A I a nd one Ca atom8. T nspection of T able 2 r eveal8 t h>>t. 

there is a marked difference between angles at t wo-coordin>Lted oxygen 

atoms and those at three-coordinated oxygen atoms. The mean value 

of t he angles a t two-coordinated O's is 143.1 ', while t lmt at t.hree­

e<.~ordinated O's 129.7". This me>tnR that the r esid ual eharges at the 

oxygen atoms of Si- 0 -·Al links are, like those in anorthit<o (1\'l:llGA w, 

.K~~1PSTER and RADOSLOVICH, 1962), related to increasing angles at 

0 atoms, accordingly to shortening T - 0 bond lengths. It appears, 

however, t hat such a balan(J(' in an Si- 0 - Al link in our struoturc has 

been achieved n ot by shor tening both the Si-0 and Al -0 bonds but 

by shortening only either one of tlwm. This situation is shown in Fig. 6. 

In the T (:l)-.0(7)- T (2) link, the T(~)-0 (7 ) bond le ngth of 1.574 A 
is t he shortest one among T - 0 lengths of Si-rich tetrah.edra., while the 

1'(2)- 0 (7) length is essentially iden tic>Ll to t he average T - 0 bond 

lengt.h in the Al·rich tetrahedra. 0 1\ t he contrary , t h€1 '1'(1 )-O(il) h ond 

length of 1.643 A in the '1'(1) -0(3)- 'f(4) link i8 longer t han the 

average T - 0 bond length of Si-rioh tetrahedra, while the T(4)-0(:~) 

bond length of 1.678 A is the shortcb"t T- 0 bond in t he Al-rich tetra ­

hctlra. Edge leng;t.hs and angles at '!' of each tetra.hcdron :.re listed in 

Table 3. 
T wo calcium atoms in t he unit r.ell arc st.a.tisti cally di~tributed over 

two twofold positious, Ca(1) and 0..(2) respectively, with occupanci.es 

of 0.403 ± 0.004 and 0.564 1.: 0.005. The djffe.renre between t hf'-Se t.wo 

values iR highly signifion.nt . In fact,, this difference in t.hc Ullloium 

contents between t-he Ca(1) a.nrl Ca(2) po~it.ions is r esponsible i(lr the 

obser ved intensit.y of 001 rAflecmon. E ach position has ~ix near oxygen 

neighbours. Th.c shape of t he polyho<lm formed hy t b.ese oxygen atoms 

is close to that of 11 t.rigonal prism. The Ca(l ) site has seventh oxygen 

neighbour ut the distance of 2.97.5 ± 0.009 A, a,nd t,he Ca(2) site at the 

distance of a.27l ± 0.008 A. Tl1e closest appr oach or the Cu.("l) and 
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Tabl" 3. O(p )· -O(q) distances and O (p)-T(i )-O(g) anylr..• 

Distane~ 
I 

Angles p q 

2.62 J (J.O)A 105.:1(4) '" 

4 2.651(11 ) 108.:1(4 ) 

3 2.860(9) J20.8(1i) 

4 2.704(9) 111.4 (0) 

3 2.629(9) 105.9(4) 

4 2.595{9) 105.2(4) 

Moan 2.677 

4 2.810(9) 110.8{4) 

4 i 2.832(8) 1J 1.!3(3) 

4 2 2.706(!1) 10 1.7(4) 

1 2.775(9) 107.4(4) 

2 2.\110(!1 ) 1! 2.4(4) 

2 2.940(8) 1 13.3(4) 

Jlfca.n 2.829 

3 2.fi17(9) 108.9(0) 

.'i 2.672(9) 113.1 (3) 
2.582(!1) 107.1 (4) 

8 2.680(9) 110.2 ( ~) 

8 2.7:12(12) 112.9(4 ) 

5 6 2.583(10 ) 104.0(4 ) 

Moo" 2-.644 

4 8 6 2. 720(10 ) 102.0(4) 

R 2.809(9) 107.7(3) 

8 i; 2.922(9) 110.6(4) 

G 3 2.978(9) 12:l.8(:; ) 

6 5 2.822(11) 109.6(4) 

3 5 2.1ll!a (9 ) 102.9(4) 
Mco.n 2.823 

Ca(2) positions is 1.031 ± 0.003 A. It is obviously unlikely that the 
Ca atoms occupy simultaneously such a pair of two positions having 
th(l short distance. If therefore we exclude that possibility, wo find 
that the effective shortest distance bet ween calcium atoms is 3.ti32 

:l93 

Cu(i)- 0 (4) 2.440(8) A C•>{2)-0 ( 1J 2.:1.57(8) .1 
0 (5) 2.392(8) 0 (2) 2.58 1(7) 
0 (6) 2.603(7) 0 (4") 2.427(7) 
0(2") 2.623(7) 0(6'' ) 2.364(8) 
0 (8" ) 2.346(9) 0(6') 2.706(7) 
0(1") 2.399(9) 0 (8) 2.310(8) 

Mean 2.467 ~.458 

Ta ble 5. Dist.o-rtimt8 of O(p)- T (i) - O(q) angle.< 

Doviu.t.ion frmn the totrn.hcd n11 angle is g iven for P.n.oh honft ~tnglc. The angles 
are el a.SHified into three cnt.f.'gorics. according to the topologkal different:(~ of 

edges subtcndin !{ angllll< (Ole~ text) 

Di stortiQns 
p q 

'~' • 'i'R Tc 

- 4.2(' 
4 - 1.2' 

2 + 11.3 ' 
1 4 1. \J 

3 - 3.(; 
4 3 . 4.:1 

2 4 1.3 
4 ! l.H 
4 ~ - 7.8 

. 2.1 
2 2.!J 

7 2 - !1.1! 

R - 0.0 
:) I :l.H 

7 6 2.4 
8 + 0.7 
8 .. !lA 
:J ti - 4.9 

± 0.003 A, whioh is short-er than the short-est Oa-C•• distMHI() of 4 8 6 ··- 7.l5 
8 3 . . 1.8 3.880 A found in anorthite (i\IF.GAW, KE~i.PSTE.R and HAl)OSJ.OYTCFr, 

1962). It is interesting to note that t he shortest Ca-Ca distanco 
8 1. 1 
ll 14.~ 

in hexagonal CaAhSi20 8 has, in contrast with the above values, a large 6 t"'i 7 0.1 
value of 5.t0 A (TAXhlU<.:HI and Do!\~AY, 1959). The Ca- 0 Lond 3 5 (i.G 

lengths are listed in Table 4. Mean + 6.8 . 4.8 I O.fl 
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As will be ob served in Table 6, the coordination polyh edra about, 
Ca atoms in hexagonal and monoclini<J modification s have high~r sym­
metry t han those. of anorthite. Since meta.~table strue~ures hke tho 

11resent one are those in which assemhh~ges ~lf ator~ at ln¥h~r' k mper­
ature have boen tra.pped in place by rap1d coolmg, t hiS. R) mmetry 
relationship a mong coordin>ttion polyhedra woul<l be nothmg but an 
indica.tion that as~cmblages of atoms stable a.t higher tern perature t end 

to be of higher syromntry. 

Di sto r t ion of t e trahedra , and 1'-0-T ang les 

In '!'able :{, whinh shows bond angles a.t T atoms, it is obs11rved 
t hat th e a.ngles range from 101.7 , to 123.8 °. ln anorthite, t he angles are 
in the range from 96.3 ' to 121.3 ° (i\Ii>:GAW, KK\!PS'l'ER ~nd R<~.v.osr.o­
YlOH, 1962). On these angles, we eaiTied out the followmg ~tat1st1~s: 
the ra nge of anglea from 95 ° t.o 125 " wa;; divided into ten groups w1th 
an equal interval of 3 o and, with respect to tot»l number, the per eent ­
ap;e in the number of >1n~les whieh fa.U in each group w~s cv~luaterl . 
·rhe results are compared with those for anortfnte (F1g. • ). l t lS to bo 

40 

30 

20 

30 

20 

10 

0 
{ 95 98 101 

Range 1 1 1 
ofangles 98 101 104 

l-' ig .7. FreiJH<:(lCY ((>Cl'cent.) iu t-he number n f(J-T -0 •">glos (in dcgr'<·••l iu 
nuor'thite (upp~r), tlnd iu monoclirne Ca.AhSi20a {lowm·) 
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noted that the percentage in t ho n umber of angle~ exceeding 120 ,. in 
our structure is sign.iticantly la.rger than that of a.northit~ . .l!:xamination 
of ou.r Htr u.,tme shows that the an gles whieh give such a large positive 
dist.ortion from t-he tetrahedr al a nglo <~.ro those between 'I' -0 bonds 
whose ter minal oxygen atoms participate in for ming q m\drilat<.'rals, 
likc 2-:l-6-7, in thE> four -membered rings (Fig.4). 

Bond angles at T in our structure aro then classifi.cd into three 
categories, TA, Tn, and 'l'c , respectively according to the following 
topological d ifferences of <:<lgcs subtendiug angles: (i) t hose which form 
t he •tuadrila.teml in a four -membered ring of tetmhcdm, (ii) those 
which participate in forming, in the c-a.xis pr·oject-ion, an cight -gided 
polygon around Ca atoms, and (iii) those which do not fall in the above 
categories. The deviations of angle~ from the tetmhcdral a-ngle which 
JIEG.\\Y, KEMPSTER and RADOSLO';"'OII (11162) ~ailed bond-angle strains, 
a re ovaluated for angles in eadl category and listed in Table 5. The 
hond ->wgle strains thus cla.ssified hr.ing out u ma-rked fea ture: those of 
the a ngles in the category TA sh ow mostly positive strain, giving a 
large p ositive mean value of + 6.8; those fi.H·1's a~e allnegaLivo, giving 
a negative mea.n value of - -4.8; while, th11 mea-n value of the bond 
strains for T c is e&&cnti,>lly zer o. The n egativtl bond-angle strains of 
angles in the category Tn suggeHt t hnt t he 0--0 edll·"" sulltA:mding the 
>tng les te n d to shrink in order to shield the tetr ah edral cations fron1 
t-he electror;ta.tic field of t he neig hbouring Cu. a.toms. 

As will be observed in Table 5, and a lso in Fig. 4, each tetrahedron 
has at least two 0-0 edges closet<) Ca atoms, ~iving rise to shortening 
t hese edges. lt n aturally follows thu.t Rome othor· edges mu~1; be length­
~:ned in order tD maintain prope r 1'- 0 bond lengt hs in t ho t-ctr>~­
hedron. The observed bond -angle strains s~m to ~uggest t-hat such 
a lengt-hening of 0-0 edges tend to occur preferu.hly to those which 
pa.rticii•a.te in forming qt.a< lril"t~rals in the four -memhercd rings. 

F or the known polymorphic forms of CaAl2Si20~, we next compare 
t ho mean T-0 bond lengths and T- 0 · T anglos (Table 6). H is ob­
served in t.hiA t><hle that the mean '1' -0 kngth~ >~re e.;sent.ially identical. 
On tho other ha-nd, some diiTerell(:es •~re observed among mean T-0-T 
a ngles. The mean <>nglc at oxygen atoms coordin:J.ted to only two T 
atoms in the monoelinie modification i8 significantly smallet t han that 
of anorthit<: hy "hout r; 0

• The cor responding anglo in the hex>>gonal 
modification has an ext,r emc \'aluc of 180°. That a t oxygen atoms 
"oordinat()d to two T atoms and om: C~> atorn in t he m onoclinic modi­
fication is again smaller t ha,n t.hat of anort,hite, though the difl'erenec 
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Table 6. Go·m-parison of the stru.c/11-re wilh th-ose of othrr farms o,i CaAhSi.20~ 

T-0-Tnngle 
(mean) 

T-0 kngt.h 
(mena) 

Ca-0 longth 
(wenn) 

Polyhedra nbout 
Ca, wit.h point 
symrnotry 

Coordir1a.t.ion 

number 
of oxygFm 

atont 

2 

4 

Hexagonnl 

L80' 
119 

1.68 

2.:l9 

trigonal 
antipri'lm 

3-m 

I 
1 
.. I 

1 lVIonoc IfilC 

I 
I 

143.1" 
12\1.7 

1.682 

2.403 

tri.gonal 
prism 

m 
(approxi-
mat.ely) 

Tri<·linie 
(unorLhite) 

148.5° 
1:31.9" 
I~G.9, 

us~ A 

2.498 A 

hcxnhedrOJL 
OJ' heptahedron 

relating to 
trigonal p r-il'lln 

1 

is small and may not be significant. For the case of hexagonal modi­
fication, this angle is even smaller; the value is only 119". 

This situation may therefore be summarized as follows; the T-0-1' 
angles at oxygen atoms in the metastable modifications of CaAI28hth 
tend to lJe sma.l!er U~>>n those of anorth.ite, wit.h the exception of the 
180° angles in the hexagonal modification .. Since, in general, a de<lrease 
in the T-0-T angles in a structure produce the effect of an increasing 
Madehmg potential of the st.rttcture, a'" has been shown by 'fAK~LTC!U 
and 8ADA::>AGA (1ll66) for t·hc structure of xanthophyllite, the above 
trend in T-0- -Tangles might oe rehkd, though speculatively, to the 
metastability of the monoelinic and he,mgonal modifi(la.t.ions. 

l'scudospnrnetry 

On" of the remarkable features of the structure is its strong J>mnn 

(P~-~~)pseudosymmctrv.As has been discussed, the structure has 
m n n ~ 

failed to a.t.tain this higher symmetry owing to it.s 1warly complete 
Si,Al order. If, therefore, silicon and aluminium atoms were distributed 
at wndom over the tetrahedml sites, all tetrahedra in tho structure 
would become equal iu size, and the structure ~would have space group 
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Fig:. 8 .. Meehani.~n1 of t-winning. T~d·t,: Sdll•rnatic. projection of fhc f rnntO\-\'Ork 
on (001). Hight-: Sehf:'Inat.ic J'eprc.;;(~nt.ation of twinning on (100) vinw~:d fLl ong 

tht~ c axi~L The brokf'n lin ~: ~hO\'~<'R the t.win boundary 

Pmnn. The Si,Al order necessarily "upre8oes twofold screw axes along 
thn c axis of the space group Prnnn, twofold axes along t.Jw a a.xis, »nd 
n glide~ p"rallel to the (001) plane. Specifimtlly, however, t.he n glide~ 
parallel to the (fllO) plane arc not necessarily affected by the Si,Al order 
{.Fig. 4). This ~ct. of glides is missing in the P 21 strtH,turc only because 
of' a very slight distortion of thl' struct.nrc, not t.he result oftetra.hedral 
occupancy. This is the reason why reflection" arc weak for hOI spectra 
with h-1 l = 2n, and why odd-ordered reflections of hOO spectra arc 
almost all missing. The occurrence nf orld -ordered reflection~ of 00/ 
Rpcctra is, as previously mentioned, mainly due to t,he difference in the 
site otmtcnts between t he Ca(l) and Ca(2) sites. This diffcr,nec has no 
influence on t.he kOO spect.ra because C<> Moms have , \l'hcn projected 
on the a axis, a marked pseudo periodicity of a/2. 

\V'e finally consider the possible m"r,h,~nism of twinning. Any 
symmetry elements of P m-nn, ot,Jwr t.lum the 21 a long the b axi~, f;an 
aet as twin elements. If any one of these clement~ iR used to fonn a 
twin, it is readily shown that the regular altcmtion of 8mall and large 
tetrahedra in the P21 structure is necessarily disturbed ''t it,9 twin 
boundary, producing links of tctralwdt''' of the same size. This geo­
metrieal eono;iden~tion therefore leads to the v iew tha.t., phy,ioaUy, tho 
formation of twins is closely rtlatcd to mist.akcs in tho alternating 
arrangement of silieon and aluminium tetrahedra. which would occur 
in the process of erystal growt.h. The formation of twins base d upon 
this mechanism is schematically shown in Fig. 8. 
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