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RARE-EARTH PYROSILICATES [RE251207) AS POTENTIAL ELECTRON MICROPROBE STANDARDS

J. A. Speer and T. N. Solberg

Microprobe analyses involving rare earth elements (REE) lag behind those of other elem-
ments because of the numecrous interfering x-ray spectra and the lack of comparable
standards for all the REE. Little can be done about the x-ray spectra (Fig. 1), but
the stgndards are amenable to imprgvement. Previous standards have included metals,
oxides, REE-doped anorthite glass, analyzed minerals, and a limited number of synthe-
tics such as REE-aluminate garnets. Problems with these standards include oxidation
of the metals, hygroscopism of some oxides, and (for the minerals and glasses) limited
quantities and the necessary testing for homogenization and actual amounts present.

One of the REE silicate compounds® appeared to be a promising standard. They
contain significant amount of REE are stoichiometric, have high thermal stabilities,
and can be manufactured when needed. The simplest compound appeared to be the REE
analogs of the minerals thortveitite (Sc»Siz07) and thalenite (YpS1,07). The
RE,Si207 compounds are known in all the binary REE;03-5i02 systems and they show exten-
sive polymorphism.

The members of the REE pyrosilicates have been Eregared by direct sintering of
+he oxides®’®’7 or by growth from various fluxes.®’ »10 15 this study, the flux method
for growing REE pyrosilicates was used and thus allowed relatively large, stoichiometric
crystals to form.

The REE pyrosilicates were grown From molten LisMoOy-MoOsz or LiaMoOy-5i0; fluxes
at approximately 850°C. The starting materials were 99.9% REE oxides and 99.95% SiOs.
All chemicals were from Apache Chemicals, Inc., Seward, Illinois. The charge consisted
of between 5 and 10 wt-% of stoichiometric RE,03 = 28i0s in the flux,well mixed in a
platinum crucible. The charge was held at temperature in a muffle furnacce for 4 to 5
days. The charge and crucible were air cooled and the flux was dissolved away in hot
water.

The REE pyrosilicates grown thus far are the Pr, Nd, Sm, Tb, Er, Tm, and Y compounds
(Fig. 2). The crystals have been as large as 4 mm in the case of Pr and Nd, but most are
between 0.5 and 1 mm. X-ray powder and single-crystal work show the crystals to be onec
of the number of various polymorphs that are possible with these compounds. They are
stable under the elcctron beam and microprobe analyses of the Nd pyrosilicate (Table 1)
would suggest near ideal composition.

TABLE 1.--Microprobe analysis of flux-grown Nd-pyrosilicate.

Flux-grown* Tdeal Nd2S1:207
$i0; 27.12 26.32
Nd,03 73.49 73.68
100.61 100.00

*average of 6 analyses. Si-standard, quartz (Si02); Nd-standard, Nd-Ga garnet
(Nd3Gas012) .

The authors are at the Department of Geological Sciences of the Virginia Polytechnic
Institute and State University, Blacksburg, VA 24061-0976.
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TEMPERATURE

Fim. 1. Stability ranee of sinters and erystal data o the siructure fypes A to G of the saze-carth disilicate

Cdilor, T. Loss Connmon hetals.}

crucihles were of pure platinum, of 10, 20 o 50 em®
capacity, znd of 0.50 mm wall thickness,

Wankiyn hes pointed out that starting compesi-

tiens for the flux grovil of compounds consisting of

a 'C‘f‘-"c!CE"V}f oxi dc and an acidic oxide reguire an
ess of the seidic oxide compenent, as shown in
geneinlised pseudoternary compasition diagram
(fg.2) [12). The apices A, B and C represent respee-
fively the refr‘aczm} oxide, the basie oxide or oxide
plus fineride, and the acidic 'wd!or amphsteric oxide
components. The distance of PQ from BC represents
the motur solubility of the refractory oxide in the sys-
tern at the spal temperature. The advaniage of this
wiodel is that compositions in only ¢ relatively small

‘-L--mm-»-‘m..-mmw-“

P {

st =53 Ce
L__' SN 1 __.,Tt_.- __q.\.i_ﬁwr_ M
.09 1.0

topic RADIUS (A

(21, (By covrtesy of de

area require investivation, fist atong the Hoe PQ*-;
find O, where {he phase with the most spitabic hals
from crystallises, ihen along ihe line MNUM Lo ceier-
from erystallises, ihen al the i T\“‘{;‘r
mine the amovnt of refractory oxide that cen be

A L
VUGrIge

B Basic oxide

\/A crystolises

=
n—-.,\ T}‘ril el Cry "—.' i

CFLysies

A
Refraciory
oxide(s)

1 -
Ampnoteric ondfor
aeidic onide(s)

Fiz. 2. Generalised preudoternary tomposition dagram 2]
- i
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am showing starting comnost EI(}L\ for the prosth
29 (sonl terinerature, 1270+ 5700 (2} compusi-
er ('—“'r-“ii (37 0p ‘.?rg.‘ii@i
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CoRIpOsk

complately diszulved in the systein af a copvenient
soak fmmperature,

4 that the
acidic or amplhoteric Cc:mpgr.-cm in the generalised
pseudoternary systerm can be peplaced in pari by
angiber gcidic oxide, provided no uvndesired com-
pound results, ErpSia0y falls into Uis class of com-
pounds, and (h U.o il excesy of the acidic oxide com-
posient is requir

For sueh compounds, it is alss

- However, & ln h concentration of
SiC; leads to an inconveniently

hioviscosity, and on

the basis of previcus work [13 ], part of the exesss
S‘%()- in the sysicn

Ery O3 —(#60 + PbF,)--8i05 has
3. Similardy, in the system
of the excess 8i0, has been
*LpL.Lc i n} ‘J?\“. in .'f’oj[ii_m to reducing the viscoz-
ity, ¥30; has heen found effzatlve in rediacing ife
ettack on platinum which cecurs when free bismuth
is produced by thenng! dissociation [14]:

.J \"F Og ¥ ?!2(}3 + 3 VgO

.
It has also been showp mevmmi that part of the
PLOTbE, component can be repluced by KQU;Kr,

sometimes with advaniageous results [6].

Tables 1a, b and ¢ give starling compositions in ihe
anove systems, *"'vr-:l-:b programnmiss and cryst 2] prod-
ucts, The experiinents zre representative of 3 much
larger number performed, Siarfing compositions
which yiclded the coysiels indicated are shown in fis,
2.

2 1
ACHE,

S poleniaiyiie wore-carth disificaies 673

5, Experimental

For mixivre containing Bi0, (Bl + V.0 }
the erueible vere loosely fitted and the fusie
was heated ot rather a slow rate, 85K h 1, to allow
complete oxidatizn of the contents. Te minimips
evaporation losses for the (PbG + PhF,)- (5, +
MoD,) fuxes, tlic crucibles were provided swith
ghtly fitting lids, and the firrazee was heated at 176
K W7 Since the erystals reacted with even very dilutle

i

the flux was separgied by hotpouring the melts
while stifl molten [15], leaving the erystals attached
te ihie criicible base and wells. The erystal products
were ddentified by comparing their Xoray powder
patterns with lished datu: Tn the experiments
(‘anhc'i i scetions 5.1 and 5.2, 0t was frequently
aei o+ that the vumber of crystals was six or fewsr,
&‘.xcc]mnrmh; Lo fer growth by spontaneous pucle.
ation,

pid

prown from (PLOy+ Phig—

g 5. Taceled crysials of CTmy 81207 grown from (Ph0 +
PuI2} - (5102 + MoO3) flux (mm grid),

s
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516 A

Fip, 6. Pialglels of 3-Hoa 8205
Vafds) Hux than weig)

Sl Experiments in the sypsteras RsC—(Thod +
PhE (505 = = Twt, Er)

Fig, 3 shows starting
CErS8i,C; and T, and {ig. 4 shows some
of the crystals, f_-"aw"l]’OSl’.E:’J!’EB, in table ;, resuited
sometimes in EraSiG;, and is evidently near the
baundary between thie regions where Er,5i,0, and
Ly Si0s are the primary phosss. The crusibles con-
taining sompesition 3 freguently Isaked becauss of
the reiatively high PhO couient. which inerc
itg stow cooling becauss
Tysis ol FhF,.

The loss by evaporation from compositions whizh
yielded Er; 81205 was 30 to 60 wi%. Initially, many
baiches yi 1{1.60 rare-carth apatites {16], and it wus
found that these were obt

ipesitions which vieldac

ik

ased d urs

of evaporstion an nydr{}-

iaincd vwhea the weight loss

8
e it S T
Fig. 7. Rods of E-Dy:Sia07 ziowns from BiaQ3—(Si0a +
Y205} flux (mm prid).

Wagsaod et &l | Ly prawinaf palymorphiv vere-sertll disilicates

h") or very taht I'}

formuda, such as

crystallize from melts with 2 lower o nr‘“mm{i-}-m of

peralure range. On the other

1,05 i a lewer tenn
hand, batches which viclded S0y became more |
(.OIP"‘-‘Il‘-!h-'s.:d by evapuration; so that growth sceurrad

at « highior temperarure,

2. Experiments witl { K0 + KF)in the fux

In some experiments, (PbO+PblF,) was pa
replaced by equimolar amounis of {0+ }t.{.‘ as
shown in table 1h, Wi
above 1260°C, D-ErSi05 rosulicd in three ool of
ten  hatelizs. With lower sosk  temperatures,
C-Er81, 0, was ahways obtained, The O und Paype
erysials did net cceur tagether in a erucible, and

..a

en the gozk tomper

3
\.F’T

it

fhere was no sign, such as twin domains, of erysialio-
graphic transitions having oecurred
EPMA, given in table 2, shows that W C- and
D-ErySi; 04 the flex impurity levels are similarly Jov:
i3y thus improbable that the subsiitutional incorps-
ration of K' in the lattice can account fur the fac:
thai the Detype phase was obisined oniy when 30
was present inthe meil. Instead, sivee 1he Dform was
not obtained in the absence of K. it sy be that the
present at the nucleation stage deter-
nine the polymerph that is formed, Ps shavu in
table 1b, the temparature at which i
ﬁroduced from t?w ﬂuxcd 1'-““1[. iq very

COtiLp plex iois

a sinfer. o and JL‘:LLS\J;'{ fomid thatthe C
formation in sintered materizl ceeur a* at 1400 =
10°C {1].

b3 Growth of Ry85:04 (R =Tm, Ir, Lo and Dy)
J Yealit ;03 {9?02 -} 205}

The flux system {FbO + Pbl 1 —(50, + Ma0,)
did not yield B, 5,0, with rare-eaith fons larger than
Er*; rarc-earth apaiites wors mstead produced. The
only good alternative flux appeared to be RiL,0,—
(5i0; + V,04), although fluxes containing Bi,0. are
nermally aveided, iU possible, becaose the usz of
B0, lC\.iu{';t:“ the life of platinum crucibles and 235
because B, being similar in size and charge to h—‘*,



Coaling rata Db K V i
u’ R L0 R ) B ) B
234 4.04 (.01 - -
a4 8.5 (.01 —

| 38 — - .67 i
5 - G.45 2.0
3 — = Q.00 7
=5 - 0.3 1.8
5 E — (.04 4.5

coeesionally obtaincd HPMA shows thal, 25 may be

expected

1 el TS 1 e e e
the substitutional Bi conlent ingrenpsed

]

1ic radius of the rare-earth ion an

PIOAE u‘;fl '-'1-11
1eing the rale of co Img om 5 16
1

educe the percentuge ﬂJ i

firalt

i't {i*l no
fr the Hoo 5,

The suhﬂn
has been uLIn,,n“.._
[17] and in thess its the [‘[x il was eb-
teined o the range 1150 to | ﬁd"{f. Similar composi-
tions  yielded C- I-lﬂmzla()q, DL, 5,0, and
E-Dy 85,0, However, when B0, was included in
the starting compesition, C-Ho-8,0, was chtained,
asindicatzd in table e,

aeiably r

4 CEVST als,

rof H G \.(_.\

Table 3

stakility rang

i e al [ ¥ preain af g

of sintered polymorsh, comparid with tempesture wange for growih of the samsz orystet fron the fhex

s

S0L5 (‘ between i u.\-a[u:;,*:mun il
the solability 1:3i1"j'=€:1‘afillc< and

is taken into

s indicated iy tabie

nined for the mJn with m, } .'-}’i:F
gssumed 1o kave a sirailar effect on the

iempergiures ir

iza ‘Llu:‘.
ven in table
> 1 the temperatures ﬁl }umt’mn of
the polyine produced irom
with the stahility

mark

i liresg camposifions

the flux us conpurcd
of ihe is very
as fable 3 r‘ak“s gleat,

¥ ranges sinters,

5.4, Seeding exporiments

To cheek whetlier the introduction of seed erverals
would jng the Tormiation

sorrespondi
polymoiph, a series of experimeris under similyr con-
ditions were performed. For

1Dy, S04 v.’mc added t
al. preducsed I
Was negative,

example,

=il

case, the reuant
!

the added seeds evidertly hving nv

influziice on the plase forme

6. Notes on the crystals

The n‘-j‘yﬂ:‘ als have

Tolvmoiph Stability range

forsinter (°€) pelymorah wais o

the flux °C;

Tempesulue rangs in which

il comiponeats
fTom

C-TmyBip Oy 10001650

CEry$i.0,
3*1“.'—1’1 gij: g ird

1050--1400
14001700
batchas)
1220500 4n 7
batohes)

C It S0y 10561400

12Z25-102¢ (i 2 batchcs)
v 11981128 {in 2 batches)
1220 -840 {in 18 batches)
1220900 (in 3 out of 10

vutof 10

(FL0 + PoF2)—(8iG, + Mol

Bip 0518105 + V., 0;)

(PHO + PHIT,)— (Sir‘ + MoTy)

(FeC+ PR, + 04+ KF)— (q:._.l’ i 5oGa)

FBO + PET, 4+ 1,0 + KF)—(8i0; + Mal2)

CFry 81,04 105014400 1210900 {in 6 baiches) {(EbO + Pl #1150+ UF)- 105 + #oDa)
B850y 1400-1700 1150950 (i 4 beldhes Bi, G380, + V,05)

C-Hoy 5i4 04 1200-1260 1180—1120 fone b Bip053--(510; + B0 +V,05)

D-Haog Sip 05 1260-150G0 11901050 {‘1 Gt Bip 03510, + V,05)

E'HD;SQG? 14501700 1199- 250 {in 4 baiche .:} B0 -fS'IC'g + Valls)
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aecurred.

OUnly one
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" structuial

2 — bapiete o
T IRRET Ry DOV
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that of the Tiliil']qi thastveitite.

sinmo crysia

indexed acce

arid space

Tabic 4

Itf

deadan g 1
1S Gati g givet

e

mie

COTHESPOD
HE |
1=}
Powd
and C-Ho

G TEROIicy

trai

e o f ol

been reported o

ded closely

The structire is

H

der putie

-

01

(3 have beon
anigivrs
i tabie 4,

Nty powder patlers dats Toy C-2, 81504 (R = Fr, Ha)

!'Ml il E!’:S‘;gn? ”Ggsigﬂq
deate dons Geate dabs
() (A} (A} (A}

M 1100 5.38 536 538 5.38
i HIEH 462 467 4.63 463
VW 020 445 447 448 4.47
Vi 11 3.e2 383 3.83 3.82
VY ¢ 235 335 3.36 3.38
42 Ikl 3.25 3.25 3.26 3,25
') 121 321 321 3:22 322
S 201 2027 2427 3.0%8 3.027
i 130 2738 0 23D 2.739

£ iz 24683 2684 2692 Z.£04
Vi 00z %332 2311 ”.315 2.316
13 131 3262 2262 2.271 3.968
W 231, 2187 2.166 177 2177

310 i

e a1l 2.134 2,133 2.i38 2.134
VI 622 2.853 2034 2.458 2.056
W 222 191 1013 1.916 1214

au{h)

»':’(r {4 t)

6.8750(9)
8.86201)

6.

85241
ey () 4726293 4.7303(6)
Bdeg) 101.66(7) 101.65(6)
Space groups: € 2fin, Cm, 02,

I'vancrplic rore-carth distficaies

iey puttorn dala for B-

Tesi hiéd ente ot
(A} (A}
W 1a 4.71 A1
5 {02 4.00 4.06
S 214 4.04 4.00
W 3 B 3.63 3462
W 460 342 341
VW 310 3.37 337
VW a0 3.45 314

5 112 3.080 3084

V3 212 2778 208%

W 402 2.625 2.625

W 312 2604 2497

VA fzg 2.502 2510

126G 2468 2448

510 2403 2401

gia 2.39% 2.397

220 2.356 2.358

4312 2,425 2338

2132 2.264 2.252

13.688(0)
501%1%)
£155(%)

Space

groups: Pnas, Pag?y.

6.2. D-R3850 (R =Fr, Iin}

These compounds are the only two members of
the series which possess the monedlinic P 210
Y,58i,0; structure [5,18). The crysials grew at the
base of {he crucible, with the c-axis perpendicular fo
the plane of the pletelsts.

6.3. E-Dv5i,0,

The X-rav powder patiern dsta was very similar
to that for F.Th;8,C [Z], and has been indsxed
according to the reported cell dirensions and space
group, as shown in tabis 8,

7. Magneiic fraunsitions

These were determined for By 50y, CEr, 5,04,
becames 31‘!Ur”1]0117.1g1161 at 2501008 K, and
D-Es1,0, at 1.71 20,05 K. These temperatures are



emi'_.oi;u:'u'
spectra will be nublished
Specira Wi oe publisied.

As shown in fig. 1, the Jowest température poly-
morph, the B-phuse, was thtained by sintering, How-
ever, iU hus nol been observed in the preparation of

any” of the compoun the flux method. Two

pulymuoiphs ofeseh of FrsSi 05 and Hogs:
i

by were

ablained, as shown in tahlas 1 and 3.

,ml tar effects have been chserved i otlioer nsiy-
J

ThiGeD; hias two totr

material .

o by i " T o A TR o .
seacelite and ziicon-type. Hanis and

IEaTiS,
{19, in 2 phase stahility siudy, found that enly
Zrcon-ivpe | ]

{Li-0+ 2%
They a
scheelite I(m- at 1056°C,

C‘L«.L SrHNeLs EuYG
ut wihen a ¢ valizer was
Aype at 750°C and
above, ThSiG, ulse has two forns, teiragonal thovite

added, o converted (o ziro
and monochnie huttonite, | h X growih exvperiments
in the systems {LL.O + 2W0 ), (LI, 0 + 2MuQ4) and
(Na; O+ 2W3.)  prodesed thurii{' below 3225+
16°C, and huttenite sbove this temperiture [201.
However, Wanklyn | obigined only hutionite.
using (:"1*0 +Pul (810, + MoO3) as fluv, oven
when the souk temperatire was as low 2 1 ’,f‘

All thc-sc obserys ’Io-" indicaie that # ff';:'rmf-mz
of the various poltvmorphs of R38i,CQ., and also of

ThSiG, and ThGe0,, from fuxed mells de: nends not
only on the temperatume ¢ in wiieh the crysials
grow but also on the cheriieal composition of the
fux, whicl probably determines the form of the
pelymorph at the siage of nucleation.

9. Cunclusion

Flux growth studics in the systems EryCy—{(FLO +
FbF,J-(8i0; + Mo0,) and RyOy Bi,0u— (510, +
Va20:), which ]’C”"lfcﬂ in crystals of the polymorphs
of R,8i:0, (R=Tm, Er, Ho, Dy). have been
deseribad. An excess of the acidic oxide com nonent
over tha! required by the formula was nece wsary {or
the phase to ervslallise, as was pradicted f'cu:z the

Firolvimsipliic rere-corth diviticares 674

fr2j.

#i which the pelvmorphs were

obtuingy I ..‘-hmicr;:h[} frum those »

flux compositions, !T-.si tis di_'suéa I W
srowth is & useful o
structural tra
[20]. jIme“"‘

Acknowiade:

TI]L. atthors express 1 &

specially for assistanee whh TGA. and o
My, B, (ium-.rs'f;i and My, F.R. Wornidse Tor I
discussions. They are also indebted (o Mr. W, Davisan
of the Schoal of Physics, University of Mowcastlc
upon Tyne, for EPMA, aud (o #r 1-’cf=-r Cleck for
cquipment building and platinum work, This study
was supported in pat by the Science Resemsel
Coumeil. AM. wishes also to thenk the Britich
il supnort.

[ Tto and B, Johinson, Am, Minswiapisi 53 {1862
19£0.

[2] F. Felsche, . LessConunon hotals 21 G2y ke

E3] Yol Smelin and Yul. Shepoiev, invrg. Mater, 4
{1957} 452, '

[4] R:2. Shannon and C.T. Prewitt, 1. Solid Siate Cham. 2
(1978 193,

[5] Yol Smolin and YooF. Shepelar,
(19703 454,

16] }. Felsche, The Crystal Chemistry of the Rare Farih ¢ Sili-
cates, in Structure and Bouding, Vel I, (Springe
New Yok, 1973) p. 99.

[7]5.A. 'Bmdar, LB, Korclova and N.A. Totopes, ia: Bot
Kristallov, Vol. 6 (Tnst. Iirist., Akad. Nauk S55R, Mos
cow, 1965} p. 111,

[B] B.M, Wanklyn, F.R, Wondre, G, Ansell znd W,
Davison, J. Mater. Sci. 9 (1974) 2007

[5] BM. Wandyn, §. Crystal Growth 43 (1978} 335.

110] 1. Warshaw and R, Roy, in: Progress It the Sciense and
Technotopy of the Rare Farths, Vol 1 (Persamon,
(1964) . 203.

[11] G. Garion, S.H, Smith and B.M. Wankivn, J. Ciystal
Growth 13/14 (1972) 588,

fieta Cryst. 1326



520 A ifegsood erol, [ Flis ion

o pulyiarghic vere-vorils ctes

+JaMater, et 2 {1 067) 297,
- Pyatenke, Zh. Seuikt Khim,

b7 (1870 362, {13]

ankiyn, b Cryvstal G
BUOL Wankivn, in: Crystl ;
(Perpamon, 1975 217, 0]

Haoriis ond C.B. Filich, Am, % atogist 57 (197

dimerale F

ineh, LA, Harrds and G Clotk 4

3 g "
LA Waskiyn, .8, Woundre, G.E. Ansefl gud W, Bavi t49 (1564) 782
son, b Marer, 8ci. 10 (1975) 1494, {21] BN Wankiyn, § Lrvsind Growih 37 (1277 5.
&
¢
.
.

L PSR S S



express their acknowl-
for her collaboration
o Dr. Schiller for his

'_r?.'rm. Symp. on GaAs,
s, Soc. Conf. Ser, No.

- 115 (1968) 405,
- Urystal Growth 13/14

wstal Growth 22 (1974)

serling L, Hollan and R,
1275) 176.
wau, M. Oberlin and A.
[ DTSRy
“errand (1975).
I Crystal Growth 31

e Sei. 58 (1976) 583,
+th 17(1972) 189,
Plectrochem. Soc, 124

S¥mp. on GaAs (Conf.

Lvans, Solid State Elec-

i Journal of Crystal Growth 46 (1979) 671-680
'@ North-lolland Publishing Company

|

i
i

| FLUX GROWTH OF POLYMORPHIC RARE-EARTH DISILICATES, R;Si,0; (R=Tm, Er, Ho, Dy)
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Optically clear single erystals of the polymorphic rare-earth disilicates R, $i;04 (R = Tm, Er, Ho, Dy) have been produced
by the flux method, The single crystal growth of R2Si207 (R = Tm, Ho, Dy) has not been reported previously. Wanklyn’s gener-

. alised pscudoternary composition model was used successfully for the prediction of favourable starting compositions. Crystals

of EraSiz07 and Ho2Si207 of both C- and D-types were obtained. Indexed X.ray powder pattern data is gziven for C-type
R2Si207 (R =FEr, Ho) and E-type Dy25i207, and the antiferromagnetic transition temperatures of C- and D-EraS8iy07 are
reported. Substitutional flux impurity levels have been determined by clectron probe micro-analysis (EPMA).

1. Introduction

When prepared by reaction of the component
oxides, the rare-earth disilicates have structures which
vary as a function of two parameters, the size of the
cation and the temperature of synthesis [1,2]. It has
been established by Xray analysis that the com-
pounds undergo a series of phase transformations
between 1000 and 1600°C. Each subsequent crystal
modification with a larger cation has the high tem-
perature structure of the preceding cation of smaller
ionic radius, as is seen in fig. 1 [1,2].

Rare-earth compounds are of technological and
research interest on account of their magnetic, elec-
trical and optical properties. Although the structures
and phase transitions of the rare-earth disilicates pre-
pared by sintering the components have been exten-
sively investigated [3--5], and Felsche [6] has
reviewed their structures and polymorphism, no other
physical properties have previously been reported.

Some members of the series R,Si,0, (R =Yb, Er,
Gd, Nd) have been prepared as single crystals by the
Verneuil method [5]. The growth of Yb,5i,04 crys-
tals from KF flux [7] and the growth of Er;Si,0, by

# Physics Department, Quaid-i-Azam University, Islamabad,
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the *vapour-flux” technique [8] and by the flux
method [9] have been reported. The present paper
describes the crystal growth of R,Si;0 from several
flux systems, and the investigation of the poly-
morphic forms by X-ray methods.

2. Nomenclature

Ito and Johnson [1], as well as Warshaw and Roy
[10] used the Greek letters &, § and & for distinguish-
ing the polymorphic forms of the rare-earth disili-
cates. Felsche [2,6] followed the nomenclature of
the polymorphs of the rarearth sesquioxides,
designating the various structure types by the capital
letters A, B, C, D, E, F, G, the method also followed
here.

3. Materials and equipment

The chemicals were: Rare Earth Products 99.9%
pure R,0; (R=Tm, Er, Ho, Dy); BDH “Analar”
MoO;, PbO, K,CO;: BDH “extra pure” PbF,; BDH
silica gel, 60120 mesh. The Si0,, which contained
12 wt% H,0, was calcined at 1000°C and then kept
in a desiccator. V,0s was melted prior to use. The
furnaces have been described previously [11]. and the

iy reduod
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Fig. 1. Stability range of sinters and crystal data on the siructure types A to G of the rare-carth disilicates [2]. (By courtesy of the

Editor, J. Less Common Metals.)

crucibles were of pure platinum, of 10, 20 or 50 cm?
capacity, and of 0.50 mm wall thickness.

4. Calculation of starting compositions

Wanklyn has pointed out that starting composi-
tions for the flux growth of compounds consisting of
a refractory oxide and an acidic oxide require an
excess of the acidic oxide component, as shown in
the generalised pseudoternary composition diagram
(fig. 2) [12]. The apices A, B and C represent respec-
tively the refractory oxide, the basic oxide or oxide
plus fluoride, and the acidic and/or amphoteric oxide
components. The distance of PQ from BC represents
the molar solubility of the refractory oxide in the sys-
tem at the soak temperature. The advantage of this
model is that compositions in only a relatively small

area require investigation, first along the line PQ to
find O, where the phase with the most suitable habit
from crystallises, then along the line NOM to deter-
mine the amount of refractory oxide that can be

B Basic oxide/fluoride

A crystallises

%= Thicker crystals
_Thinner crystals

| of AC
for ABC

A C
Refractory Amphoteric and/or
oxide(s) acidic oxide(s)

Fig. 2. Generalised pscudoternary composition diagram [12].

Er,O,

Fig. 3. Diszrss
of C-Er2S120)
tions resultin:
tions resuing

tons resultiny

completely
soak temper.
For such
acidic or an
pseudotery,
another wc
pound result
pounds, &
ponent is re
Si0; leads t
the basis of ;
Si0, in 1
been replace.
R,0;-Bi.(,
replaced by
iy, V,05 h,
attack on pl
is produced b

3 V;OS ¥2

It has als.
PbO/PbF, o
sometimes wi

Tables |4,
abuve Systen.
ucts. The oy
larger numb.
which yielded
3.



4 I

6.766 &
24.608 A

(By courtesy of the

ag the line PQ to
nost suitable habit
ne NOM to deter-
vide that can be

woride

1llises

er crystals| of AC
ier crystalsjor ABC

—_—

oIeri;: and/or
oxide(s)

sition diagram [12],

A. Magsood et al. | Flux growth of polvmorphic rarc-carth disiticates 673

xPbO+(1-x)PbF,

Er,O, Si0,+Mo0,

Fig. 3. Diaeram showing starting compositions for the growth
of C-Er28i207 (soak temperature, 1270 + 5°C); (o) composi-
tions resulting in either C-Er2Si207 or Fra5i0s: (¢) composi-
tions resulting in latger crystals of C-IEraSi207; () composi-
tions resulting in smaller erystals of C-Er2Si207.

completely dissolved in the system at a convenient
soak temperature.

For such compounds, it is also suggested that the
acidic or amphoteric component in the generalised
pseudoternary system can be replaced in part by
another acidic oxide, provided no undesired com-
pound results. Er,Si,0, falls into this class of com-
pounds, and thus an excess of the acidic oxide com-
penent is required. However, a high concentration of
Si0; leads to an inconvenicntly high viscosity, and on
the basis of previous work [13], part of the excess
S0, in the system Er;O3—(PbO +PbF,)—S5i0, has
been replaced by MoO;. Similarly, in the system
R,03-Bi,05-8i0,, part of the excess Si0, has been
replaced by V,0s. In addition to reducing the viscos-
ity, V,05 has been found effective in reducing the
attack on platinum which occurs when free bismuth
is produced by thermal dissociation [14]:

3V,04 + 2 Bi = Bi,0,; + 3 V20, .

It has also been shown previously that part of the
PbO/PbF; component can be replaced by K,0/KF,
sometimes with advantageous results [9].

Tables 1a, b and ¢ give starting compositions in the
above systems, furnace programmes and crystal prod-
ucts. The experiments are representative of a much
larger number performed. Starting compositions

which yielded the crystals indicated are shown in fig.
3.

5. Experimental

For mixture containing Bi,0;--(5i0; + V,05),
the crucible lids were loosely fitted and the furnace
was heated at rather a slow rate, 88 K h™!, to allow
complete oxidation of the contents. To minimize
evaporation losses for the (PbO + PbF,)—(Si0, +
Mo0O;) fluxes, the crucibles were provided with
tightly fitting lids, and the furnace was heated at 176
K h™'. Since the crystals reacted with even very dilute
acid, the flux was separated by hot-pouring the melts
while still molten [15], leaving the crystals attached
to the crucible base and walls. The crystal products
were identified by comparing their X-ray powder
patterns with published data. In the experiments
described in sections 5.1 and 5.2, it was frequently
noted that the number of crystals was six or fewer,
exceptionally low for growth by spontaneous nucle-
ation.

v

Fig. 4. Platelets of C-Erz8i207 grown from (PbO + Pbl3)—
(5i02 + MoQ3) flux (mm grid).

Fig. 5. Faceted crystals of C-Tm25i207 grown from (PbO +
PbF2)—(5i02 + MoO3) flux (mm grid).
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1)

Fig. 6. Platelets of D-Ho28i207 grown from Biz O3 —(Si02 +
V20s) flux (mm grid).

3.1, Experiments in the systems R,03-(PbO +
PbI;)~(SiO; + MoOs), (R = T, Er)

Fig. 3 shows starting compositions which yielded
C-Er,8i,0, and C-Tm,Si,0,, and fig. 4 shows some
of the crystals, Composition 3, in table 1, resulted
sometimes in Er,Si0s, and is evidently near the
boundary between the regions where Er;8i,0; and
Er;SiO;s are the primary phases. The crucibles con-
taining composition 3 frequently leaked because of
the relatively high PbO content, which increased dur-
ing slow cooling because of evaporation and hydro-
lysis of PbF,.

The loss by evaporation from compositions which
yielded Er,Si,0; was 30 to 60 wt%. Initially, many
batches yielded rare-earth apatites [16], and it was
found that these were obtained when the weight loss

Fig. 7. Rods of I:-Dyv28i207 grown from Bi203—(8i0; +
V20s5) flux (mm grid).

was low, as a result of relatively fast cooling{4 to 8 K
h™') or very tightly-fitted lids. The apatites are of
variable formula, such as Pby 4Er;.93Si5.40,5 [16],
and. since they contain lead. may be expected to
crystallise from melts with a lower concentration of
R;0;3 in a lower temperature range. On the other
hand, batches which yielded Er,Si,0, became more
concentrated by evaporation, so that growth occurred
at a higher temperature.

5.2, Experiments with (K,0 + KF)in the flux

In some experiments, (PbO +PbF,) was partly
replaced by equimolar amounts of (K;0 + KF), as
shown in table 1b. When the soak lemperature was
above 1260°C, D-Er,Si,0, resulted in three out of
ten  batches. With lower souk temperatures,
C-Er,8i,0, was always obtained. The C- and D-type
crystals did not occur together in a crucible, and
there was no sign, such as twin domains. of crystallo-
graphic transitions having occurred.

EPMA, given in table 2, shows that in C- and
D-Er; 81,05 the flux impurity levels are similarly low:
it is thus improbable that the substitutional incorpo-
ration of K* in the lattice can account for the fact
that the D-type phase was obtained only when K*
was present in the melt. Instead, since the D-form was
not obtained in the absence of K*, it may be that the
complex ions present at the nucleation stage deter-
mine the polymorph that is formed. As shown in
table 1b, the temperature at which D-Er,Si, 05 is
produced from the fluxed melt is very different from
that which applies to the formation of D-Er,8i,05 as
a sinter. Ito and Johnson found that the C to D trans-
formation in sintered material occurred at 1400

10°C [1].

3.3. Growth of R,86,04 (R=Tm, Er. Ho and Dy)
from Bi,05-(Si0, + V,04)

The flux system (PbO +PbF,) (810, + Mo0,)
did not yield R,Si,0, with rare-carth jons larger than
Er®*; rare-earth apatites were instead produced. The
only good alternative flux appeared to be Bi,O;
(Si0; +V,05), although fluxes containing Bi, 05 are
normally avoided, if possible, because the use of
Bi, O3 reduces the life of platinum crucibles and also
because Bi**, being similar in size and charge to R**,
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E-Ho,;Si,0-
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Table 2
Substitutional flux impuritics in R45i,07 crystals, deter-
mined by EPMA

Crystal Coolingrate Pb K v Bi
(Kht) (679 BV I ) B ¢
C-ErySip 04 2.4 0.04 001 - =
D-Erp Siy O 24 006 0.01 - -
D-Er, S, O 1.5 - - 0.07 1.0
C-Ho38i204 5 - - 0.03 2.0
D-Ho;Sis04 s - - 0.06 1.7
D-HozSi20+ 1.5 — - 0.3 1.6
E-Dy}Sis07 1.5 = = 0.04 45

readily substitutes for it in the crystal lattice.

It was found that Ho,Si,05 and Dy, Si, 0, crystal-
lised from this system, though apatite crystals were
occasionally obtained. EPMA shows that, as may be
expected, the substitutional Bi content increased as
the ionic radius of the rare-earth ion approached that
of Bi**. Reducing the rate of cooling from S to 1.5 K
h™ did not appreciably reduce the percentage of Bi
in the Ho,8i,05 crystals.

The solubility of Ho,0; in Bi;05—(V,05 + Si0,)
has been determined by thermogravimetry (TGA)
[17] and in these experiments the D-form was ob-
tained in the range 1150 to 1350°C. Similar composi-
tions yielded C-Tm,Si,0;, D-Er,Si,0, and
E-Dy,Si;0,. However, when B,0; was included in
the starting composition, C-Ho,S$i,0, was obtained,
as indicated in table Ic.

Table 3

The TGA experiments showed a temperature dif-
ference of 50 + 5°C between the crystallization and
the solubility temperatures, and this is taken into
account in the crystallization ranges indicated in table
3. Although the supercooling has not been deter-
mined for the melts with (PbO + PbF,), it has been
assumed to have a similar effect on the crystallization
temperatures from these compositions, given in table
3. The difference in the temperatures of formation of
the polymorphs produced from the flux, as compared
with the stability ranges of the sinters, is very
marked, as table 3 makes clear,

S5.4. Seeding experiments

To check whether the introduction of seed crystals
would induce the formation of the corresponding
polymorph, a series of experiments under similar con-
ditions were performed. For example, seeds of
E-Dy,8i,0, were added to a composition which usu-
ally produced D-Ho,Si,0;. In every case, the result
was negative, the added seeds evidently having no
influence on the phase formed.

6. Notes on the crystals
The crystals have the colours of the corresponding

rare-carth ions, except for Dy,Si,0,, the pale green
colour of which may be attributable to traces of V3*

Stability range of sintered polymorph, compared with temperature range for growth of the same crystal from the flux

Polymorph Stability range Temperature range in which Flux components
for sinter (°C) polymorph was obtained from
the flux (°C)
C-Tm,Si,04 1000-1650 1220-1020 (in 2 batches) (PbO + PbF;)—(5i0; + MoO4)
1190-1120 (in 3 batches) Bi; 03 —(Si05 + V;05)
C-Ery5ia 04 1050-1400 1220-800 (in 19 batches) (PbO + PbT5)—(Si04 + Mo03)
D-Er, 81,04 1400-1700 1220-900 (in 3 out of 10 (PbO + Pbl; + K, 0 + KF)—(Si0; + Mo0O3)
batches)
C-E158i,0, 1050-1400 1220-900 (in 7 out of 10 (PbO + PbF; + K0+ KF)—(Si0; + MoO3)
batches)
C-Er;8i;04 1050-1400 1210--900 (in 6 batches) (PbO + PbF5 + K50 + KF)—(8i0, + MoO3)
D-Er;8i,04 1400-1700 1190-950 (in 4 batches) Bi; 03 —(5i0; + V,05)
C-HOzsizoq 1200-1260 1190-1120 (one batch only) B1203—(Si02 +B-303 +V205)
D-HO;Si:O-;r 1260-1500 1190-1050 (in 10 batches) ‘B‘l]O],—(SiOQ + VzOs}
E-Ho,S8i,0, 1450-1700 1190-960 (in 4 batches) Bi; 03—(8i0; + V,05)
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in the lattice. All the crystals showed simultancous
extinction under the polarising microscope. Thus
there was no sign of structural transitions having
occurred.

Only one form was present in each batch. In table
3, the conditions under which each form was ob-
tained are compared with the temperature ranges in
which the sintered materials have been reported to
exist [2.6].

6.1. CR,Si,0+ (R = Tm, Er, Ho)

The X-ray powder patterns corresponded closely
to the data for C-Tm,8i,0, [2]. The structure is
that of the mineral thortveitite. Powder patierns of
single crystal C-Er,Si,05 and C-Ho,5i,05 have been
indexed according to the reported lattice parameters
and space group, and the data arc given in table 4.

Table 4
X-ray powder pattern data for C-R,8i; 04 (R = Er, Ho)

fest hkl EIzSizOq HO;SE;O'}

deate dops  deale dops

(&) (A) (A) (A)
M 110 536 536 538 5.38
M 001 462 462  4.63 463
VW 020 446 447 448 4.47
VW 111 3.82 3.83  3.83 3.82
VW 200 3.35 335 3.36 3.36
M 111 3.25 325 326 3.25
Vs 021 3.21 321 3.22 3.22
S 201 3.027 3.027 3.028 3.027
M 130 2.739 2738 2.740 2.739
M 220 2.682 2684 2.692 2.694
VW 002 2312 2311 2316 2.316
M 131 2262 2262 2.271 2.269
W 221,  2.167 2,166 2.177 2.177

310

VW 311 2.134 2133 2.138 2.134
VW 022  2.053 2054 2.058 2.056
W 222 1.912 1.913 1.916 1.914
ag(A) 6.8517(4) 6.8750(9)
bo (A) 8.9241(5) 8.962(1)
o (R) 4.7262(9) 4.7303(6)
Bldeg) 101.66(7) 101.69(6)

Space groups: C 2/m, Cm, C2.

Table 5
X-ray powder pattern data for E-Dy ;51,04

Test hki deyle dybs
(A) (A)
W 110 4.71 4.71
S 002 4.09 4.06
210 4.04 4.06
W 211 3.63 3.62
W 400 342 341
VW 310 3.37 3.37
VW 401 3.15 3.14
s 112 3.090 3.084
V3 212 2.778 2.782
W 402 2.625 2.625
W 312 2.604 2.602
Vw 020 2.509 2.510
M 120 2.468 2468
Vw 510 2.403 2.401
VW 013 2.397 2.397
Vw 220 2.356 2.358
VW 412 2.326 2.326
vw 213 2.264 2.262
ag (A) 13.686(8)
bo (A) 5.018(3)
cg (A) 8.185(6)

Space groups: Pnam, Pnal;.

6.2. D-stfzo'} {R =Er, I{G)

These compounds are the only two members of
the series which possess the monoclinic P 21/b
Y,Si,04 structure [5,18]. The crystals grew at the
base of the crucible, with the c-axis perpendicular to
the plane of the platelets.

6.3. E'QV;SI‘;_O';

The X-ray powder pattern data was very similar
to that fo: ¥-Tb,Si,04 [2], and has been indexed
according to the reported cell dimensions and space
group, as shown in table 5.

7. Magnetic transitions
These were determined for Er,S8i,0,. C-Er,Si,04.

became antiferromagnetic at 2.50+0.05 K, and
D-Et48i,0; at 1.71 £ 0.05 K. These temperatures are
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exceptionally high for compounds of erbium. Details
of the magnetic anisotropy and optical absorption
spectra will be published.

8. Discussion

As shown in fig. 1, the lowest temperature poly-
morph, the B-phase, was obtained by sintering. How-
ever, it has not been observed in the preparation of
any of the compounds by the flux method. Two
polymorphs of each of Er;Si,0, and Ho,Si,04 were
obtained, as shown in tables | and 3.

Similar effects have been observed in other poly-
morphic materials. ThGeO,4 has two tetragonal poly-
morphs, scheelite and zircon-type. Harris and Finch
[19], in a phase stability study, found that only
zircon-type crystallised from (Li,O+ 2Mo0O;) or
(Li,0 + 2WO;) fluxes between 750 and 1420°C.
They found that sintering experiments gave the
scheelite form at 1050°C, but when a mineralizer was
added, it converted to zircon-type at 750°C and
above. ThSiO, also has two forms, tetragonal thorite
and monoclinic huttonite. Flux growth experiments
in the systems (Li,O + 2W0O;), (Li,O + 2Mo0;) and
(Na;O + 2WO3) produced thorite below 1225 %
10°C, and huttonite above this temperature [20].
However, Wanklyn [21] obtained only huttonite,
using (PbO + PbF,)—(Si0; + MoO3) as flux, even
when the scak temperature was as low as 1180°C.

All these observations indicate that the formation
of the various polymorphs of R,Si,05, and also of
ThSiO4 and ThGeQy, from fluxed melts depends not
only on the temperature range in which the crystals
grow but also on the chemical composition of the
flux, which probably determines the form of the
polymorph at the stage of nucleation.

9. Conclusion

Flux growth studies in the systems Er,0;—(PbO +
PbF,)-(SiO; + MoO;) and R,0;-Bi,0,—(Si0, +
V,05), which resulted in crystals of the polymorphs
of R,S8i,0, (R=Tm, Er, Ho, Dy), have been
described. An excess of the acidic oxide component
over that required by the formula was necessary for
the phase to crystallise, as was predicted from the

generalised composition diagram for compounds of
refractory and acidic oxides [12].

The temperature at which the polymorphs were
obtained differed considerably from those previously
reported for sintered materials and depended on the
flux compositions. Thus it is doubtful whether flux
growth is a useful technique for the determination of
structural transitions, as proposed by Finch et al.
[20]. However, this method has been shown to be
very appropriate for the preparation of various poly-
morphs in single crystal form,
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to discuss this effect on silicate structures with special attention to possi-
ble discontinuities along the series of rare-earth elements. Compounds
of the binary systems RIZ;03—5i0¢ are of special interest because their
properties should show a closer relationship with the lanthanide periodic-
ity than is the case with more complex compounds. Therefore, some
charateristics and the history of the investigation of these systems will
be given first, followed by brief comments on ternary rare-earth silicate
compounds.

Pure rare-earth compounds are unknown in nature; minerals (see
also appendix I) usually contain groups of rare earths because of their
nearly identical chemical character. It is not surprising, therefore, that
a systematic investigation of the individual binary silicate systems
RE03—8i0y revealed a large number of new phases and unknown
structural types. These experiments were started about 15 years ago,
when modern methods of ion separation were developed and M%Ge_:w.a&
very pure rare-earth elements,
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iz, 1. The Systems of Las0a—5i0s and YbaO3—~5104 after Ref. (87) and of Eu(l—
Fia after Ref, (36).

The Crystal Chemistry of the ﬁpnu-m\ph Lm:npnwm
.Tirst resulis on the complete binray systems REq03-5102 were
‘published about ten years ago by Russian authors, essentially (7—9).
The phase diagrams of Lae05—Si0z and Ybz03—Si0s, as shown in Fig.
1, are from a recent review made by this group of authors af their own
ork in the rare-earth silicate field (87). The phase diagrams have been

 slightly revised as compared to the data from the early period of investi-
" gation. Originally, silicates of composition 1 RE;O03- 1510y, 2 RE2Oy -

35i0, and 1 RE,O3-2 5i0y were described. The existence of these

* compounds was suggested by various X-ray powder patterns of a rather

complicated character, vibration spectra or optical data, but with hardly
any single-crystal information. Data of this quality were published in a
first survey of the rare-earth silicate compounds (70). The introduction
of single-crystal X-ray methods into this field led to some progress in
understanding the highly polymorphic character of the compounds.

Analysis ‘of the crystal structure of compounds 2 REgOg-3 5i02
revealed the true composition to be 7 REy05 -9 Si0q (77). The crystals
represent a cation-deficient type of oxyapatite structure REg 33[ ] 0,67
(Si04)§03. Subsequently the crystal structures of 1:1 and 1:2 rare-
earth silicate compounds were studied. The single-crystal information
led to reinterpretation of the powder diffraction patterns of the samples
prepared during the first stage of phase diagram investigation. The X-ray
powder diffraction patterns of the single phases are shown in Appendix I
Two different structure types were identified in 1:1 compounds of type

RE4(Si04)0 (72, 13), Seven polymorphic forms were [ound of the com-

pounds 1 REs03-2SiOs, largely of the type REo(SizOq) (14-=21).
Consequently, some major changes had to be introduced into the original
version of the RE203~S5i0s phase diagrams; Fig. 1 shows the revised
data.

Many of the binary compounds were prepared by solid-state reaction
of corresponding oxide mixtures, to some extent by the employment of
flux methods. Some ternary compounds were synthesized under hydro-
thermal conditions. These compounds are polymorphic NaRE(SiO4),
NasRIE(Sis0q) (20—37) and a gamet-type MgaREs(SiO4)s (32). The
synthesis of borosilicates RE B(Si04)0 showing the stillwellite structure
(58) was accomplished by solid-state reaction (80). Various compounds
containing divalent rare earths were reported in the systems RIs 0—Si0;
for Sm, Eu and Y, lirgely based on X-ray powder data (33-37). The
phase diagram Eu0—SiOs after (36) is shown in Fig. L Dimorphic
Euy(Si0q) (32, 60) and Eug(SiO )0 (62) were shown by structural analysis
to be isostructural with polymorphic Ca(SiO4) and 5ry(Si04)0, respect-
ively,

It is proposed to present in this article a detailed structural descrip-
tion of all rarc-earth silicate compounds known so far, Compounds more
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Table 1. Cell dimensions of compounds RE[Si04]O. Structure iype 4 n) monotlinic
symmelrys space group P2ijc and 7 =4 for compounds La, ... Th. Structure type B
of monoelinic symmelry space group B2b and 2 =8 for compaunds of Dy, ... Ly

ap[d] balA] colA) A VAR
LasgfSi04]0 9.420 (9) 7398 (1) 7.028 (7) 108.21 (6)  465.2 (9)
Pra[Si0,]0 9.253 (9)  7.301 (8)  6.934 () 10815 (9)  445.1 (8)
Ndo[Si04]0 9.250(11)  7.288(10)  6.886 (9 108.30(11)  439.3 ()
Sme[Si04) 9161 (9) T2 (9) 6821 (7) 107.50 (9) 4244 (7)
Eug[5i04]0 8.142 (8)  7.054 (6)  6.790 (6) 107.53 (9) 417.9 (})
, S.131 (7)  7.045 (B)  6.749 (5) 107.52 (7) 4140 ()

9.083{22)  6.990(L1)  BJI4(10)  107.31(21)  406.1(42)

alA] s e[A) $[A] VLAY
Dya[Si04]0 14.38 (2) 10,42 (2) 6.74 (1) 122,00 (3)  B36.5(72}*
Hoo[Si04]0 . 1435 (2) 10.37 (2) 6.71 (1) 122.2 (3)  843.0(38)
Ers[Si04]0 14,32 (2) 10.35 (2) 6.69 (1) 1228 (3] 836.7(41)
Tms{Si 10 14.302(9) 10.313(9) 6662 (R) 122,21 (9) 8285 (9)
Yhe[S5i0 0 14.23 {1) 10.28 (1) 6,653 (5) 1222 (1) 324.0 (7))
Lua{Sin, o 14.254(9) 10,2141(8) G.641 (7 122,20 (8) 819.5(10)

* Data from Ref. (13).

Table 2. Atomic parameters of Gda{ Si04)0

Atom ¥ v z BLAZ]
Gd(1) 0. 11453(5) 0.14600(8) 0.41628(1) 0.48
Gd(2) 0.52458(5) 0.62451(6) 0.23428(1) 0.40
Si 0.2020 (3) 0.5876 (3} (0.4398 (6) 0.30
o1 0.2032 (9) 0.4302(10) 0.6453(18) 0.58
0(2) 0.1317 (8) 0.4587 (9) 0.2520(17) 0.48
0{3) 0.3839 (8) 0.6361 (9) 0.5059(16) 0.45
0(4) 0.0941 (9) 0.7681(11) 0.4507(18) 0.73
0(3) (.3837 (8) 0.3782 (9) 0.0487(16) .49

After Ref, (73).

2.1.1. Structure Type A, (La, ... Th)a(Si04)O, (RE Oxy (A)

The structure of the larger rare-earth compounds consists of isolated
(Si04) tetrahedra, extra, not silicon-bonded oxyvgens, and two crystallo-
graphically independent RE atoms (Fig. 3). The extra oxygens are located
at the centre of RE%*-cation tetrahedra. These (O—=RLEy) tetrahedra
form a two-dimensional network parallel to the (/00) plane, ws shown
in the lower illustration in Fig. 3. Sheet-like packing of the structure is

i)
~X i
Y

-

The Crystal Chemistry of the Rare-Earth ailicates

Fig. 3. Crystal structure of Gdaf

achieved by the introduction of ($iOy4) tetrabedra into the wide meshes
of this net. This ensures charge balance and connection to the parallel-
nnning units which are all just one ay translation wide. The atomic
parameters for Gda(S10,30 nre riven in Table 2,
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Fig. §. Crystal structure of Yb,[Si 4]0

As illustrated in Fig. 5, this structure type also has ionic units con-
sisting of isolated (SiOy)tetrahedra and the other type of anion, the
‘extra’, not silicon-bonded oxygens. These exygens are also surrounded
by four rare-earth cations in the shape of u sl itly distorted tetrabedron,

110
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BEAY

& ¥ z

0.46638(4) 0.59708(3) 0,338
0.664 16(4) 0.35892(3) 0.8773¢ 0.340
0.6928 (3 0.3182 (2) 0.4085 ( 0.237
0.6747 (7) 0.3787 (5) 0.2103(1 0.588
0.8618 (7) 0.4122 (5) 0.4941(1 0.596
0.6769 (6) 0.2029 (3) 0.3535(1 4] 0406
0,5627 (9) 0.2087 (8) 0.5710(17) 0.886
0.8965 (6) 0.5177 (5) .9052{16) 0.412

After Ref, {74).

and thus, in this case too, the main structural motifs n ight very well be
described in terms of the arrangement of (Si04) and (O—RE,)tetrahedra.
In contrast to the structure of the larger rare-earth compounds, here the
(O—RE4)tetrahedra form, not a twe-dimensional network, but chains
and (0»—REg)double tetrahedra running in the gy direction. The infinite
chains ofedge-sharing (O—RE4)tetrahedra are connected tothe (Os—RIE )
groups by isolated (SiO4)tetrahedra. This arrangement is, however, less
intensively -filling than the other type found in the ‘RE Oxy A’ structure.
The effect of these two types of packing on the cell volume has already

._...&mn shown in Fig. 2. Some further details will illustrate the difference

between the two structures,

As can be seen from Fig. 6, the coordination around the heavy atoms
is somewhat different with respect to the degree of bond-length variation
from that observed in the larger rare earth type of structure. Actually,
both of the independent rare-earth cations suggest oxygen coordination

“number & instead of 7 for Yb(l). Four silicon-bonded oxygens and two

not silicon-bonded oxygens form the shells. Assuming coordination
number 6 for both the heavy atoms, a model of a fairly ideal closest
packing of the oxvgens has been suggested (38) with two of the five
available octahedral sites occupied by the two heavy atoms and three of
the octahedral holes left vacant. However, this interpretation of the
structure negleets the fact that one of the rare-earth cations, Yb(1),
actually shows CN 7, with the additional oxygen present at a fairly
close distance of 2.63 A. A discussion of polyhedra packing in terms ol
distorted octahedra, heptahedra and (SiOy) tetrahedra is, however,
much more difficult. Moreover, it fails to explain the different degree
of space-filling in the two analogous structure types, as shown in Bigs 4.

The mean Ybh—0O distance in the oxyvgen polyhedron of the sevenfold
coordinated Yh(1) is 2.33 &, as compared to 2.23 & of the sixfold coor-

th]
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data. It seems worthwhile, however, to give the general impression from
the numerous papers published recently on multivalent charge-couple
substitution in apatites. It is tempting during synthesis experiments
to establish the chemical formula of a new apatite-like compound from
the overall chemical analysis, or even from the composition of the start-
ing material as soon as the X-ray examination provides the apatite
diffraction pattern. The temptation is especially strong because the apa-
tite strecture is known to be extremely tolerant to any type of charge-
coupled cation and anion substitution, as well as to cation and probably
also anion deficiency. It should be realized, however, that the stoichio-
metry of apatite is extremely complicated and that, because solid solu-
tions and mixed phases of different degrees of crystallinity may form,
reliable data can ouly be obtained frem the analysis of single crystals.

Data on cation substitution will be presented in the following chapter,
but only if they are likely to be in agreement with the given requirement.
The structural interpretation of the crystal data on mixed cation apatites
will be of the preliminary state. The rather anisotropic response of the
unit cell dimensions suggests that cation distribution on the (4f) and
(6h)lattice sites may vary in many cases. However, most of these con-
clusions have to be confirmed by structural analysis.

2.2.1. Binary Compounds REg 35 ] 0.57(5104) 404

Compounds 7 RE 403 -9 Si03 were shown to crystallize with the apatite
structure of space group P6a/m. The cation-deficient uxyapatite structure
was established by structural analysis for La, Sm (77) and confirmed also
for the Gd analogue (47). Taking into account all atoms per unit cell,
the nature of this structure might best be described in terms of the
formula X(REg 337 0.67) VHRE(!VSi WO4) 1H0s, which makes
special allowance for the coordination around each atom (Roman
numbers above the clements give the coordination number, CN). The

Table 5. Atomic parameters of Gde 33 Jo.a7( St04) 602

Atom ¥ ¥ 4 BAD
Gd(l) Q2400 1(7) 0.2332.1(7) 075 0.67
Gd(2) (Le6666 0.53339 0.0 0.76
Si 04001 (3 03721 (3) 0.25 0.71
tH1) 03178 (7) 0.4872 (7) 0.123 100
Of2) 0.6002 (7) 04740 (7) 0.25 Lo
Ofs 0.3418 (53 0.2497 (3) 0.0375(1) A
O4) 0.6 0.0 G825 108

After Ref. (47).
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Mmm.,, 7. H.,o.q%r..nﬂ.ec view of the structure of rare-earth silicale UxXyapatites
(REj a3 o g2l REGSIO 0800 along [001] and [100]. Toelerntomic distances [rom

data on the G ve (47) with w.s.dy's ranging from 0.002 A to 0.008 A, Black
U.m._._,f rare earths in the special positions (4/) and (64), white balls: ‘free’. nat
sihicon-bonded oxypen, solid (5100 tetrahedra .
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Fig. 9. Cell volume ¥ vs, r3 (RE3* jonic radii) of rare-sarth silicate apatites showiang
different mixed cation ratios 119, 2:8, 4:6 as compared to the binary cation-de-
ficient compound (REj 237 Jo.s7) REG(SiOe0e. Data of ﬁumhnmimw.ﬁu.:a:u and
CayREG(5104)600 from (£4). E.s.d."s of the cell volume are = height of the symbols

The experiment was controlled in a simultaneous TGA/DTA run. The
partial reduction of Eud+-FEu2t, corresponding to —0.78%, loss of the
total starting weight, accurred at 1050 °C;

5 Eug0g - 68103 ——> Euf" Bult(5104)30s + 0.5 00t .
The microprobe exarnination carried out on crystals ~0.05 mm in

diameter gave RIZ:Si=1.661 4-0.002, which agrees quite well with the
theoretical value of 1.666 for the given formula,

¢
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:To study a pessible effect of the lanthanide periodicity on the

- apatite structure, plats were made of unit-cell volumes vs. lonic radii,
“ pHRE), and plots of cell dimensions 4, and ¢, vs. ionic radii, r{RIE3+),
" "To obtain these plots, the experimental values of RE—O bond lengths
“of the Gd apatite structure served to determine the effective ionic radii

of the RE3* cations in this structure type. Since the effective radius of
any ion depends on the coordination numbers of both cation and anion,
the mean RE®* radil in the apatite structure were evaluated from the
seven- and ninefold oxygen-coordinated Gd cations in the following

way. The refined values of the Gd—0O distances show e.s.d.’s of the order
cof 0.008 &, corresponding to the overall R value for the structure of

6.5%, (47). The average Gd—O distances in the ‘(4f)polvhedron’ with
CN 9 and in the (64)polyhedron’ with CN 7 are 2.53 & and 2.40 &,
respectively. The 24 silicon-bonded oxygens per unit cell are surrounded
by four cations, whereas the two ‘free’ oxvgens have three rare-ecarth
neighbours. Thus, with the average oxygen radius of 1.38 A (54), the
effective Gd3*+—(4f) and GA%+—(64) ionic radii are 1.15 A and 1.02 A.
From these data the weighted mean value of the Gd** lonic radius in
the apatite structure was determined as 1.08 A.

Fig. 9 is the plot of apatite cell volumes vs, r3(RE3+), The relative
scale of the trivalent rare-earth radii was maintained from the known
REM series with CN 6 (48). The complete set was shifted to the values
r(Gd3¥) =1.08 3 and 73(Gd?") =126 A, respectively. The correlation
is quite linear with small deviations from r3(La®*t) and #3(Ce®t). These
should be corrected to slightly smaller values corresponding to lonic
radiiof 1.19 L and 1.17 A The special situation of the Eu analogue, which
is also off the straight line, probably arises [rom mixed valence Eu®+—
Eut, as already suggested from the chemical analysis on this compound.
The plots of the individual cell dimensions of the apatite compounds vs.
tonic radii (RIZ94) revealed some interesting details about the response of
the structure to rare earthsubstitution. As shown in Fig. 10, the shrinkage
of the ¢, dimension of the apatite cell is much more pronounced than that
of the a, dimension. As compared with the La analogue, the structure
of the Tu m_t.,:mno shows a shrinkage of 9.69, along the ¢ dircction as
compared to 4,79, along the a, axis, This is best understood in terms of
the Gd—O interatomic distances given in Fig., 7. The shortest Gd—-0
bonds are directed essentially along [007] {rom both the cation positions
(4f) and (64).

Another interesting feature of Fig, 10 is that the changes in slope
and intersections oceur at different positions along @, and g The ¢
axis indicates the three groups Lu—Er, Ho—Nd, and Nd—La, as common-
Iy known in rare-earth chemistry, whereas o, shows only one intersection
between Gd and Eu, This feature, for which vither a change in oceu-
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listed in Table 4. The composition of these crystals and of some samples
of compounds MaREg(SIO) 605 with M: Ig.Ca,Sr.Ba, which wil b
introduced later, was confirmed by microprobe analysis. Singel-crysta)
X-ray examination indicated space group P63/m(P6;) for these ternary
rare-earth silicate OxXyapatites, too. Reflections [00] and [Bki] with
{#2n were found to be absont on MoKa-precession photographs in tje
case of [Akl], if h— k=34,

—

=
& 4 " ORE3aRELIS10,] 404
} O CaRESISIO)|0H,
4 *  CaReglsios o ]
204 7 4 NaREYS(0,|,0, & Ao,
O n_u__mm___man_n_ou.:u :
.\ -
0.~ b 4
7.00" i
- - 9.80
G6.80 -
= 9.60
6,60~ .
~ 9,40
= 2,20
L I O I T oo 1 eail !
F_:; TmEr Ha By Th GdEu 5m Fiy Mg Py

1.00 105 110 145 120

Tonic radius [A}

11, Survey of ¢ell dimensions ag and €0 Vs r (RE3Y) of some representative [0
cate apatites showing different mixed cation ratios [:9, 2:8 446 us campared to
the binary cation.deficiont apatite (R, 45 [CTlosn) REg(5i0 G, Duta for Ca
and I'b analogues from Ref, (4] with e.s.d.'s of ~0.01 A {private communication)

In the following chapters the crystal data of mixed-cation OxXyapa-
tites of different stoichiometry will be discussed in relation to the cation
distribution on the (4/) and (64) lattice sites and the lanthanide period-
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Jdcity. The general impression which emerges from the data in Figs. 9 to

11 (which also include compounds MyREG(S10,4)6(0H) s in order to

* emphasize the correlation) is this: The declining slope in the ratio apatite
~ cell volume vs. y3(RE®H) (Fig. 9) of compounds with an increasing pro-

portion of foreign (not RE) cations relative to the pure binary rave-earth

“apatites, signifies the decreasing influence of the rare-carth periodicity

on the structure. The distinct anisotropic response of apatite cell
dimensions, as observed in the binary apatites (Fig. 10), is modified or
vanishes completely with mixed-cation substitution. This impression
will be substantiated in chapters 2.2.2.1 and 2229

2221, Ternary Campounds th.;n_t%m._d.._man. Compounds LiRE,-
(5104)602 show an even more ideal linear relationship between cell
volume and cubic RE3 radius (sec Fig. 9} than the pure rare-earth
apatites. The sodium analogues, however, exhibita change in slope bevond
Ho. It is interesting to see from g, 10 tha! the pronounced breaks in
the curves a, and ¢, vs, 7 of the pure rare-earth apatites vanish on ¢
introduction of a single small, but different, cation per cell, It appears to
be due to this moderator function nf the alkali atom that the tq dimension
of the LiIRE 4 apatites varies linearly with » along the com plete rare-carth

series; no subdivision shows up along c,. A slight change in the slope of
2, however, is indicated at o, This change in the slope at Ho of a, is

even more pronounced with the compounds NaR (S0 4) 04, whereas
their absolute a, values with the larger rare earths beyond Dy are about
the same. For La to Gd, ¢, for the sodium analogues is about the same as
for the pure rare-earth apatite, whereas the €y Vitlnes of the smaller NaR 4
apatites are significantly larger. Since the single alkali atom per cell
formally substitutes for tlie combination (/3 RE -+ Hal ], it seems
likely that the small alkali prefers the smaller space of the (G#) position
in a statistical distribution. This is suggested by the significant chunge
in slope of a, vs, ¢ in Uig. 10. It occurs at a place where the Nal* radins
becornes competitive with the rare carths around Ho—Dy, Tt is apparent
from Fig. 7 that the variation of the a, axis should depend mostly on o
corresponding substitution into the (G/)lattice sites rather than into
the (4/) ones. This is because the (64 position has the tighter bonds in
directions (0] (2.23 A, 2.39 X, 2.68 A) than the (4f) cation with three
2.78 A Gd—0 distances.

2.2.2.2, Ternary Compoinds REGM (51040404, In order to lolow the
correlation between cation substitution and variation of cell dimensions
in 2:8 mixed-cation apatites, we bring forwvard crystal data for 4:8
hydroxy apatites from {#4). 1t is especiully atractive to introduce the
4:6 apatite compounds into t]
their mixed-cation ratio exactly corresponds to the ratio of the Symunetry-

tiscussion of cryvstal chemistry because
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from Ref. (57) which describes two different types of deficient apatite
structures, in addition to the known cation-deficient apatite REy 4,
[Jo.67(5104}602, by the formulas Sralag g7{Si04)e. Sra3Lag(Si0y),,
Srylag 9a(Si04)e (1) and SraLag(Si04)40 (#). However, no reliable
experimental data exist, so far to confirm these types of oxygen de-
ficienicy in the silicate apatite structure. The criticism cone riing
Lag.67(5104)60 from the same source (57) applies to Lag a3 Jo.6:-
(S104)50; too, since the cell dimensions given for the wvarions Sr—ILg
apatites indicate that only one type of compound is present, namely
SraLag(Si04)0a (1), The arguments are restricted by the limits of
accuracy indicated for the data given.

=< W Bo,RE.ISION0;
.._u @  Sry . - v {w e d)Rel 51
* -t * Caq = - = #
- L - -
g2 L
-t e
720 B REg3aiSi04), 0y CIR T
i o 7
A o ¢ ! = ” =
24 REg |51 04la [OH2 -l \u =
7,00 &
! !
= - 9.80
5.80 i
= - 9.60
6,650 L
- 9.40
- 8.20
EL kB R I |
Lu¥b TmEr Ho Oy Tb Gd Eu Sm P Hd  Pr La
vty ﬁ_ _..—a_.ﬁ_‘[‘.u._ﬂ._ L _k _
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1.00 103 1.10 115 120

lonic radlus [A]

Fig. 13, Cell dimensions ag and ¢y vs, r (REYH of racc-earth silleate oxyapatite
with mixed-cation ritio 2°8 from Hei (44 with e.s.d0's ~0.01 X {private commu-
nication) comparcd with the binary ates {own data) and the Ca
hydroxyapatites with mised-cation rato 46, also from (44). The rhombys-like
symbol represents cell dimens Fud " (8i04) 40

c-varth 5
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2.3. Mixed-Cation Compounds RE MVt(Si0,)

Three different types of structure are known for ternary compounds RE
Na(SiOy). They were obtained by hydrothermal synthesis in the systems
NasO—RE03—S10s—H:0 largely at a pressure of 1000 atm. at 450 °C
- (29—31). The order of their occurrence along the rare-earth series is
given in Table 6 together with some crystal data,

- Table 6. Distribution of structure types in RENa( Si0Oa) compouuds

Structure  Cell Dimensions Space 2 Bezp.
Type Group (gfem®)

NaRE A Pnay 12

Nd a=2000 &, b=9281, ¢=5.45A 5.1

Nd
& &m a=11.84 A,
| (Eu)

Gd NaRE B I4fm 8
~(Tb)

Dy

Ho

Er 500 A, b=10.96 A ¢=635 A
Yb  NaREC Phuzy 4
Tm
Lu

Phase formation during the hydrothermal experiments, which also
vielded compounds NagRE(S1.04), 15 apparently controlled mainly by
the Na(OH) reduction in each run. Analogous potassium-coniaining
compounds have notbeen obtained during the corresponding experiments,
mpounds seems to

However, an isostructural group of Li-contuining «
exist for the smaller rare earths with the orthorhombice structure of type
C NaRLE(SI0y) (52).

Structurally all compounds of type NaRE(S104) are related to poly-
morphic Cag(Si0y). This supports the general feature, often described
in geochemistry, of o NaltRIE3 w2 Ca2t substitution. This is found
n many nunerals (see also Appendix 1),
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‘Table 7. diomic parameters of NaNd(SiOy)

Atom x ¥ z Atom x ¥ L
Nd(1) 0.0 0.198 0.052 O (3 0.166 0.437 0.333
Ndf2) 0,167 0.302 0.0 O {4 0.442 0.070 0.017
Ned{3)  0.334 0.198 0.0 0 (3) 0.235 0.166 0737
Si(1) 0.001 0.416 0.517 O (6) 0.235 0.165 0.238
5i(2) 0.258 0,084 0,493 O (7 0.332 0.063 0.531
Si(3) 0.424 0.416 0.500 O (8) 0,276 0,430 0.953
Na(t)  0.111 0.072 0.506 O (9) 0.402 0,353

Na(2) 0.278 0.428 0483 O 1) 0,403 0.334

Na(3) 0,445 0.075 0.517 QL) 0.0 0.084

o(1) 0.070 0.333 0.277 O{12) 0.109 0.070

O(2) 0,069 0.333 0,774

After Ref. (55}

The structure is illustrated in Fig. 14: it contains olivine-like ribbons
xtending to [100]. These ribbons have a core of Nd polyhedra and edges
of Na polyhedra and are linked by (SiQ4) tetrahedra and by shared cor-
ners. The three crystallographically independent Nd cations show an
eightfold coordination in the shape of trigonal prisms with additional
oxygens outside the midpoints of the three prism faces (Fig. 15). The
structure of NaNd(Si0,) is apparently not very stable since it shows
extensive morphologic twinning. Another structural feature indicating
considerable instability is the joining of Nd polyhedra into a strip by
face-to-face contact. NaNd(Si0,) forms a second modification of tetra-
gonal symmetry. This structure is described in 2.3.2.

2.3.2. Compounds (Nd, ... Ho)Na(Si0y)

The crystal structure of NaSm(SiOy) represents the structural tvpe of
the medium-sized rave earths in compounds of composition NaRE(Si0) ).
The crystal structure of space group Ii/m has 7 =8 formula units of
Nadm(Siy) in the unit cell with e =11.89 X and ¢ =545 X, The st
ture was determined by 3-dimensional Nerayv intensity film data and
refined to an R value of 149, which corresponds to standard deviati
atomic paramer

in the oxyveen cation distances of about 0.03 L. T
without individual temperature factors are given in Table 8 afier (7).
1 muin structural features are shown in Fig. 16, The struct
appears to be determined by fourfold rings of $m—0 polvliedri of CN 6
arranged on two levels in the centered cell along (007). The indivi
polyhedra are linked by their vertical edges and have the shape of fairh
undistorted trigonal prisms. However, these fourfold rings of Spi—0

prisms do not form a continuous three-dimensional spatial Lk

130

Fig. 16.

Crvstal structure of Nase

(Si0)
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octahedra are located within the rods while the somewhat smaller Y ions
lie in the projections. The reason for this apparently is that Nal+ differs
considerably in charge from Y®+ which means that the rare-earth
cations must be as far apart as possible. Isostructural compounds of
Li(Y,Ho ... Lu} (8i04) have been prepared by solid-state reaction of
the corresponding oxide mixtures at 1030 °C (52). The cell dimensions
given there for LiY(Si04) are a=4.94 & 5=1068 A and ¢==6.29 A,

2,34, Stillwellite, Ce B(Si04)0

The crystal structure of stillwellite, a well-known rare-earth boron-
silicate mineral, was determined by three-dimensional diffractomcter
single-crystal intensity data (38). The trigonal structure of space group
P3, contains three formula units CeB(Si04)0 in the unit cell of dimen-
sions @ =685.8, and ¢=6703. The final R value in the refinement
corresponding to the atomic parameters (given in Table 10) is 9.2
for (fko) and 12.82 for (ok!) reflections.

.

Table 10, Afomic parametersof CeB{S5i04)C
Atomn x v z

Ce 0.587 0.0 0.0

51 0.383 0 1.300

J51 0.113 0.0 0.973
CHTY 0.5339 0,194 0,023
) 0.195 (1.339 0.310
O(3) 0.613 0464 0.320
Q) 0,164 0.614 0014
CH3) 0,051 051 0.781

After Rel. (358).

The main structural elements are (SiOg)tetrahedra, (BOy) tetri-
hedra and ninelotd-coordinated Ce polvhiedra, as illustrated in Fig. 18,
The main ‘architectural’ detail of the structure is apparently determined
by the infinite helical chains of (BOjtetraliedra parallel to the 3p-axis,
Each (BOyjtetrahedron of the chain is connected by its two free vertivis
to twa (3104} tetrabedra. Furthermore, it shares two edges with the
polyhedra ol ninetold-coordinated Ce, w are wlso arranged in paral
(007} columns. Analogous compounds RE B(Si0 )0 of La, Ce, Pr,and N
were prepared by solid-state reaction starting from the oxides at tem

atures around P00 °C (S,

«
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Fig, 18, Crystad Structure of Cobd{Siuog)o
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& 20, Phase transition of dimorphic Euo{SiC

Table 12, Atomic parameters of maowoctinic low s Sith )

! Atom | ¥ v s BrAz
Eu{l) 0.928212) 0.0 (L6976 1 042 (4
Euz) 0660412 0.3424¢1) 0.6976(1) 0,55 (4
A 51 D.E78 (1) 0767 (1) D418 (1) .39 (5]
Ol 0.795 {4 0.723 () (320 (2 0.62(13)
O 0,368 (4) 0678 (1 0.356 (2 0L88(19)
f QY D632 (4) 0,006 04510 G314
! O U883 (4) 0.572 0.9

After Ref, (460,

‘ erystals confirmed an isostructural relation . with A-Cas{Si0,y) (m, The structure consists of Gsolated ($10)tetrahedra and two kinds of
] H = . i 5 i 3 3 . SN e

M Because of the fact that no carrection (or absorption voulbd be carrin crystallograpliucally independent Bu atoms. Viewing along (210, as in

i out, the R value of 899 indicates to a relatively high standard deviae Fig. 21, reveals o __12:7H._ﬁ.zu_ﬁ::.ﬂ:“:.H:_x,,..:_:2,;.:._:._;_4.:_:::::_;,

tion (0.02 ) for the mean catinn-oxveen distanees, (SO tetralwedre alternating with w(2) wtoms, which shosw UN 1

138 i
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Is the (SiOy)tetrahedron and the other is the isolated, not silicon-bonded
oxygen O(1). There exist two erystallographically independent tvpes of
Eu cations which show not howeyer eight- and tenfold oxygen coordis
nation, as observed in the monoclinic structure of Eua(Si0,) (60) but
octahedral coordination. Eu(l) is surronnded by two O(1) at 2.69 &
and by four O(2) at 2.70 X, Eu(2) by two O(1) at 2.52 A and four 0(2)
at 247 X and 2,67 &, respectively. As shown in Fig. 221, a _‘gmo:xm_o
description of the structure is obtained in terms of (Si0y) tetrahedra and
(O—Eug)octahedra. In the latter, the ‘extra’ oxygen O(1) is actahed
surrounded by four Eu(2) and two Eu(1) cations.

Like Sry(Si04)0, which crystallizes in space group Pdnce (63), these
(O—Eug)octahedra form a three-dimensional framework in which the
(SiOy4)tetrahedra are located for charge balance. The corner-shuring

m
[
[

g, 220, Metal to metal
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O—Eug)octahedra run parallel to the fourfold axis. The silicon-bonded
i oxygens O(2) are in the general positions, The 5i—0(2) distance is equal
to 1.64 A for all four bonds because Si is located in the special position
on (0,0,0). As shown in Fig. 22b the metal to metal distances are close to
“the values known from EuO (Eu—LEu=3.67 A), which is also ferromag-
netic with a Curle temperature of 77 °K. Eu(l) has eight nearest Eu(2)
“neighbours at equal distances of 3.69 A. The polvhedron is close to a
by nine next metal neighbours in

7 antisquare prism. Eu(2) is surround
- the shape of a distorted cube with one additional Eu{2) attached to one

cube edge. Four Eu(2) are at 3.57 A, tour Eu(l) at 2.69 X and one Eu(2)
25 is at 3.61 A

3. Structures Containing Isolated Groups

2 (51,0,), or (§1,0,), + (SIO,)

Compounds | RE.(3-2 8105 are known from all binarv rare-earth

. silicate systems. They show extensive polymorphism. The polymorphism
is characterized by transition temperatures between 1300—1500 °C and
by boundaries at europium and holmium along the series of trivalent

rare earths. Seven pulymorphic forms were observed; all are of type

SL07) with one exeception, RE (8130,0)(Si04), which occurs with
the medium-sized rare earths, Ternary compounds of type AlkaRE(SH05)
erystallize with two different structures, which also contain ($i,04)
double-tetraliedra groups.

% [t is the configuration of the (Siy
these disilicate structures which is of special interest from several points
of view. One aspect concerns the systematics of all possible double-
tetraliedra configurations of anions (NoOs) =7 and the packing with a
certain number of individual cations providing charge nee, This
viewpoint has recently been followed up in {(86), Anoth spect involves
the double =-bonding theory, as developed in (78) [or (NO ) tetraliedrn
fons (N =51,1,5,C1). Many helpful quantitative data might be introduced

i of the bouding lengths and ungles observed

! rth disilicate structures, A thivd aspect

of the disilicate polvmorplis is that coneer tanthanide periodicity.

The (SiaO7)contiguration is apparently determined by the wling and

polariz ns. Thus, any periodicity of the

rare-carth clectro

contintiity in chemival bonding propertivs, along the s

rare carths should be retlected i the changing contiguration of the (31,05)

dgydouble-tetrahedra groups in all

into this diseussion in ter

; for the (51205

s N rae

¢ forees of the surrounding o
(¢ =tructures, such as variation in ionie
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Table 14, Cell dimensions and densities of all observed polymorphic forms of the yare-carth disilicates. Standard deviations of the refined values

are given in parentheses in wnits of the last decimal place, g, pyknometer data at 20 *C. Z, jormula unils per unii cell volume, V.

-
-
S Structure type A (tetragonal, P 4,22-141) | I~
LasSia0g PreSiz04 NdgS1204 ..5-.’11251:-307 Eta51a04 \E-’
a[A] < B.7945{0) 6.7637(6) 6.7405(6) 6.6933(8) 6.6727(7) &
¢e[A) 24.871 (8 24.608 {4) 24.524 (4) 24.384 (9) 24.338 (3)
VA9 1481 (9) 1264 (2) 11143 (2) 1092.4  (3) 1083.6 {9
Z 8 8 8 8 8
oplg cm—4] a1l 9 5.26 (6) 538 (&) 567 (7) 5.68 (9)
ge(g cm™d] 515 5.430 5.44 5.70 5.79
Structure type B (iriclinic, 1! T—I"1)
ff:igﬁig(}; G{f-_)“.{l‘g(];' 7‘&25!207 D)'Jg.‘_-\'fgﬂ—,- }'fﬁgSt‘gO*} £r25='307
a[A] 6716 (3) 6.624 (5) 6.623 (5) 6.639 (2) 6.661 {5) 6.583(3)
(A} 6.762 (3) 6.679 (3) 5.684 (5 6.691 (2) 6.674 (5) 6.609(3)
(A 12,321 (7) 12132 (9) 12,101 (9) 12,152 (3) 12,110 (9) 12.000(9)
al®] 8436 (4) 9410 (8) 9397 (7) 94.03 (3) 94.07 (8) 94.50 (8)
8L 90.02 (3) 8979 (9) BU.85 () 89.81 (2) 89.97 (8) 90.57 (8)
1] 91,75 (1 91.60 (7) 91.55 (6 8169 (3) 91.56 (7 91.79 (9)
vrAs 3577 (1) 5352 (7) 5344 {6) sz (1) 537.1  (6) 520.3 (7)
£ - 4 4 4 4 4
poly e 3] 554 (6) 582 (7) 593 (5) 806 (7) 611 (4) .28 (9)
pelg em=1] 5.62 5.99 6.04 6.09 6.15 6.42
Structuce type C (monoclinic, C2fm—C2—Cm)
Haa 8204 EraSio0q TmaSia0y YbaSinla Lua5is04
a[A] 6.875 (3) 6.841 (5) 6.818 (7) 6.789 (6) 6.760 (6)
5IA] 9.184 (9) 9.135 {9) 9.104 (9 9.067 (9) 9.051 (9)
([A] 4.697 (4) 4.694 (6) 4.679 (5) 4.681 (4) 4.685 (7)
A1 101.69  (6) 101.70  (7) 10175 (8) 10184 (A 101.86 {6
VA3 2905 13} 287.3 () 2844 (4) 2821 (3) 2806 (1)
z 2 2 2 2 2
polg cm—?] 5.62  (6) 5.78 (5) 5.82 (4) 6.0L (7) G.02 (4)
pell cm—3) 5.68 5.81 591 606 6.1 '_\\
4]
BErueliie Lyrprsd Eo fuis i Foia Penrsbida, i — 15 iy ) : .
i UGt GdaSiz0q TbaGie07 Dy25i307 TozSiz0q
alA] 13.9142(9) 13.5665(9) 13.797 (2) 13.7275(9) 13.7934(9)
UA] 5.0553(4) 5.0532(4) 5.036 (1) 5.0303(3) 5.0371(4)
AT 8.3486(7) 8.3005(8) 8.200 (2) 8.2050(6) 8.2524(8)
VLAY 587.25 {3) 581.64 {4) 37333 (9) 366.58 (4) §73.36 (5)
7z 4 4 4 4 4
golg 9] 5.22 (B) 5.8 (6) 5.56 (7) 575 (4) 5.69 (5)
pelg cr @ 5.33 5.51 5.63 578 5.82
Structure type D {iwonochnic P2y [a) Structure type I {triclihic PI—P1),
025107 EraSials SngSials EnsSisl;
alA] T 5957 (9) 5.588 (2) 8513 (3 8517 (1)
H[A) 10.842 (3) 10.793 (3) 12.867 (4) 12.849 (2)
A 169G {2) £.689 (2) 5.5374 (2) 5383 (1) 5
af*] a0.0 86.9 91.34 (3) 9163 - {2) B
57 95,72 (3] 95.82  (4) 92,06 (4) 92,24 (2) &
0% 900 0.0 90.43 (3) 9044 (2) <
vika 9836 (1) 2814 (1) 5882 (2 588.56 (9) &
z 2 2 4 4 e
golg em=3] 576 (4) 582 (7) 5.10 (5) 530 (5) 3
gele cun 9 5.82 5.93 5.26 5.33 S
Structure tvpe G (pscudoorthorhumbic, P2/n) 2
LaaSto0s Ceadially PraSiatiy NbaSially SmeSip0y E
L[A) 8794 (2 8722 (1) 8.674 (1) 8.530 (2) 8561 (7) =
ofA} 13,201 (2) 13.056 (2) 12,996 (2) 12.945 (2) 12.835 (9) 7
alA) 5400 (1) 5.401 (1) 54035 (1) 5.391 (1) 5.333 (5) 5
Bl 9.0 a0.0 0.0 90.0 90.0 -]
FTAY 627.95 (8) 615.09 (7) 60940 (7) 602.37 (7} 552.61 \
7 1 4 4 4 1
.:_J“[g eni—4] 4.61 {6} 481 {7) 4.86 (6) 5.01 (G} 5.11 {7} o
—  welgem-d] 171 181 1.90 5.04 5.23 g
5 &

After el (27)




Eua(81507) and Sms(Si»0) of sufficient size and quality have not beey
successful so far. Thus, this is the only structure in the field of disilicate
polymorphs, which has not yet been worked out. However, its cell
dimensions and powder diffraction intensities (27) suggest a strong
similarity with structure type G, which has already been determined,
A better appreach to an understanding of the polymorphism of the rare.
earth disilicates will be achieved by giving extensive information about
the structural details of all the polymorphic forms. This is provided
below following the alphabetical sequence of structure types from A to G,
3.1.1. Structure Type A, (La, ... Eu)»(8i204), 'RE Di A

Single crystals of the low-temperature form of Pra(51404) were obtained
by sintering the compound at temperatures at which the modification
of type G is stable. These crystals were cooled to below the transition
temperature of about 1350 °C. After annealing for a few hours, single

Table 13, Atomic parameters of A-typa PryfSi:04)

Atom x ¥y z m;um
Pri 0.76635(7) 0.29698(7) 0.99312(2) 1.09 (2)
Pr2 0.52041(7) 0. 16681(7) 0.14075(2) 1.01 {2)
Pr3 0.33792(7) 0.9176G8(7) 0.99347(3) 1.02 (2)
Prd 0.12165(7) 0.76307(7) 0.13275(3) 106 (2
Sil 0.8522 (4) 0.7634 (4) 0.0085 (1) 0.78 (4
512 0.5985 (4} 0.6548 (4) 0.1067 (1) 0.71 (4)
513 0.2623 (4 0.3762 (1) 0.0147 (1) 0.79 (4)
Si 0.0081 (4) 0.2912 (4§ 0.1141 (1 0.67 (4
Q 0.8951(10) 0.615G(1)0 0.9578 (3 0.89 (8)
o2 (.7207{10) 0.9412(10) 0.9835 (3) 103 (%)
03 0.0458(10) 0.8439(10) 0404 (3Y 0.87 (8)
o 4 07181710 0.6252(10) 0.0511 (3 0.84 (8)
035 0.4799(13) 0.5167(13) 0.1333 (3} L48(11)
a6 04328110 0,8590(10) 0.0877 (3) 1,10 (9)
07 0.7330(10) 0.8124(10) 0.1467 (3 (96 (9)
08 0.3262(10) 0.5715(10) D.9834 () L0 (9
o9 0.4436(10) 0.2375(10) 0.0338 (3) 0.98 (9)
O 10 D.1249(10) 24041100 (1974 ] 1.05 (8)
O 1l 0.1207(10 O.4291(10) 00668 (3) L.12 {9y
012 0.9685(10) 0.4539(1 0.1604 (3) 103 (9
13 0.1573(11) DUL247(11) 01403 (3 1S (5

Q14 B8124(12) 0.20534(12 00867 1.34(10)

After Ref. (24), bowever mare accurte values as btained recently
by a LSOS retinement on 1004 independent reflections measaced
with the same crvstal and identical vxperimentil car
described in Rel. (28)

s s
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Fig. 26, Crystal structuce of A-type Pra{Sia05)




oy

Fig. 28, Oxygen coordination are

d the rare carth cations in .,,.C,vn Prq{Sia=)

Thercfore O(L1) was considered to belong to the seccond shell: this is
mz.Ez:.ﬁ.ca by its function as the bridging oxyeen in a double tetrabiedron
with a reduced charge contribution as compared with the terminal
oxygen atoms of the polyhedron. The arrangement of the elosest seven
Oxygen atoms at a mean distance of 248 A of the first shell of Pr(i)
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. recalls the sevenfold-coordinated lanthanide ion in the B-type sesqui-
- oxide structure. It has the shape of a trigonal prism with the seventh
~“oxygen atom coordinating through one face. An interesting feature of
this pelyhedron is the corner oxygen atom O(4) on the prism, which is

the bridging oxygen of the first double-tetrahedra group. The distance
Pr(1)—O(4) of 2.66 A is about 0.16 A larger than the next inner one O(10)
with 2.52 A.

In contrast to the result for Pr(l), the Pr(3)-oxygen coordination
0O(13) was considered to belong to the first shell because its distance of
2.96 A is closer to the seven distances of the other oxyvgen atoms ranging
from 2.32 to 2.66 A than to the second shell which starts at 3.56 A.
Hence, Pr(3) has coordination number 8 The shape of the Pr(3) oxygen
polyliedron is close to a dodecahedron, which is a commen coordination
type in lanthanide compounds.

This disilicate structure type A is also known from the corresponding
pyrophosphate —CaaP:Oq (64). A structure analysis was carried out

also on the isomorphous compound Smp(SiaO4) (25).

Fig. 29. Crystal structure of Flog(Sia00)(Si0y)
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- The shape of the eightfold coordinated heavy atoms can hardly be des-

cribed in terms of Cartesian geometry (Fig. 30). Their shape varies be-
tween a strongly distorted cube and a distorted type of dodecahedron
The mean values of the Ho—O distances are 242 8, 2.49 A, 247 %.
246 A, which gives an average value of 2.44 A for all four crystalle.
graphically independent Ho cations. :

. The (SiO4)tetrahedra show a high degree of distortion (Fig. 30) with
m._,IO distances varying between 1,78 and 1.54¢ A, This is the largest
m_:omm:nm ever observed in a (Si0y)tetrahedron in silicate m.:.E_,.EWmM
in view of the fact that e.s.d. values are 0.007 A int this m:a_.nmzmmzow‘
These extreme Si—O values within the individual tetrahedra ,...;;,n..:_m_.sm
to the (Si301¢) chain are fairly well balanced, however, The mean ﬁm,‘_zam
of the four 5i-0 distances in the three tetrahedra are 1.64 A, 1634, and
1.65 A. Another extreme value seems to be given in this na:mcE..wﬁcz
by the 118.2° angle at the bridging Si{2)~O(4)—Si(3) between ,,mra first
m:.g the middle tetrahedron in the (513040} chain-like group. The other
bridging.angle Si(3)—O(7)—51(4) is 133.2°, thus quite ﬁcm.z::. as compared
to the observed angles for other disilicate groups, e g 129° and 133° in
Z.E Pr Di A structure. The degree of distortion seems also to be extremely
Em: in the isolated (SiOy)tetrahedra in this structure with two _o:“w
Si—0 distances of 1.72 and 1.70 A, which are compensated by two
extremely short 5i—0 distances of 1.56 &, This single tetrahedron also
shows the largest deviations from the ideal tetrahedral angle with 120.8°
for O(11)—Si(1)—O(14) and 98.2° for O(11)=Si(1)—0(13).

At this point, it seems worthwhile to comment on the transition
characteristics observed for polymorphic compounds of types RE Di E
and RE Di B, The reconstructive tvpe of transition, which had been
suggested because of the extremely low rate of transformation and the
fact that the pure B-type phase had never been observed after transition
from the E-type modifications, is best understood in the light of the given
structural information. The E—B transition appears to be mainly deter-
,:::o; by the breaking of Si—0—3i bonds of the double-tetrahedra gZroups
In the E-type structure to achieve the (3130 10) configuration present in
the RE Di B-type structure, and vice versa, on the tw:a_‘:m (51:07) ~——
(Si301¢) 4 (Si0). [

An isatypic compound is likely to exist with the « rermanate skruc-
tures of the large rare-earth cations, as has been deseribed recently for the
La analogue (65). These structural data on the La &mc:ﬁ;:mg were
extremely helpful to identify the oxveen positions in the Ho disilicate
structure as given in Table 16, Earlier suggestions {27) that there might
be a close structural relation to Cd 2P07 or KoCraOy have to be ETH_WQ.H
from the present point of view since both of the latter structure types
contain double-tetrahiedra groups (NoO;). .
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©3.1.3. Structure Type o (Ho. ... Lu)a(Si:04), ‘'RE Di C’

“ Disilicate structure type C is the only one in the family of disilicate
“ structures which is stable from room temperature up to the melting
~point of the compounds. Its range of stability along the rare-earth

series is extended bevond the radius of the smallest rare-earth Ludt,

to Scd+ with r =0.68 A (17, 66). This structure type has also been named

after the mineral thortveitite.

The latest crystal structure analysis, carried out on the ¥b analogue
(24), gave essentially the same result as that published for thortveitite,
Sce(Siz04) (67). These authors concluded, from arguments derived from
crystal chemistry concerning the different bond lengths and temperature

“yibrations of individual oxygen atoms, that space group C2/m is the

correct one rather than the other possible space groups C2 or Cm. The
data on Scu(Six05) originally gave rise to a most stimulating discussion
as to the possibility of 180° angles for the bridging Si—0—5i in silicate
structures. This linear bridge has now been confirmed for Ybe(Sia07),
Considerable thermal motion of the bridging oxygen 1s however indicated
by the B-value of 1,02 A2 as compared 'to 0.50 A2 and 0.5+ A2 of the
terminal oxygens. The structural analysis was carried out with 1220
single-crystal diffractometer intensity data. The final R value of 5.47%,
corresponds to e.s.d.'s for the cation-oxygen distances of about 0.005 A
The refined values of the atomic parameters are given in Table 17,

Table 17. Atomic parameters of YihafS5ia0s)

Atom x ¥ z DIAR
b 0.5 050687 (2 0.0 0.25
St 0.7189(3) 0.5 U.4125(6) 0.37
(]8R] 0.3 .3 0.5 1.0%
O3} l IS 1.3 07151013} .50
0(3) 0.7361(3) 0.6501(1)  0.2197(11) 054

After Ref. (24).

.ESi&mn_:mm:mwﬁ_r__:..ﬁ_;::mm?:nﬂ:ﬂnJ.ﬁc__m:riu.‘gd_um
explained by the nearly closest hexagonal packing of the oxvgens (Tig.
31) contalning rare-carth cations in the octaliedra holes and silicons in
the tetrahedra holes in alteraating parallel lavers (007). The (Si0y)
tetrahedra show a very low degree of distortion as compared ta other
disilicate configurations (Fig. 32). The mean value of the 51—0 bond

length is 1.68 A and the vatiation is =0.01 A. Also the octahedral oxy-
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ture has recently been refined from [S60 independent observations (A4f)
for Tre(Si204) (24) which gave a final R value of 6.2°) for the three-

dimensional data. The atomic parameters and their standard deviations
are listed in Table 18.
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Table 18. cHomic parameters of D-type Eraf 51504 )

Atom X ¥ ] BIA%
Er 0.88820(8) 0.09318(6) 0.34934(5) 0.29
Si 0.3601 (4)  0.6442 (3)  0.3871 (8)  0.33
ofl) 0.5 0.5 0.5 0.91
O(2) 0.2052 (B) 0.8633 (7) .4486 (6) 0,64
0(3) 0.1235 (9)  0.4583 (8)  0.3191 (6)  0.63
04) 0.6184 (9) 07522 (7) 02984 (6)  0.56

After Ref. {24).

The interesting unit in this structure (Fig. 83) is the (Si2047) double-
tetrahedra group. Its centrosymmetry and 180° $i—0-Si angle follow
directly from the space group P2,/b. Fourfold general positions and two-
feld special positions at the centers of symmetry are possible in this
space group, Since the unit cell with Z =2 contains only two pyrosilicate
groups, they necessarily occupy these special pesitions, Evidence for the
lincarity of the Si-—0—5i bond, therefore does not depend on the accuracy
of the intensity data applied during the structure refinement, as was the
case with C-type 5c»(S5i207) and Yba(Siy07). Thus, the structure of
Era(8i207) appears to provide further evidence for the possible existence
of (SisO1)groups with a Si—0—Si angle equal to 180°,

Also in this case the thermal motion of the bridging oxygen is con-
siderably stronger than of the terminal oxygens (see Table 18). The bond
lengths and valence angles in the double-tetrahedra group are given in
Fig. 34.

The mean 5i—0 terminal O length is 1.62 A, These terminal oxygen
atoms of the (Sia04) group form strongly distarted octaliedra around
the Er atoms similar to those around the Yb atom in YDa(Si205). The
bridging oxygen atom O(1) is not bended to the Er cation. The mean
Er—0 distance in the octahedron is 2.27 &, With the subgroup relation
of space group P2,/b to space group C2/m of structure tvpe €, some struc-
tural features arc correlated, namely, the staggered orientation of the
doubte tetrahedra with the 180° Si—O—Si bridging angle and the sixfold
oxygen coordination around the heavy atoms. However, in structure
type D the orientation of the (Sip04) groups relative to each other, and
the connection of the Er—0O octahedra are different. The (Sia05) groups
in structure type D are mutually directed along [077] and [677]. Conse-
quently, the coordination of the hieavy atoms does not result in a net-
work-forming [eature, as in steucture type C, but in a ribbon-like arrange-
ment along the b axis,
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rules give the impression of a B-centred subcell which has just 1/4 of the
volume of the supercell of corresponding space group symmetry Pna2;-

Fig. 35. Crystal structure of [Ttype Eug(Sia07)

Fig. 36. Cation-oxyyen coordination in E-type Eug(Sia0s)
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Fig. 37, Crystal structure of G-type PryfSis0q) Fig. 38, Cation-oxygen coordination in G-type Pra(Sializ)
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The structure consists of isolated ($1207) groups, scandium-oxygen
polyhedra in the shape of slightly distorted octahedra, and two inde-
pendent sodium cations with Na(l) in a fivefold oxygen coordination
and Na(2) in a fourfold coordination. The main structural motif is created
by the isolated Sc—0O octabedra with the Sc in the position 0,0,0 (Fig,
39). These octahedra are linked both by the (Si207) rogm\ﬁn?‘p_.aawu
groups of eclipsed configuration and by Na—O polyhedra. The structure
shows a high degree of similarity to the sheet-like silicates of vermiculite,
nontronite and sanbornite, which also show two types of cores along
the ¢ axis. The degree of distortion in the Se—O octahedron is fairly
low (Fig. 40) with an average value for the Sc—0 distances of 2. 10 A £
0.03 A. The (51207) double-tetrahedra group is characterized by a nE:Jc
of symmetry which relates the individual $i04 tetrahedra of the [Sia0q)
group to cach other. The mean Si—O bond length of the terminal OXYEens
is 1.62 &, the distance to the bridging oxygen 1.68 . The angle Si- i
of the eclipsed ($i.07) configuration is 136°

Fig. 40. Cation-oxveen coordination in NagSe(si

b
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4. Polymorphism and Structural Data

Rare-earth silicates of composition 1 RE2O5- 1 SiQy, 7 RE4O3 - 9Si0,
and 1 RE303 2 5i0, were found in the binary systems RE,053—Si0.,
with RE including the series of trivalent rare earths La®+ to Lud%+ The
disilicates RIE 304 - 2 510, show extensive polymorphism. Seven different
structures, here named RE Di A, ... RE Di G, were observed of types
REq(Si207) and RE(Siz010)(5104). The structures contain (Sis03)-
douple tetrahedra of either the staggered or the eclipsed configuration
and in one case, (RE Di B), almost linear (SigOqg)groups plus isolated
(Si04) tetrahedra. Oxyorthesilicates 1| REqQy 8102 show two different
structures of type RIEo(5104}0, named RE Oxy A and RE Oxy B. These
structures contain isolated (SiOj)letrahedra plus isolated, not silicon-
bonded oxygens. Compounds7 RE ;03 - 9 5103 were abserved to erystallize
in only one structure with the complete series of trivalent rare earths,
This structure is of the apatite type REg 337 Jo.66(S104)402, showing
2f3 cation deficiency per cell,

The ranges of stability of the various structural types over the rare-
earth scries are shown below Fig. 41, Structures of the ternary rare-carth
silicate compounds and the sesquioxides (85) are included for comparison.

VIL VULINRE Di A REz 563Uy

VIERE Di B

VIREDIC

—— YHRE DI E e e
PRI I P VIRE Di D

VILIN o afra

YIIRE Di G

VILIN R Oxy A RE, Si0;

VILLRE A
peLmp il - N BRI 5y,
VIRE B
IXRE B S0, VLR L
VIRE A
XS VIRE
VIERE A RIa0y RE'T
YLYURE B
TRE I
i X
Ea Co Pr N Sor: - Be Gd B By Be Be Tme Ykl Bu

Fig. 41, Stabihity ranges of structural types along the rare-carth serios
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Table 22, Dala on calton-cxygen coordination in rarve-earth disilicale crysial strelires

taining _.,wJD...‘_ or 2 (Si90q)==(5i3019) +(5i04) configurations. Far symbols wsed

definitions as given in ¢. g. chapler 4.1
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Compound RE-0 cooﬂﬁu‘.mon Si— coordination
= 3
Mol Structure Coordination mean CHRE  <d» <d> Ad Zrer Tuint 4
_r&uuuﬂ Ldmax T er
e Lo (Al A) ey A O E_/chL;h:: o )
composition type formula (M—0) _“w*uloi__.m!,nmvv (Si—0) (d—<T>) i N
I Pro0z - 25i0; REDiA VOPr VHIPr INPry(Sip05)e  0.007 A YUPr 248 nrjfa,ab 37 resh TRMA o 1.65 A
~0.07 ' i —0.02 - o shi 8 ;
4 s lgots +0.03 1.62 1.6% 37 3.0
NIp 2.5 3 ’ - B _ 93,50
e 37 16 s 3.5 128.5
i i 40
VIIPr - 2.52 4“.M 3.6 163 MN m\_“ 3.5 1,65 A
a 55 S Wo‘mm Luo_o._ 1.62 1,62 33 3.0
"R S0 g 3¢ 1.6 i 5 133,10
-0.20 —0.03
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between the oxvgens in the coordination spheres increase as the size of veas shown in detail, silicates of composition 1 RE»05 -2 Si0p show the
he rare-e; ot g a acoe [Thoed e . , e j
the _J.n e S.Z:rn Jﬂ.éu decreases. :Euw forces eventually become large highest number of polvmorphic ?3; amongst all the rare-earth silicates.
enough alss the strocture-onprretically unstible, o :
2ugh to- maig Lite strRcidrs energelic Lily :z.u__.::r At ::w, wx:,:ﬂ the The very sensitive ﬁ,_a:m.m.t:.u.:ﬁ:# of the _“vaOl_&H_cumm is likely to be res-
coordination number of the cation is reduced in order to minimize the ponsible for the seven different structure types. The double tetrahedra
entia - f it short- o i S e ; 5 ; , ) ;
patential M:nﬂﬂ_m, from. its short-range configuration and a new structure generally have a less spherical character than isolated (SiOy)tetrahedra
is initiate tis clectrostatic principle of a com 353:? between a maxi- ot isolated oxveens, even when these include all possibilities of distortion
mum of spherical shielding for the cation and & minimum of repulsion between staggzered and eclipsed orientation. This shortcoming prohibit
A0 4 o coordinati A St e k-t ik S e A ; s ._ . 3
HMSCM_M,J_" the rcfﬂﬁr:i:_: anions, obviously results in a difterent number to provide extensive spherical shielding around the larger rare-earth
of stable erystal stractures for compounds of dilferent composition. As cations and coordination with oxygens distributed almost equi-
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4.1, Configuration of the (Si04) Tetrahedra

The size of most of the trivalent rare-earth ions is far beyond what is
required for the stability of octahedral oxygen coordination. For this
reason, closest packing of the oxygens with Si and RE eations accom-
modated in tetrahedral and octahedral holes was not found in any of the
larger rare-earth silicate structures. The anionic.part of the mtw:nﬁE,Om
represented by single oxygens, (Si04)tetrahedra or by (51207)-, (Siz010)-
groups seems to be adapted by the rare-earth cations in such a wav as
to achieve as much spherical shielding as is allowed by the &mmhwm of
distortion possible in the individual (510 4)tetrahedra. The electrostatic
bonding character (75%) and the strong polarizing forces of the rare-
earth cations against oxygen result in extreme distortion of the individual
(SiOy)tetrahedra from the ideal tetrahedral configuration. The ideal
symmetry of point gronp T4, which would correspond to a tetrahedron
showing equal S5i—0 distances and 109° 28’ of the 0—Si—0 angles, was
always found to be reduced to Cy.

Fig. 43. Variation of mean bond lengths <d{51—0)> with mean coordination num-

ber of the oxygens Q. of individual {Siy) tetrahedra in the asyvmmetric unit
oﬁ.ﬁﬁ...m_rnn;r, structures, which have been refined toalevel corresponding to e, s. . 's
(S1—0) <0.01 A (white balls}., Black balls and solid line represent corcesponding
data from (82}, dotted line data from (54)

In order to achieve a better understanding of the appreciable
variation in Si—0 bond lengths, the following correlations were carried
out. The average coordination numbers af the silicon-bonded OXYEeNS
of individual (SiOy)tetrabedra were correlated with the mean Si—O
distances in the tetrahedra. As Fig. 43 shows, there is rather pont
correlation between these values in most cases. Better correlation was
found between the variation in the individual Si—0 boad lengths Ad,
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and the variation in charge balance Ap, on the oxygens. This correlation
is based on the following assumptions, According to Pauling's electro-
static valence principle (73), the individual bond strength of an oxygen
surrounded by ‘en’ cations of valency z; to a single cation ¢ with coor-
dination number CN at the center of a polyhedron, is given by s; = WM...,

&
The degree of charge balance p, on any individual oxygen is then given
by the ‘en’ contributions s; reaching the oxygen from ‘en’ cations of the
coordination shells to which it belongs, Thus, the sum over thesingle bond

wr

strengths p,==Ls; should show a value for oxygens in ilonic crystals
i=1

close o 2.0.

The electrostatic valence principle recently was applied to a large
number of silicate structures with some success (83, §4). There, the var-
jations Ad (S1—0) and Ap, of the individual Si—0) bends were correlat-
ed. However, in the computations it is assumed that all contributions to
the charge balance of the oxygen are controlled solely by the quotient

il
CN;
of electrostatic forees, arising from the z - e-fold charged cation, decreases

L. 2ve ’ B s _ . . .
with —, where d is the individual oxygen-cation distance in a given coor-
dination polyhedron. This means that the local charge balance on any
oxygen should be strongly dependent on the individual cation-oxygen
distances. This point must not be neglected in the case of the rarc-earth
silicate structures. The RE—O distances have been shown in Tables 22
and 23 to vary considerably within a given coordination polyhedron,

Following Gauss' law, a qualilied correction term for Pauling’s electro-

. X ' <d>?
static valence rule seems to be given by the quotient — . It presents

i~

a simple dimenstonless number. In this term d; is the individual oxvgen-
cation distance and << d> is the mean cation-oxygen distance in a given
coordination polyhedron, Thus, the charge balance on an individual

. The author neglects the fact that the spherical density distribution

oxygen is given by the value.

on
po=2Xs [viu]
f=1
in valence units [v.u] with
2z < d >\t
RS 2 B e M
FTeN 4 v b

A strong and nearly lincar correlation is given in Fig, 44 for all binary

rare-earth silicate structures on the basis of this term lor the variation
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Fig, 45. Plot mol. volume, VJZ[A3%] vs RE ionic radii, r3[A8] of isostructural scries

of RE-silicate compounds

,mvosn::m line in Tig. 45, a second known value r (°NREI;+,) had to be
introduced. In isostructural series where experimental structural data
are available on one compound only, the value V(Z [A7? for the remain-
ing members of the series has been made consistent on the assumption
that the relative size of the RE3* fons within a given series of identical
coordination is the same as in other isostructural compounds of differ-
ent coordination number, This seems to be proved by the two series for
CN 6 and CN 8 of cubic C-type RE05 ‘RE'OCI .?,Hﬁ and RE-pyro-
chlores (3.4), respectively. Thus, the unknown ionic radii » (REf+q) ,..:.:.m
supplied in terms of the quotients rIREN fr3(RE;n) from other iso-
structural series with different coordination numbers, which are fully
supported by experimental data on structure, i.e. for at least two com-
pounds in a given series. In this way, the slope of the lincar relations in
Fig. 45 has been determined for the isostructural series of compounds
H.mmuﬁmwO.L O (Oxy A, Oxy BB) and oxyapatites REg 49 o 67(5i04) 505,
For polymorphic disilicates RE.Sis0+ the following structural data
have been taken into account: DiA ={Prs2(S1207) (26), Sma{Si.07)
ml\u_mu_\ D—_m ”M.TNFWNOL _h.w.:. m,:,.th uoqw ﬂQMvh DD = .muﬂhU_hOw A.mb.
Y4(5i207) (22, 23); DIE =Gd(Sig04) (2, Eua(5i:04) (27); DIG =
,./iimﬁom:wb.C,‘imﬁoq:mcz.

186

The Crystal Chemistry of the mmwam.mpﬂ\ cates

s, L L L L TRRA NS SRRSO SN VNN N S N\

tu Yb Tm Er Ho Oy Tb Gd Eu Sm P Nd Pr Ce La

Fig. 46. Effective ionic radii ﬁf of trivalent rare earths in cifferent oxygen coor-
dinatinn, CN 6, 7, 8, 9, as derived from structural data, emploved in the relation
mol, volume vs, r3 (RE3) (ig, 48) forisostructuralscrics of ecompo [ Ealsi0) 0
(OxyvA, OxyBl,  RER(S1O5) (Dis, .., DIG)  and  apante-like (R a3 Jo.s7)
(S104)g05. The symbols & and @ represent the #(RE?7) values for CN 6 and CN 8
pectively

from Refs. (48) and (57,

The empirical set of RE?" jonie radii with different coordination
numbers resulting from this procedure is presented in Fig. 46, The lines
representing individual coordination in a given silicate structure type
correspond to an experimental error of 4-0.01 A. Thus, the agreement
between » [RESH) values of the same coordination number in different
structure types is [airly good. The data on theninetold coordinated RIES*
cations of apatite (REga3 4-[ Ine7)REa(SI04)¢0s are of special char-
acter because of the cation deficiency 1X(3 Y3 RE +-2/3 ) in the (4/)
position of this structure. The rare-carth silicate lines are on o generally
higher level than the corresponding data from the simpler oxides (/8)
(54) vf CN 8 and CN 6.
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