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ABSTRACT -~

Part I

An 1nvestlgatlon of some of the crystal structures occurring in the '
31203 2 5 binary system was undertaken by X—ray'methods.

The structure of triclinic BiNhO4 was solved from visually estimated
single-crystal diffraction data. The unit cell has a = 7.611, b = 5.5%6,
¢ =7.919 8, o =89%41, f= 17°%28', ¥ =-87°91, the space group is FT.
Thé structure, which consists of sheets of niobium-oxygen octahedra.
linked through biémuth atoms, is of an entirely new type. The mode of
Joining of the octahedra in the sheets found in thfs compound is novel.
Least-squares refinement with isotropic temperature factors converged to
R = 0,122. |

The correct structural fofmuia of the compound "31203 .6NDb 05
shown to be BBi203.17Nb205, on the basis of single-crystal structural
analysis. This compound is orthorhombic, with a = 12,516, b = 37.14,

c = 3.922 &, and has_%he space group fbaz. The stru&ture, which was
solved from visually estimated single-crystal intensity - daté, is related
to tﬁe tetraéonai bronze structure, but has a three-fold increase in the

& cell parameter. The bismuth atoms are distributed among a number of

possible sites in the cavities of a rigid Nb34094 niobium-oxygen

frameworkﬂ Least-squares refinement, with anisotropic thermal parameters



for the metal étoms gave a final R-value of 0.092.
203.9Nb295" was corrected to

The hexagonal unit cell of the compound "4Bi
& = T.445, ¢ =19.778 £, on the basis of single-cr&stal photographs.

~

Intensity data fo? this compound were collected on an automatic diffractometer.

The published X—-.:ca,y powder pattern of the compound "Bi,O .5N'b205'_' was

273
indexed using an orthorhombic unit cell of a = 17.632, b =.3.949,
o= 17.167 £. A structure related to the tetragonél bronzes is postulated.‘

The space group Pmn2l is thought likely.
Part II

‘Some preliminary studies are described on a family of compounds

. containig lead, niobium, oxygen, fluorine and in ali but oﬁe case, a
rare earth metal. All the compounds, which are themselves rhombohedral,
have a rhombohedral subcell, with Bex © 3¢ 75, Chox = 9.45 £. The
true cells ali have a = 2asub’ and have ¢ parameters 5, 7 or 10
times that of thé subcell., Single crystal infensity data collection on
the automatic diffractometer is described for two of the compounds,

and structural postulates are made.
Part III

The solution of the crystal structure of a new con{pound, dicalcium

: hitride,'is_described. Ca W is rhémbdhgdral,‘qifh the space group R3m,



i

. = 18.78 £). The

and h&S >a = 60603 X., -k = 31059' (ahex = 3.638’ ) che

'lajer structure of Ca N is of the anti—CdCl»“t&pe. These layers are

2 2

V widely séparated, theirAclosest appféaqh being a Ce-Ca distance of
4.35 L. The structure refined to R = 6.132 on the basis‘of.visually

- estimated intensi‘ty data. An essentially ionic structure is proposed
fof CaéN, aﬁd novel electrical properties are predicted for a single

crystal.
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"I{ is a ﬁleasure to standAupon the shore,

-and fo see ships tost upon the ses,

é bleasure to stand in the window of a castie,

;ané to'see a baffle‘and the advehtﬁres'fhereof below:

but no pleasure is comparable to the standing

upon the vantage ground of truth

and to see the errors, and wanderings; and mists, and tempests,

in the vale below."

Francis Bacon
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A SUMMARY OF

‘'X-RAY DIFFRACTION TECHNIQUES AND THEORY -

1o
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1. Theéretical Background and Compﬁtaiional Methods

Crystal Symmetry

Any»crystal may 5e thought of as being buiit up by the periodic
repetitioﬁ in threé dimensions of a certain atomic arrangement. This
fundémental set bf atoms ié~contained in the unit cell, The |
three-dimensional arfay of poihts having identiéél aﬁﬁ parallel
environment in a crystal defines'its lattice, and the unit cell can.in
principlé be chosen from this in an infinity of ways. In practice the

choice is guided by the symmetry of the pattern of étoms inside the

unit cell. The cell chosen may be priﬁitive, i.e. have one lattice point
at each of its corners only, or it can be ﬁon—primitive, having more fhan
one lattice point per cell. Thus eaéh of the six crystal systems has a
unit cell of a diétinctive shape, embodying the symmétry of the strgcturé,
and may in some systems also contain 1atticé‘points at face or body
cenﬁres, resulting in the 14 Bravais lattices.

When a motif is fepeated in>three dimensions using the symmetry
operations of 1,2,3,4 or S-fold rotafion, invérsioﬁ and the mirror image,
together with cqmbinations of these and 1inearltranslations; 230 distinctl
three-dimensional symmetry patterns’or space—grqubs nay be built_up; Any
crystal therefore ‘belongs to one of these'250_space—g?oups. x

For a complete detérminatiOnrof the structure of a nyétal,-

~
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" the Spéce-group, the size and shape of the unit cell, and the positions
" of all gﬂ:dms' in the asymmetric unit rn_ust be known. X-ray crystallography
is concerned with finding these by the interpretatio‘ﬁ of the X-ray = -

: diffractioﬁ pattern of the crystal, -

Scattei'ing of Radiation -

When a beam of monochromatic X-rays of wavelength )s falls on a body
with non-uniform electron density, the séattered wave at B can be
written with respect to. the %ave at. A as. . o

- par(exEcosy - cos 4)))
| where the vector AB is denoted by r, and B is
contained in the volgmé element‘ dv with iocal eléctron density /9(5_),

The angles ¢ and § are shown in Figure Z.1.




he Y

The_' total scattered wave is given by the integral over the vhole

: volume of the body S
f,&(g)exp(&"-i-lxu(qosq - cos‘ﬁ)')dv

- Defining vectors S, -2} and P such that .

L8y = |r|cosf /2«, r.s, = |zlcosy /A, S=8 -3
then the total scattered wave, denoted by G(S), becomes

f p(z) exp2niz. (2,-8,)aV , or

G(s) = ff(;)expzﬁi;.é&v ,

The vector S is recipro_cally related to r, thus it is considered to
be a vector in "reciprocal spacei' as opposed to th.e real space
occupied by the scattering material. The result for G(S) is a
“Fourier Transform'. The inteﬁsity I, of the scatteried wave is given by
Ie G(§).G*(§), where G*(_S_) is the complex conjugate of :G(S). Thus to
determine P(_z;), it .is not sufficient to know I, and thence |G(S)], but
it is also necessary to be able to dérive its pbase. '

In practice I"is found by direct_- measurement, whereas the phase must
be 'arrived at indirectly, hence the so called "ph’ase problem" of

crystalllogra,phy.

Diffraction by a Single Crystal

If there are N atoms in the unit cell, eaéh wit_h co-ordinates



14

X 4Y, 72 with respect to the origin of the cell, the ‘r;th'a-utom will be -
' r =X +Y +2Z -from the cell origin. The wave scattered

by one of the N atoms in- the un:Lt cell dan be written as
ff(;)exp 2ni(z + r)e §_dY ' or
{ J ) expaniz, _s_dv} exp2riz .5

The portion in brackets is the same-for all chemically equivaient
atoms and can be replaced by £ 0! the scattering factor for a
spherlcally symmetric a‘hom. The total wave scattered by the N atoms in
the unit cell is given by a summation since the electron densities of

adjacent atoms do not appreciably overlap. Thus
. Gu(_{j) = Z;_‘ifnepom_I_'n 8

If the unit cell of a crystal has edges defined by vectors a, b, ¢,
all afofns in the crystal may be designated by the ends of vectors of
the form wua + vb + wc +A£n, where u, v, and w are integers. The totel
transform of the.cfystal is therefore

" U=-1 7-1 W—
AOE P35 MENC)
w=0
Each of these summations is of '.thequrm

T-1 ,. SR

3. = (14 exp2rigeS + cose + expzwita.s + seee + exp 2ni(T-1)a,3)

t=0

' l-e\:pzm,'f_a_ S g . sln'lh:z.
s wWhich reduces %o
" l-exponia.S - slmas




Its value is T vhen'a.S is en integer, but is negligible otherwise.

Therefore Gt(_S)'can be written

- -

sin(Urta.5) sin(Vmo.5) sin(¥e.S)
sinfna.S) sin(mb.8) sinfmwe.S) .

6, (8 = ¢ (8)

Gt(_s_)therefore is iero, unless a.5, b.S and ¢.S all have i‘ntéger
values, h, k, 1 say. |
i.e. Gt(§) = 0. in general, |
| Gt@ = UV’:‘!.Gu(_S_) when 8.5 - hy b.S = i{, c.85=1 simultaneougly.
" The é&nditions for non-zero Gt(§) are -the Laue 'equations. ‘Thus the
total diffraction pattern of the crystgl is directly proportional to
that of the unit cel'im ;ontents, Gu(§), at points in ;‘eciprocal space

defined by the trio of integer co-ordinates (h,k,1), but is zero

elsewhere., These points define a three-dimensional reciprocal lattice.

The Structure Factor

‘The value of Gu(§) at o reciprocal lattice point is called the

914

structure factor; Fhkl’ at that point. Using the fractiondl co-ordinates

X9 Yo Zos (the atomic parameters) for the nth atom, such that

T ='xa+ b+ 2. ¢
n I rad

2
f expzm( S+ z c.5)
%: e
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1 f é;; fne)q_)&'u(.l:uc.n +ky + ;Zn)

ol

; o o
- %‘1 £ _cos2 (b + ky + 1z.) + 1:4;1 £ sin2n(nx + kyn+ 1z )

vhich may be writtenN

Fpa = g * "‘ ‘exl’(i"hkl)’ A
where #£k1 is the phase angle, and |F 1\ is the structure amplitude.

For a centrosymmetrlc arrangement within the unit cell, taking atoms
in pairs-gn,.ga such that ;A =-xa- yég - 2.8, e ﬁéve that B = 0,
~since sin@ + sin(—@) =.Q forAany aﬁgle . Therefo:eh(Fg#l‘-nhhﬁkl B
with phase O or m for the cehtrosymmetric case, In general, the
previcus statement that I = G(8).G (_) can be rewritten as
I= A2 + Bz.

" The symmetry ﬁith which the motifs are repeated‘within the unit cell

by the spéce-group may cause certéin combinations of hy k and 1 to
give structure factors of zero. The recognition ofAsuch "systematic

' absences" will help to limit the possible space-groups of a given

crystal,

The Temperature Factor

All the above eguations are derived for sxatlonary atoms, but

thermal motion can be accomodated by substituting foexp( 381n e)

for f, where B is fhe.isotrOPic temperature factor, and © is the



Bragg angle, equal %o-half the angle of soatterlng.
Often a more sophlstlcated allowance for thermal movement is
requlred, and a set of anlsotroplc v1brat10nal parameters,/B is

then used, w1th f belng replaced by

- T exp( (/.-xllh + /322k +. /9331 + zflzhk + 2/313111 + 2/3251(1))

Corrections to Intensity

Se&eral Eﬁrxections must be applied to0 an experimentai intensity
&alue‘before‘it can.be consiaéred to be repreéehtati;e of the square
of the structure factor.

' The polarisation correctibn allows for the fact that the process
of "reflection" introduces partial polarisation. If the incident beam
is unpolarised the corfeétion is expressed in terms of the Bragg angle;

e, as

-1 1
N
1 + cos™ 20
The Lbrentz factor is a gecmetrical correction dependent oA the
metﬁod of collection of data, and represents the ratc at which the
- crystal is swept thréugh the reflecting position. In this work, when
photographio.methods were adopted, the equiinolination Weissenberg

technique was used. The combined Lorentz and polarisation factors

for this method are given by
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. _1 2gcose ‘ ’
(Lp) = T where ¢ is the radial cyllndrlcal
1+ cos 20
co—ordlnate of the re01proca1 1attlce p01nt COncernedo_
When a»four—01rcle dlffractometer was used for data collection,
the correction made-was
N . -1 -25in206
RN €59 M 2oy
AR (1 + cos"26) -

Absorption of monochromatic radiation is in general of the form

I= Ioexﬁ(ﬂﬂt), where t is the path length of material traversed, and

Jt is the linear ebsorption coefficient of the material for the

wavelength used. The mass absorption coefflclent,/u y, of an element

may be deflned by /LL /JZ pl/«L s Where 1 is the fractlon by

weight of the 1th element present, and P is the density of the material,
For a crystal of general shape, individual diffracted’rays have to

pass through different thicknesses of material. When the absorption

errors are not negligible, a correction may be combuted by working out

the path lenths of the incident and diffracted rays for a number of sample

points within the crystal. A summation is then carried out, which

approximates to the integral

by = 3 f g

over the volume of the crystal, where

A is the transmission factor for a given hkl.

hkl -

_...The phenomenon of extinction arises because part of the enefgy of
a diffracted beam can be doubl& reflected back into the incident beam.
As there is a phase change of:t/2 at each scatterlno, the doubly |
scattered beam w111 be ™ out of phase with the prlmary beam, thus

progress1ve1y cuttlng down its effect1ve~1ntens1ty as‘lt penetrates

\)
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deeper iﬁto‘the cryétal. Thisvphenomeno# of pfimary extinctibn afises

ionly in-peffthAregibns of the crystai, usually a single mosaic_block.
Secondary-extinction hés a similér basis, but arisésxfrom the mésaid

structure of a single crystal. The déeéer blocks are partially screenéd by any
~_parallel blocks which ﬁay be situatedAcioser to the irradiated surface,

ANQ correction for extinction was méde, bﬁt "reflections" thought
to 5e suffering severely from it.were removed in the final stages of
least-squares réfinémento . _

The diffracted beams fulfil the geometry of reflection of the
incident beam off a stack of paiallél planes within the crystal, with’
an angle of deviation between the incident and the reflected beam of
" 20, where © ié the Bragg angle. They.are commonly termed "reflections"
but they oniy occur in the immediate neighbourhood of GB’ defined by
Bragg's law, which connects the distance d; between the reflecting
planes with QB by o |

2dsin@; = nh for the o order diffraction.
- These planes are said to have Miller in&ﬁceé hkl. Thus such an
interpretation identifies each Fhkl with a set of planes (hkl), from
.which the beam is reflected.

Aftep these correctibns havé been épplied, or have been shown to
be negligible, the observed intensities of theb§iffracted beams will

- be prdﬁortional to the squares of the moduli of the corresponding

_ structure factors.



Fourier. Synthesis

-
-~ Y -
—

~—

The fhrge-dimensional electron-density function;/Qi&Z, is the
Fourier transform of the sum of all the structure factors, Fhkl’ with

AN
their appropriate \phases. Thus at any point x,y,z

ZZZF

hklexpéQﬂi(hx + ky + 1z)),
h_-co k=-00 =00
where V is the volume of the unit cell.

Since the vector S, being deflned as (s - sz), has a maximum
1ength equal to 251, i.e. is confined to a sphere of this radlus in
reciprocal space, only reflections corresponding to those reciprocal
lattice points which lie within this limiting sphere are observable.

_ This can 1ead‘to series termination errors in the'éalculated eleétron
denéity, which take the form of ripples around abomic peaks, (Bessel

function cross section). They are only serious if the intensity data

are severely truncated at the 1imiting sphere.

Patteréon Function

The Fourier transform of the intensities is often very helpful, as
this function was shown by Patterson to give a vectorial representation
of the crystal structure:

7'. 3_’ ;—1\ thkll__zgxp(-zrri_(hu‘+ kv + 1w)).

h—-oo kecod 1=-c0

uvw

-

ine 12 =' 4 e funﬂtlon P, e also be
Since !Fhkli hklfhkl’ the Patt rson | ’ Oy

\5
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described as the "convolution" of the structure with its inverse.

o~

Difference-Fourier Synthesis . - : Coa
- Sometimes structure factors are calculated for a partial structure,
and are subtracted from the observed structure amplitudes. The Fourier

transform of the resultant, ¥ . ~F is referred to as the difference

_ obs " part
Fourier, and it often shows those details of the structure which were

omitted from the structure factor calculation.

Least-Squares Refinement

The crys£a1 structures comprising>this work Weré solved using
Pgtﬁerson, Fourier and difference-Fourier syntheses, followed by the
refinemeht bf the atomic co-ordinates, temperature factors aﬁd
sometimes inter-layer scale-factors. This is achieved by minimising
ZLDA?, where & is the difference between the observed structure amplitudes,
fFo[,-and the calculated structure factors, |Fcl, and w is a weight.

Agreement is usually expressed in terms of R, where

g =V251“Fol " ch"
BN A .

_ Computation

The bulk'of'the‘dalculations were carried out Gn'the Imperial College

~.
>
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IBM 7094vcomputer using the‘"XAfay‘63? system of grystallogfaphic
-programs. This system treats prbgfams as 1iﬁ£s, enabling the usér‘to
feed the oﬁtéut of one program into the next, thus pefforming séteral
different calculations succeésively in oﬁe.run._Ail esséntial. |

~ crystallographic data are saved on magnetic tapes so that the inpﬁt'

of only thosévitemslwhich hate changed from the previous run are |
required to initiate a new one. The versatility of this system ﬁés found
-ideal for the type.and size of problems met by the author,

| Thetlinks used We;é as follows:—

.DATRDN'- for reduction of data, application of Lbreptz énd polarisation
corrections, scaling, square rooting of intensities and the generation of
the primary data maghetic tdﬁes;

FC -'structufe factor cglculation and reflection statistics;

FOURR - Patterson, Fourier and difference-Fourier syntheses;

ORFLS - Busing-Levy full-matrix 1east—squares refinement, patched by the
author as necessary to incorporate the yarious symmetry requirements:
BLOKLS - least-squares refinement, similar to the above, but using a
block diagonal approx1mat10n of the matrlx, ’ |

BONDIA - bond-lengths, angles and their standard deviations;

" DELSIG - welghtlng scheme analysis;

LISTFC - flnal structure factor listing in a format suitable for

~ publication.

Other computer programs used on the Imperial College machine wére:é

™
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ICABS - an ébéorbtion/extinétién correction program originally written

by Coppens, Leiserowitz and Rab1nov1ch for a CDC 1604 computer and

adapted for the IBM machine by P.G. 5. Troughton, i

TRNS - a program for the transformatlon of 1ndlceé ﬁfitfeh.by the author.
The major use made of the programs available within the ICSYS system

on the Atlas computer was connécted with the preparation and procéssing

of the punched paper tape input to and output from the Siemens :

diffrac?ometer.VThe‘numerous other c;yétallographic programs were little

used, becaﬁse of thg-COnveniepcé of the IBM 7094 and the fact that thq

. size of probléms dealt with did not necessitate the supérior speed of

Atlas. The following computer progrems were used:-

SEKO - written by P.G.H.Troﬁghton, generates the punched paper tape

: required for.steering thg Siemens diffractometer;

SODI - written by P,G.H.Troughton processes(the paper tape ouiput of the

diffractométer, applies the (Lp)—1 correction and punches the data onté

cards for input to the X-ray 63 system; |

L3CD —‘1east—squares refinement of cell dimensions, written by R.Diamaﬁd;

S0S0 - indeking powder lines from approximate cell dimensions written by

M.G.B.Drew and modified by F.H.Allen; '(

BOSS - structure factor calculatlon ‘and Fourler synthesis written by

M.M, Hardlng, adapted by M.G B.Drew;

SFLS - a structure factor least-squares refinement progranm, using a

block diagoﬁal approximétion written by R.Diamand;

CEDI - least- squares reflnement of cell almenslons wrltten by

P.G.H.Troughton.



- 2. Experimental Method

Preliminary Examination

Crystals were first subjected to optical examination under a:
microscope. Mofphology, colour, the odcurrence and directions of uniform
Aextgnqtion between qrossed pglars,vperfection ofrcrystgls etc., were all
noted.
Suitable crystals were mounted‘on glass fibres with vacuum grease,
Use of the diffractometer, however, neccesitated mounting the crystals on
the much stiffer quartz'fibres with araldite. Oscillatign and Weiésenberg
photographs were taken fé‘determine the unit-cell‘dimengions and the
space group. More accurate cell paraneters were obtained either by
indexing the powder pattern of the appropriate compound, and least-squares
refinement, or from some very aécurate ©-values obtained from a single
crystal on the four-circle diffractometero |

- The crystaisvselécted for'iﬁtensity‘work wére measured using a
calibrated graticule on the microécépe° In the cases where the diffractometer .
was used; aﬁd where én absbrptibn correction ﬁés essential, the crystals
were drawn and measured fromhfive orthogonal dirgctioné while still én

the Euleriah cradle, using the attached calibrated microscope.
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- Photographic Data Collection

,”/-
-

Where intensitf data were reco¥ded-photographicallig the equiinclination
Welssenberg techique was aﬁoﬁted.'ln.everyVCase, a papk of four Ilford
Industrial G films ﬁas used with CuKe radiation for each layer. As_this
‘gave an attenuétion_of about 2.6-2.8 per‘film, a useful intehsity.range
could be covered with one packﬁ The exposure wés taken as the léngest

necessary (or practicable in the case of 3Bi 917Nb205). A short exposure

203
pgck was hot required in any‘qf the cases.

The four films were developed and fixed together in darkness for five
 minutes each. Intensities were estimated using wedges made by exposing
a‘giﬁen reflection for accurately known lengths of‘time° In one case,
(BiNbO4),'pait of the data was measured on a Joyce—Loéble integrating
microdensitometer, The structure was solved in projection on the basis
of these meésurements, but the same films, when estimated visually,
gave belter agreement, Visual measurement was therefore adopted throughout.
It is thought that the extremely small, sharp reflections of this érystal
were paricularly unfavouragle fof correct integration by the déﬁsitometer;

 Méasurements of intensitiésron each film were scaled up t§ the top :
film of each pack and a mean value was calculated for each reflection.

Where appropriate, a correlating layer was taken, rotating about a

different axisj otherwise the inter-layer scales were used as parameters
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in the least-squares refinement of the stTucture.

In geheral, it was not possible to make use of the‘integrating

mechanism o0f the camera, as the exposure times were already near the . =

maximum practicable,

Diffractometer Data Collection

A Sieméns Automatic Single-Crystal Diffractometer ﬁas used to
gollect intensity data fqr thrge crygtalsoiThis is a fqgrfcifc}¢.
off-line instrument using punched paper tape'inbut and‘outbuto

A set of digitizer drums ensures that each of the four circles
(Figure.Zol) can be positioned to an accuracy of 1/100th of a degree,
or one."bit"o The crystal underﬁstuéy is set up With.one axis parallel
to the axis of the g circle, and the ;5=O.OOo datum line is set to
coincide with {a; reciprocal axis. This is accomplished with the
aid of a set of horizontal and vertical.half;shutters and automatic
" scanning of 6 for successive values of g, (6-£ scan) to en accuracy
of 1/100th of a degree. "

Accurate unit-cell constants. are determined from valﬁes of @ for
a numbef’of reflections, measured using a slit collector aperture for
maximum resolution. |

ForAthe collection of intensity data,‘a "steering" paper tape is
generated, which gives the incrémental ang1e>change for each successive

reflecting position, followed by a command to check the digitizers



27

Figure 2.1

Basic design of the Automatic

Single Crystal Diffractometer
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against the fractional ﬁarts of the correct values of the angles. If
this\pheck is successful, a fifé-point measurement is initiated,

(Figure-2;2), in which the two halves of an intensity peak are
g ]

measured as two integrated totals, as well as the complete peak, and
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two baokéround cbunfé.are takén. All #hese vaiues'ére output.together
with reie#aﬁt informétioﬁ.for the given réfleétion. Almaximum measuring
tiﬁe perkrefléction is preset, but.the logic of thé instrument is -
capable of reducing this-subsﬁantially, to give a narroﬁer rangerf
actual coun{s,thréughout, thereby ensuring that the minimum time is taken
for a given acéuracy of the results. |

| If a digitizer check fails, tﬁis'is indicated on the éutput, and the
instrument automatiéally searches for the corrgct-fractional part
over a range of +20 bits. If it is found, the ﬁachine_lécks on this value
énd proceeds witﬁ data céllecfion; o%herwiéé.it hél#s:'Péfiédiéaily a-
zero check is introduced, thereby checking the correct absolute values
of the previous angle settings. Checks én the intensity of a fefereﬂce
reflection énd positions of control reflections are also made periodically,
. and included in the output.

The output tapes are examined for digitizer checks and the balance of
the control reflections. The intensity values of thé reference reflection
are used to scale groupsréf data, to allow for élight variations with
time of various operating factors, then the data are treated in the
normal way.

In all cases CuKx rediation and & scintillation (Na(T1)I) counter .

plus photomultiplier were used.
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CMees the échoolmen are like astronomers, which féign

eccentrics and epicycles, and such engines of orbs, -

to save phenomena,-though they know there are no

—

‘'such things."

P

- A 16th century Councillor of Trent

PART I

STRUCTURAL STUDIES ON

THE 31203—Nb205 SYSTEM
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PART I - Introduction

The first compound in the Bi,05-Nb,0; system to be studied by the

author was trieclinic BiNbQO,. This is a member of the family of some

4

A:_[IIBVO4 oxidps-of group V metals shown in Table 3.1, Theée compounds

exhibit three structure types, two of which had been determined

recently‘by Rogers and Skapski(I°1’I°5), and were found to be unique

to this family. The crystal structure of triclinic BiN'bO4 was
therefore attempted and solved to complete the trilogy of novel. structural
types exhibited in this group.
The work on B:‘LNbO4 had drawn attention to otﬂer compounds in the
Bi, 0,-Nb,0O. system recorded by Roth and Waring(I°2)° It was hoped that

2°3 77275
the analysis of some of these structures would prove fruitful not only
in themselves but also in predicting the other structures in the group,

- and possibly showing a common, unifying building principle throughout.

An account of>thisAwork forms Pait I of this thesis.



32

3. The Bi 0.-Wb.0, Systen --j' |  //*'

Compounds of the Formul xBi 0.,.yNb.O
Lol = = 2 o=z 2005

The phase relatlonshlps in the binary system Bi,0,-Nb.0. were

2 3 275
(1213)

extensively studled by Roth and Waring They constructed the

-phase equilibrium diagram reproduced in Figure 3 1, from observatlons

' of fu310n characterlsélcs and X-ray powder data, In the system they found
five binary compounds with 31203: O5 ratios of 5:3%, 1:1, 4:9, 1:5 and
1:6, details of which are given below. The 1:1 compound had previously

~ been synthsised by Aurivillius(l°4), but Roth was éble to show that a

low temperature form also exists.

SBl ° BNb

273 275
This compound was found to give poor quality powder patterns, which
could be partially indexed on the basis of a pseudo-tetragonal cell of

= 10.912, ¢ = 10.496 &,

* For the seke of brefity, the work of "Roth" is usuélly quoted when

reference is m@dé to paper I.2
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Bi0 b, O5 (BleO ) - low temperature form

273
All preparatlons below 1200°C of the 1: 1 compound ylelded an

orthorhombic modification. Once the hlgh temperature form appeared,
however, the transformation could not be reverseds The X-ray powder
pattern was indexed on the basis of an orthorhoﬁbic unit cell with

= 4.980, b = 11.70, and ¢ = 5.675 8-

283.203.,1%205 (Bi'NbO 4) - high temperature form

Aurivillius first prepared_the triclinic modificaxion-of BiNbO, and

4

' dedﬁced its unit-ceil dimensiéns from single cfystél“Wéissenberg ‘ o
photographs as a = 7.71, b = 5.55, ¢ = 7.97 &, « = 89°, = 77°,

§ =_87°. Roth also found thié phase from 1020°C to the melting point of
124500. He was able to index the X-ray powder pattérn on the basis of

the triclinic cell, and obtained the following dimensions:-

8 = To611, b = 5.536, ¢ = 7.919 &, o = 89.88°, ¢ = 77.43°, Y = 87.15°

4Bl 0,.98b,0

27% 275

& phase stable from 1070°C to the melting point of 1183°C was
assigned this formuia. The'X—réy powder pattern was indexed on the basis
of a hexagonal unit cell with a = 6.447 and ¢ = 19.778 £.
B120 .5Nb,0

3 275

This compoundeas’found to be stable from robmrtemperature to a



dissbciation'temperature of 10950Co The powder.paftern was not indexed.

L

~.

Bi_0 6Nb 0 - e
2737 2 . |
™~
The 1:6 compound was found to be stable from 1002°C to the melting
- point of 1242°C. The x—ray powder pattern was thought to bear

.resemblance to the 1:5‘compound,'but was not indexed.

ABO, Compounds
l.i.

_ BiNbO , may further be discussed in the context of AIIIBVO compounds -

4 4
of some group V metals, Table 3.1 shows six such compounds, some of
which appear twice, as the low temperatufe form and as the stable high
. temperature modification. The three structﬁrai types found in this
) groﬁp are also indicated.

The monoclinic gtructure, as exemplified by,g—Sb204
Rogers‘and Skapski(Ll)° The cell has a = 12.060, b = 4.834, c = 5.383%,

was determined by

‘ﬁ = 104035'o The structure}consists of Sbv~0 octahedra linked by corner
sharing to form corrugated shgetso Adjacent sheéts aré linked by the
SbIII ions. | | |

The structure of SbNb04, representative‘of the §rthorhombic members of
the group was determined by Skapskiiand Rogers(1°5)° The cell has
a = 5 561, b = 4. 939, c = 11, 810 R The structure has many features in

common w1th/3 Sb 0,. It can in fact be derlved from the latter by an

274
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NbY s’ pa¥
(o~rh) I (o-xh) . (o=-rh)
a = 5.561 e = 5443 a = 4,927
b=4.939 | b =11.787 - b = 5.554
¢ =11.810 | ¢ =4.807 ¢ = 11.81
Ref. (I.5) " Ref. (1.6) Ref. (I.3)
spIIT . -
£-5b,0,
- (mon)
a = 12.060
_ b = 4.834 _
¢ = 5.383
f = 104°35" -
Ref. (I.1)
BN, | BiTe0,
(o-rh) SN : (o-rh)
a = 4.980 o : a = 4.901
= 11,709 - : b = 11.763
c = 5.675 V R c = 5.633
i Ref, (I2) ' Ref. (I.3)
IIT P
| BiNbO, - Bisho, o BiTa0,
: (tric) (mon) © (tric)
~a = 7.611 ‘ a = 5,464 . a = 7.652
b = 5.536 L b= 4.887 T b= 5.584
{ ¢ =7.919 ¢ =11.81 | ¢ =T.772
o =89.88° | fp=101.0° L - 89.92°
p= 77.43° Ref. (L.4) | B=77.12°
¥ = 87.15° A% Y = 86.45°
CRef. (I3) | | Ref. (I1.3)
Tabie 3.1 PR A ,compoﬁnds = éeilidiﬁénsionS'in e




" 8Sh eNb QO

Firourz .28} [010] Projection of SHNEO,. : " -
{b) [010 Projection of 8-55,0, {origin moved o facililale comnparison).

_ {Daskel lines indizale bonds belween niobium and oxygans in the cell Lelow, Tre
octahedra nre joined af coviers, not edzes.) :

alternative way of stacking the shgets of distorted octahgdra. The
si&ilarity between the two sfructures-is illustratéd in figure 3020

: Aurivillius(1°4)showed‘frdm the Patterson brojections, that triclinic
BiNbO4 and BiT§O4 were isostructural, although he diﬁ not attempt to

solve these structures.
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System ‘

Preparation of‘Compoﬁnds During the Study of the Bi 0,-Nb,0
e=5——2=5

-
—

High purity Nb,0; (Koch-Light Leboratories) and > 99%/0 pure Bi 0,

Y . _ _ . |

(British Drug\Hquses) were used for all,preparations in this group. The ~ .
~. -~ . . ’

- moisture contents \61‘\ the two starting products were determined (negligible

for Nb205,

About 0.1 mg of a mixture of the appropriate proportions ﬁere groﬁnd

00250/0 for B1203) and allowed for in the preparationéo

thoroughly in a small agate mortar. Short lengths of piatinum tubing

were boiled in concentrated nitric acid to remove the lubricant used in

the ext?ﬁsion of the tube, from the inside. The\hixfﬁres.wéré sééied‘in the
platinum tubes and fired at the tgmperatures listed below. The weights

of the capsules were checked before and after heating ternsure that no
loss occurred. |

a) A 1:1 ratio of oxides was héated at 1150°C for 46 hours. The temperature

chosen was mid-way between the transformation_from the orthorhombic to

the stable monoclinic form of BiNbO, at 1020°C and the melting peint

4
at 1245°C. The capsule was quenched in air. The product was crystalline, '
and was shown to consist of triclinic BiNbO4° A suitable crystal was

picked for structural studies.

b) 135 and 1:6 ratio mixtures were prepared and sealed in separate

capsuleé. They were both fired for twenty hours at 1060°C. The temperature

was a compromise, since BiZOBDSszo5 is stable frém room temperature to
1095°C, and Bi,05.6Nby0, fron 1002% to 1245°C. After quenching in air,

~only micro-crystalline products were found in each case.
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Q) A 1:6 ratio mixture was fired at l200°C for T2 hours and was quenchedc“

The product was partially crystalline. A Gd{nier photograph showed all
the powder lines recorded by Roth for Bi203.6Nb205, plus some more,
which could be explained by the presence of small quantities of various

other phases, mainly triclinic BiNbO4.

d) A 1:5 mixture was heated at 1080°C for 4 days and cooled over a
period of one day to 700°C. The product was micro-crystalline, but its
powder pattern agreed with that given by Roth for 3120305Nb205.

e) A 1:6 mixture was heated at 123000 for 3 days and”quenched; The product

was crystalline, and contained single crystals of Bi203.6Nb205 as well as

4Bi20359Nb205.

£) A 4:9 mixture was heated at 1160°C for 3 days and quenched. The product

was micro-crystalline. Its Guinier powder pattern showed it to consist of

triclinic BiNbO,, and to a less extent, the 4.9 compound.

_ 4’
g) A 7:33 ratio mixture was heated to 1060°C for 16 hours and cooled

slowly. Guinier‘photographs and an XRD-6 diffractometer trace were taken
of the powder produced. It was shown to consist mainly of the "1.5"

compound plus some triclinie BiNbO

4.
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4. The Crystal Structure of Triclinic 'BiNboL,*

Crystal Data

7.919 &,
-3 (194),

BiNbO,, M = 365.9, Triclinic, a = 7.611, b = 5.5%6, c

o = 89.88% A =77.43° y = 87.15%7 U=324.0 %, D

n 75 g.cm.

Dc =T.3 g.cm."3 for Z = 4; PF(000) = 752
. Space Group P 1, (Ci, No.2)

For CuKwx radiation F= 1299 cm.-1

% Note:- the triclinic cell chosen by both Aurivillius(194) and Roth is

preserved.
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Preliminary Exsmination
A S
- o

N
The cryst;is were pale yellow elongated prisms. The extinctibn
"direction betweenxgrossed polarisers spowed no obvious relationship
to the morphology. \ |
A1l the crystals which were examined by oscillation and
Weissenberg photographs were twinned in two ways. One of these
appeared tg be of ﬁhe polysynthetic type. On thé'Weissenberg A
| photogréphs the‘ hdi and the hkO reflections were doubled; fhe hOO
line showed no doubling however. A similar description of the twinﬁipg

(1.4)

was given by Aurivillius s Who fouﬁd that all crystals examined
were twinned in these two ways. | |
After numerous-attempts, 2 crystal plate was found which, although
it twinned in the two aforementioned ways, gave'otherwise ¢clear and
sharp reflections., AnAatﬁempt was made to break this crystal up, with &
view to decreasing the absorption errors of thé plate. On exerting
pressure under benzene withda sharp point, the original crys%al cleaved
easily along two parallel'planes to give a rectangular prism.
An hOl Weis§enberg photograph of this\crystal showed no doubling
_of spots, but splitting occurred on a first layer photograﬁh. On plotting

out the first layer of the reciprocal lattice, (hIl), the angle between

the twins was seen to be A/60, corresponding t6 the fact that g = 9Oi30b



The twinning. in BiNbO is'discuségd more fully later.

4 , A
It was clear that no single crystal of BiNbO4 could be found, and due
to the ﬁblygynthetic nature of the twinning, no absbrption correction

could be applied. It was therefore imberative to reduce absorption
effects by choosing‘a\ crystal as small as possible, and with a favourable
shape. Small crystal size was also dictated by the imﬁerfections'and
" macro-twinning of the larger ones. Due to the smail crystal size
CuKw radiation ﬁas chosen as opposed to MoK« , otherwise exposures
would have been unreésonably long. If a large enough "51ng1e“ crystal
free of macro- tw1nn1ng could have been found, Mo radlatlon would have.
provided an effective means of reducing absorption errors.

The only ecrystal found, whiqh was usable for intensi:& work was
- already too small for consideration 6f Mo radiatioﬂ before it was split.
Aftér splitting, the erystal was a2 prism with a rectangular base, and
approximately 0.006cm x 0,0025cm x 0,0010cm in size. This small crystal
required exposures of up to two weeks, which p;ovéd quite practicable.

)

Unit Cell

The unit-cell dimensions obtained from Weissenberg and oscillétion
ppptographs were in agreemenf with those quoted by previous workers.
Roth's values for the unit cell were adopted throughout, éince these
Weré more accgrate than any obtaihable from photographs, having beeﬂ -

calculated from a high-resolution diffractometei powdef diagram.
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Data Collection

e

Single-crystal intensityrdata were'bpllected photographically,
using the equiinclination Weisseﬁberg technique toAregister layers
hOl to h51 with CuKe« radiation. A totalef 662 reflections were estimated
visualiy. An attempt was'made‘to use a Joyce-Loebl integrating »
microdensitometer, but the'refléctipns were fsdnd to be too small and

sharp for correct measurement, and visual estimation proved superior.

" The Structure in Projection

The structure was solved from the hOl data with the aid of a model,
while the full three- dlmenelonal data were being collected, since this
took rather a long time. The Patterson map of the ac progection shown
in Figure 4.1 was calculated initially usisg the Boss program on Atlas.

Ths subsequent Fourier calculations were also completed using Boss.

The scattering factors used were kor Bi+, Nb5+ and 0 , as a compromise
t —
between a purely ionic and a purely covalent compound. Scattering factors

3+

for Bi+ were obtained by interpolating between those for Bi. and Bi

given by Cromer et al(I'7). Those for Nb5 were calculated by applylnv

(1.8) ,

the différences between Nbsf and Nb given by Thomas and Umeda

(I'7). Scattprlng factors for O

values for Nb tabulated by Cromer et al
: were taken from Internatlonc.l Tables(l 9) The real parts of the anomalous

dispersion correction were included for bismuth and niobium.
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Figure 4.1 | - -

_ Triclinic _BiNbG4 - [010] Patterson projection



45

Due to tﬁé heavy nature of bismuth and‘the relétively:small»humber
‘of reflections, no>statistical.teSf‘was éttempted to findvout
“whether the structure‘ﬁas centroéymmetfic or not. Piezo and pyro-electric
tests were judged to be duBious'in view of the‘known twinning. Thus it
. _was decided 1‘:0 treat Vihe space group as. Pl until it could be shoﬁ .
otherwise; | | |
Primarily thé determination of the bismuth positions was attempted,
as phasing on these was likely to show the nioﬁium atoms on a Fourier
- map, and the cdmbination of all the heavy atoms, it was‘hoped, would
< 'determine.th¢ §xygeﬁ positions. |
It was’cléaf«from looking at the photographs that festoons of even
'l index were very strang compared‘with tﬁose of odd‘l. This indicated a
halving of the unit cell, which would approximately repeat the contents

of volume A in Figure 4.2 in B.

al




& .
- N

This was also borne out by the large peak in the Pattefsén (Figure 4.1)
- at .u,w = +0.05,0.5 and the reéufrence ofﬂfﬁese vectors elsewhére oﬁ
the-map. .

The initial Pourier calculation was completed with a bismubh at the
) origin and oné at 0.05 in a and 0.5 in c. Aﬁ R factof of 0.33 wés,-
obtained, buf the two heavy-atom positions specified effectively
halved the cell along ¢, introduced a false centre of symmetry and
represented too small a proportion of the scattering materigl to
dominate the phases. Hence no new peaks could be clearly seen. The
apprééch thén adopted was to place a bismuth or a niobium atom at points
correspoﬁding to each of the other major peaks in the Patterson. Many
permutations were tried, bﬁt progress-only began when the initial
"gymmetry" of halving along ¢ was deliberately broken, by inputting
fhree (A, B and C in Figure 4,3) of what later turned out to be the
four bismuth positions. The heavy atoms were then identified as bismuth
or niobium, and the arrangement corresponding to Figure 4.3% was optained.
The positions éorresponded to a centrosymmetric projection, and the
heavy'atoﬁs were refined iﬁ spéce,group Pl. For the purposes of
1éaét-squarés réfinement, the.comﬁutation was transferred to | '
X-ray 63, whére the full-matrix fefinement p?ogram in the ORFLS link
was uséa. The heavy atoms refined to an R value of’0.15.

The eight oxygenAatoms in the asymmetric unit could be seen in a

partial dlfferepce synthes1s, Fobs’FBi+Nb' Figure 4.4 sgows this
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A B A Bi

Figure_403

synthesis, togethe; wifh the final, refined positione of the oxygen
atoms.

Further refinement was coetinued until shifts in positionalnand
theémal paramneters were lese than one fifth of ; standard deviation.

(1.10) was used

A weighting scheme of the type recommended by Hughes
‘gin refipement, with F* = 60. The agreement faeter, R, fell to 0.091.
’The‘fwo—dimensional positions and temperature factors with standard
deviatiens are shown in.Table 4.1. The hegative temperature factors '

are caused by absorption errors, which could not be corrected for.

" A final Fourier synthesis and error synthesis were calculated. The

- latter showed no peaks higher than the equivalent of 1/3;0f an -oxygen.
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Figure 4.4 _

[OlOJ Difference Fourier, Fobé— FBi+Nb-" Synthesis

Final oxygen poéitions



Table 4.1

4

. Factors - 2D Refinement
\\ )

Triclinic BiNb0

N

- Final Positional Parameters and Temperature

-

-Atom x o O’(X) - Z o' (z) B o (B)

Bi(1) 0.1227  0.0008  0.6274  0.0009  -0.53 0.18

Bi(2) 0.8333 0.0009 ~ 0.8736 0.0011 -0.14 0.19

(1) 0.655  0.002  0.678  0.002  -0.06  0.35
Nb(2) 0.322 0,002 0,821 0.002 ~0.42 0.33
o(1)  0.310 0,007 0.050 0.008 -3.5 1.1
o(2)  0.100 0.010 ~ 0.307  0.015 -1.3 2,2
0(3) 0.185 0,015  0.361 0.020 0.4 | 303
o(4)  0.307 0.008 0.556 0.010  -2.9 1.4
0(5) | 0,104 »,o.bos | 0.828 6.009 -3.5 1.2
o(6)  0.188 0.009 0.836  0.010 -3.3 1.3
o(7)  0.547  0.008  0.273 0.010 2.8 1.5

o(8)  0.460 0.010 0.259 0,011 3.0 1.3
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‘Determination of the  Three-Dimensional: Structure -

At thié stage a modei was made uéing the two—diméﬁéional'co-ofdinatesa
Assﬁming aﬁ octahedral arfangemeﬁt of oxygens about each»niobium, and
Nb-O distances of about 2\2, there was only one satisfactory ﬁay of
arrangiﬁg the atoms due tb the relatively shért (5°5ﬁ) repeat in the b
direction. This in?ol%ed placing tﬁe heavy atoms at heights of about
%—énd %3 and joining‘octahedra by éorners. A centre ofAsymmetry was
.assumed;_- . |

The full data contained 662 independent reflections, which were used to
calculate a three-dimensional Patterson map using X-ray 63. All large
peaks ﬁefe at v0 or 4, thus confirming the approximate heavy-atom
co-ordinates deduced ffom fhe model; Least-squares refinement in
three dimensions was then carried ;ut on the heavy-atom positibns,
followed by a difference Fourier hap on which the oxygens could be seen.
The full contents of the unit cell were theﬁ put into a full—matrix
leaét-squares program, Inter-layer scaling had only been approximate
previously, deduced from exposure times. In ordgr to correct this and
to allow for spot-shape disfbrtion sepérate scale-factors were used |
as parameters in refinement for the upper'and lower halves of films. With
isotropic temperature factors the total number of parametefs was 57. Some

20 reflections were removed from refinement, as they were thought to

suffer from extinction, leaving a total of 642,



Refinement was continued until shifts in positional and thermal
parameters were less-than 0.1 of a standard dev1at10n, the agreement

factor, R, falling to O 122, As with the two—d1mens10na1 reflnement,
\
a Weighting scheme of the type recommended by Hughes was used, initially

.

\\

_* ) . . *
-with P = 60. A weighting scheme analysis showed, however, that F should

be increased. A refiﬁément using weights w, where 4

Jo=F/F for PF and w=1 for F<F, with F =90
gave no reduction in R, but did improve the standard devigtions
51gn1flcant1yo

Table 4 2 shows the final atomic positional parameters and temperatuxe.
factors with their standard deviations. The negative temperature -
factors are caused by absorption. Their internal consistency.is a
better measure of their validity than their absolate values rf one
takes into account the appropriate standard deviations. Orthogonalised
co-ordinates in X are given in Table 4.4. .

Table 4.3 lists the observed,structure amplitudes and calculated
structure factors. Tﬁose marked with-an e were thought to be suffering
from extinction and were removed from refinement. Unobserved reflections
are labelled with an.asterisk. They yere‘not included in the least-squares
refinement.dlt'was intended to include these in the structure factor
iist'at a‘value of F corresponding to It/2, where I, is the obsarvablé

threshold. Due to en error in the estimation of It’ the entry under Fobs

for these reflectmns should be taken as F /2 (i.e. 1;/4)

Structure factors are on a ten tlmes absolute scale in Table 4.3



Table 4.2

Triclinic BiNbO4

"Atom

.Bi(1)
Bi(2)
Nb(1)
Nb(2)
0(1)
0(2)
0(3)
0(4)
o(5)
0(6)
o(7)
0(8)

X

0.1215
0.8335
0.6556
0.3243
0.325
0.106
0.167

0.312

0,108 -

0.169
0.448
0.540

and their Standard Deviations

o(x)

0,0004
0,0004

0.0009

0,0009

0.004
0.00%
0.008
0.006
0.009
0.007
0,007

0.009

. 0.7644

0.2820

0.7752

0.7752

0.292
0.968
0.464
0,167
0.439
0.973
0.918

0.449

o(y)

0.0006

0.0007
0.0015

0,0015

0.007

0.011
0.013
0.009
0.014
0;011
0.0ll

0.014

056272
0.8745

0.6784

0.8228

0,471
0.320
0.360
0.551

0.822

0,863

0.226

0.278

.-

- Pinal Positional Parameters, Temperature‘

o(z)

0.0004..

" 0.0004

0.0008
0.0008
0.004

0.006

0.008

0.005
0,008
0.006
0.006

0.008

.-0.01

o

Factors

B §2

0.04
0.34

'0?06

-2.2

-0.2

-0.9

1.0
-0.2
-0.3

1.4

o(B)

..0:.08

0.08
0.12
0.12

005

R

0.8 . .

1.1

0.7

1.1
0.8
0.8

1.3



Table 4.3

Triélinic BiNbO,- Observed Structure Amplitudes and

4

Caléulaﬁed Structure Factors

- Tabulated as:

JdE

h IF

e indicates a reflection affected by extinction and

omitted from least-sgudres refinement

-

¥ indicates a reflection too weak to be observed
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Hyds=5

4 - 1263 ~1738
=5 1144 " ~1487

Table 4.4 - Triclinic BiNbO4, Orthogonal Co-ordinates in X

N O N -

1471 ~1964
1326 ~1334
1358 . 1228
920 954
498

Hy =6 -

632

-3

-4
-5

855

873

926 =845
831 ~-g39
H|‘I|'7 ° .

135

610

-1

L -2
. -3
-4 -

139e
953
1045

et

- 139

&26
-439

-1265:

125

(Right—Hdnded System of Orthogonal Axes, X,Y,Z; X is parallel to a,

Y is perpendicular to a in the plane of a and ¢, Z is perpendiéular

to X and Y.) -
Atom

Bi(1)
Bi(2)
Nb(1)
Nb(2)
o(1)
0(2)
o(3)
o(4)
0o(5)
0(6)
o)
~o(8)

2.302
7-965
6.460
3,988
2,664
1,740

2,074
30392

2.415
3,150
4.147
4.761

40221
1.557
4,281

1.3%64

1,612

50457

2.562

0.922
2.424
54373

5,070

2,479

4.787
6735
50182
6.339
0.341
2.391

2:743°

46241
6.%21
6.591

1.673 -

2,113

~1388
67



Choice of Space-Group

It can be stated with reasonable certainty that fﬁé heavy—afoh
"arrangement is centrosymmetric,since this was not assumed>initié11y,
but was shown to be the case on refinement. It is likély that the

0xygen atoms are also_in centrosymmetric positions. Points in favour .
of this ?ieﬁ are the ease of refinément of oxygen atﬁms, the apbearence
of the difference Fourier syntheses and the final Fourier maps. It must
“be noted_héweVer,'that when heavy apoms ;;e‘centrosypgetriggl}y

related there is a tendency for non—existeﬁt light -atoms to appear iﬁ,
positions related by this symﬁetry to actual light atoms. This

phenomenon, called "inverse overlap" is discussed in detail by Geller(I°11)

and Rae and Maslen(I°12)° It is thus impossible to tell with certainty

whether the complete structure is centrosymmetric or'only‘nearly 500 As
Statisticai tests for the recognition of centrosymﬁétric-structures(I'13)
are unreliable in the presence of a few hea§y atoms, or for a relétively
small number of reflections or near-centrosymmetric structureé, they

were not tried.

An attempt was made to refine the structure in the space group Pl.
Thefe was no improvement in agréement'or standard déviations° Atoms_
refingd to positions very close to the céntrosymmetric onés. The
imaginary part of the structure factor had negligible effect on the
calculeted F-s, |

This wa§ thought to indicate that the éorrect spacé-gfoup ié ?T,'but‘
it cannot be fegarded as rigorously provéd.f :‘ ‘” | S ‘

~
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5, Discussion of the Structure of Triclinic BiNb0

4

Description of the Structure

Figures 5.1 and 5.2 show that the structure contains puckered sheets
in the bc plane consisting of Nb-O octahedra, each being joined by

corners to four others. Each sheet has the composition (NbO,) , and can

Wn

be derived by taking a dlagonal slice of an Re0_-type structure

3.

(parallel to (110) of the Re0 unit cell), Figure 5.3(a) and (a ),

3
separating these sheets of octahedra, Figure 5.3(b) and (b'), and
sidestepping them to0 permit more economical packing - Figure 5.3%(c) and
(c'). The voids in this framework are then filled with bismuth atoms -
Figure 5.3(d) and (d'), |

This type of octahedral’sheét had not previously been reporfed, nor.
has the mode of co-ordination in which two free vertices on each |
octahedron are adjacent (or éis). The only other way of joining
octahedra at four vertices fo form-a sheet of compositionv(AX4)h
makes the two.free vertices‘trans, and is fqun@ in many compounds,
e:g. SbNbO4(I°5). COmparison.may also be made with sheets two octahedra
(I.1

thick found in Sr3T1297(I°14) and 3i3N§T;Q9

5),:(as.perdvskite units).






Figure 5.2

[010] prdjec’cioh of "che '

- triclinic BiNbO 4

structure .

T I



ReO3 structurel/ N7

Position of cuts

(0 . ‘.

Figure 5.3 . -
a' is the projection of the part of the structure shown between: "
broken lines in a: Similarly for b and b', etc. . -
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Idealised Sheet Thickness iFormula Found In |No of Free Vertices

N ! eogu 2Il
: a | (AX4)n SbNbO at opposite ends
. =trans-

SVZANAVZANv A B PPN L T
NI B T B e

d - E A i a ‘ ) ' .
:>K(] e ' : " tric. ! _ 2n
N < Za 1 (ax 4)n ' i at adjacent ends
» § BiNbO, -cis-
N / | ;‘
z z -
o A ; |
Table 5.1

A11 these sheets differ from that found in triclinic BiNbO4 in that

they correspond to slices parallel to (100) of the ReO3 structure.
The various types of octahedral sheets discussed are listed in Table 5.1.
This in fact is the essential difference between the structures of

the triclinic members of the ABO, group and the monoclinic and

4
orthorhombic ones. In BiNbO4 the octahedral sheet is of this novel



type, "JE" octahedra’ thlck, whereas the crystals of higher symmetry

. have more orthodox octahedral sheets, only “one un1t thlck.

.

A . .
The Niobium and Bismuth Co-ordinations’

in BlOHSeO .H.0

N
The final atomic parameters were used to work out a set.of

interatomic distances and angles which are given in Tables 5.4 and SOS.

(The symmetry operétions used are listed in Table 5.3.) Figure 5.4 shows

the oxygen co-ordination about the two independent niobium and bismuth

atoms.

The oxygen atoms are arranged about the niobiums in the form of a

* distorted octahedron, with Nb-O distances of 1.80 - 2.23 & in one case,

(a), and 1.80 - 2.31 % in the other, (v). Thé mean values are 1.98 and
2.60 2 respectively. Four of these bonds are distinctly shorter than
the’othér’tWo, in each case, thus the niobium atom can be pictured as
being displaced toward one edge of the distorted octahedron. This is
analogous to the niobium co-ordination found in SbNbO4(I'5).

The bismuth co—opdination is difficult to describe. Figufe 5.4(6) and

(d) show Bi-O contacts of less than 3.48 8. There are further oxygens at

3.52 £ for (c) and 3.48 £ for (d). In each case the eight nearest
__neighbours around the bismuth form a very distorted sguare anti-prism.

‘This may be compared with the nine-co-ordination found for bismuth

(1.26) 1n the two forms of BiOHCrO4(I'17), in vhich the

4772



oW g
Ry 0 e E 5055, R ER: .
C=li® 2219571 o L\./*J’ =2
.\\ ‘w»——»’;) : C’\“Z“%"Jo(é)

et o(n), () M

Lo . fua

O
. 0(4)

" (a) Wb2 - B 0 (b) w1
L . : : (actually-Nbll)

Qols);

: f ; 3 o @ om
o (C) B ®) - : ’ () :(Bat(;il):tally B1(2)1)

f‘iguré 5:4 .

v(a),(b) Nb co-ordination “

-~ (e),(3) Bi ‘co—ordination (( 3,488) |
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Table 5 3 - ' Triclinic Ble04, Symmetry Operatlons Used in

the Calculatlon of Interatomlc Distances and Angles.

Suffix ST Symmetry Operation
1 | C1-x, 1-y, 1-2j
2 Xy, y-1, z;
3 X, ¥, z+l;
4 X, y+1, z3
‘5 -X, 2-y, l-zj
6 -X, l-y, l-z3
T X, y, z-1.

eight neareét neighbours form a square antipriém, far less distorted
than that in triclinic BiNbO4, the ninth oxygen being bopded through
one of the Basal planes of the antiprism.

Figures 5.4(c) and (d) show a distinct similarity in the distortions
of the co-ordination polyhedra of the bismuth atoms. In both cases
there is a very short Bi-O distance of 2. 103 two in the range
2.27 - 2. 372 and five more Bi~-0 distances between 2. 50 and 3. OOX
The means of the nearest eight oxygen distances are 2.562 and 2.5602

‘respectively for (c)'and (). |
All uhe oxygen atoms are aS“OClatédAWIuh octahedra. The neareét

approach of oxygens to each other is 2. 502 wnlch is unremarkable.

~
~>



Table 5.4 - Triclinic BiNbBO

4

sy Final Interatomic bistances and

Standard Deviations in £.

Nb(2)
Nv(2)
Nb(2)
Nb(2)
Nb(2)
o(2)

(1),
Nb(1)
Nb(l)1
Nb(l)1
Nb(1)

-ﬁb(l)l

Bi(1)
Bi(1)
Bi(1)

Bi(1)

1

~o(4)

0o(5)

0(6)2.

o(7),
o(s)l

o(1)

0(1)
o(2),
0(3)
0(4)

o(7),

o(8)

- 0(2)

o(3)
0(5)
0(6)

2,225
1.897
1,971
1.868
2.101

1.795

2,240
2.310
1.799

1.807
1;906

1.975

2.752

) 20642
2,365

2,302

10,043
0.068

- 0.059

0.049
0.075

0.032

0.031
0.057

0,065

0.041

0.054

0.075

0.051

0.065

0.070

0.055

-

See Figure 5.4

(v)
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. ,”Tab1e 5.4:- continued

LA N

'Bi(l)
Bi(i)
Bi(1)
Bi(1)

o(8),
0(2)5
o(4),
0(3)¢

Bi(1)

. Bi(z)l

Bi(z)1
Bi(z)l
Bi(z)l
Bi(z)l
Bi(z)l
Bi(2),

ooooo

~0(4)

0(1)
0(2)

0(3)

3,005

2,101

2.737

. 26593
- 3.517

2.586
2,102

2,527

2739

2,986

2,510

(20273

2:957

- 3479

0,072
0,051
0.049
0.069

- 0.048

0057

0.053.

0.082
0.055
0,070
0.053
0.068
0;054

0.037

(c)

()
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 Table 5.5 - Triclinic Billb0,, Final Interatomic Angles and
- Standard Deviations in °, »

-See Figure 5.4 -

o(4) - Nﬁ(z) -- o(5) | 83.1 2.2

o(4) - Nb(2)‘ - 0(6)2 80.8 1.9

0(4) - ¥b(2) - d(s)1 85.6 2.2

o(4) - Nb(Z) - o(7);  87.0 1.9

0(1)3 - Nb(2) - 0(5) .. 96.9 2.2

oy - M) - oSy sk L5 -
0(1)3 - Nb(2) - 0(8)1 98.7 2.2 ;
0(1)5 - W(2) - 0(7), 93.5 1.9

' 0(5) - Nb(2) - 0(6)2 85.3 2.8

b(7)1 - M(2) - 0(8)1» 85.5 2.6

0(8)1 - Nb(2) -~ o(5) 86,3 2.9

0(6)2 - Nb(2) - 0(7)1 1100.6 2°4V

o(1) - Nb(l)1 -. 0(2)2 | 82.8 1.6

o(1) - Mp(1), - O(3) - 81.2 2.2

o(1) - Nb(l)1 - o(7)é | 82,0 1.8

0o(1) - Nb(l)l.- 0(8) | 85.9 2.2

oo - m(1), - o(2), 87:5 2.0 (0)

o(4) - Wb(1); - 0(3) 91.5 2.4

o(4) - m(1), - o(7), 101.2 2.2

o(4) - Nb(l)i_- o(8) 103.5 2.5

o(8) - Mo(1); -- 0(7), - 106.8 2.5

~
>



Téble,SOS - continﬁed

o(7), -
0(2), -

o(3) -

0(2); -
o(6) -
o), -

, o(2) -.

o(5) -
. o(8); -
o(3) -
0(3)¢ -
o(3)¢ -
o(5) -
0(3)
o(a)1 -

0(8)1 -

’0(6)5 -
Q(z) -
o) -
o(6); -

w(1),

Nb(l)1

Nb(l)1

Bi(1) -

"Bi(1) -

Bi(1) -
Bi(1) -
Bi(1) =
Bi(1) -
Bi(1) -
Bi(1) -
Bi(1) -

Bi(1) -

- Bi(1) -

Bi(1) -

Bi(1) -

Bi(2)1'—
Bi(z)1 -

Bi(z)1 -

Bi(2), -

0( éjg‘

0(3)
o(8)

o(6)-
-0(4),

0(2)
0(2)5
o(a)1

0(3)

0(3)g
.0(5)

0(2)5

| 0(6)

0(2)

A°(6)
o(4),

0(2)

o(7)
0(6)-7

0(6)5

3.5
. 82,5

94.0

785
64.8
63.1

2

59.9

' 91.3

69.8
69.0
70.4
81.6
65.9
71.0

84.2

64.3

61.7

96,8
65.4

2.0 -

2.6

3.1
2,0
1.6
1.5

S 1.7,

2.0

1.9 . 
2.3

2,2

1.9
1.9
1.7

1.7

1.7

1.5

 (v)

(e)

(@) ,4



‘Téble 565 - confinued

o(5), - Bi(2),

0(3) - Bi(2),

o(1) - Bi(2),
o(5), - Bi(2),
0(5)¢ - Bi(2),
o(2) - Bi(2),
0(6)7 - Bi(z)l
0(1) -- Bi(2)

Twinning in Triclinic BiNbO

o(7) - Bi(2), -

’ _0(35

o(1)

0(5)7
0(5);
0(6)5
o(3)
0(5)
0(T)

0(3)

The unit cells of the two components of a twinned tricliaic crystal

meet in the composition plane, which has the shape of a parallelogram.

4

755

65,0

s

-'-59 ‘ O |

67.6
5844
82.9
668
97.1
84.7

204 '

1.7
1.5
2.0
2.2
2.2

1.9

2.1

w2

Two types of twin may be distingﬁished. In one, (a), the discontinuity

between the twin portions may arise from a rotation of this
parallelogram through 180° about a normal to the composition plane.
The parallelograms of the two twin components are then congruent and -

may be superimposed to give a complete plane in common, (Figure 5.5(a))

. In the second case, (b); the parallelogram‘is rotated through 180°



e

Figure 5.5 (2)

(:‘ Composition Plane

Figure 5.5 (b)

‘Composition Plane

.73




about én‘axisvwithin.its’plané. Thé'resuitant pafallelog%am.isifhe
Arevefse of the original, and therefofe the two afe no longer
'congrueﬁt. In this case, at mos£ one~celi edge may be in common
between the twins (Flgure 5.5(b)). . o

If (100) is taken arbltrarlly as the comp031tlon plane, then the
first case corresponds to a 180° rotation of the real lattice about
a (Pigure 5.6 (a) Yy with the result in re01procal space that only the
a re01procal exis is common (Figure 5.7(a)). In a Welssenberg
~ photograph therefore, all but the h0O feflections would be split.

- In thé‘sec0ﬁd iﬂstance, (B), if the ﬁwinﬁihg-occﬁré on the be piaﬁe,
the rotation may be about an axis parallel to b or c. (Non-axial
rotations are possible,‘but‘not considered.) Rotation about b is illustrated
in Figure 5.6(b). In reciprocal space, (Figure 5.7(b)), al* and a2* are

% * ,
then colinear; as are ¢, and Cp o+ Hence in this case, all the hOl

1

reflections are common, whereas others aré split.

Photographic evidence in triclinié BiNbO4, illustrated in Figure 5.8,
is as follows:-
Polysynthetically twinned crystals have h0l in common, all other
rgflections occur in peirs parallél to the hbl zone. Therefore these
twins are of the second type, (b), and are related by rotation about an
axis paréllel to b. The bompositioh plane mugt ihen be a plane parallel

t0 b. Structural considerations, however show that the composition

plane is in fact be, the plane parallel to thevoctahedral sheets,



Case (a) - Real

‘Figure 5.6 (a)

be plane  common %
rotate about normal (a )

' Case (a) - Reciprocal-

¢f’

* l *
a; | (ay)
1 172
A

Figure 5.7 .(a)

*
a common (hOO)

Case (b) - Real .

" Figure 5.6 (b)

-Rotate .bc.plane. about b-
(b in common)

Case (b) - Reciprocal

¥ *

Figure 5.7 (b)

a b.c
1* 11 colineax

a2 b202

o ¥ b

¢ #% | SR
7 * »collnea:
G %Py

R

a ¢ plane in common (hO1)
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(a)
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double
splitting

common
row

. Pigure 5.8 = Triclinic meo 4» Reciprocal Lattice

(a), (b) Polysynthetic Twin

" {¢), () Double twin
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Doubly twinned crystals give Weiésehberg photogrephs for which

OO are single - -

hkO are doubled ' | ‘ -

hol are doubled

.hkl are guadrupled.
.In every caee, fhe multiple'epots occurred at symmetrical positions
on festoons paralleiAto a*. This is a speciai case of the reciprocal
‘ lattice to be expected if different parts of the crystal represent
twins (all compounded on bg), some being rotated about b (polysynuhetlc),
and some about Ce The fact that the four—fold spots occur in a row -
parallel to a arises only becaused and m are so close to 900.

If one considers a crystal, which has polysynthetic twinning of
type (b) with rotation about b, plus twinning with rotation about o
in each polysynthetic-cese, the reciprocal axes will look like
Figure5.9. The (?»16)1 sheet is not coplaner with the (?Llf)5 sheet, hence
an (ﬁlﬁ)l photograph would contain only reflection-pairs (klt)l end
(@uﬁ)z. |
If, however, the special case is considered, where df is approximately

equal to 90 s (as in BleO4, where N =9 00040'), the varicus b axes cf
Flgure 5.9 will fall on top of the a axes in the diagram, and ° and c,
will now be in the Dlane of the paper. The spe01a1 case is 111ustrated
in Figure 5.10. A1l the planes (RI{). now coincide, and an n Bl photograph
will contain reflections (&15)1, (me)z, (M'Q)BA, (RT)) 45 Figure 5.11(2),



Rotation

*b* * .
1 |l 1 about Sy . a5
Rotation abput b1
‘L Rotation

about 02

Figure 5.9
General triclinic "double" twin of the type

discussed in the text

g
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Figure 5,10 _
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Special case of "double" twin when & = 900
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The four reciprocal lattice sheets, (a\ﬂ) , superlmpose (Flgure 5. 11(b)),
to- glVe quadrupling along rows of constant "h. In fact the . .four
:reflectlons 1n a row will be (hA?)l, (RJQ)Z, Gx\e) and G&\ﬂ)

Figure 5. 11(b) illustrates exactly what was found for doubly twinned
triclinic BiNbO crystals (Flgure 5. 8(d))

4

Thus both the tw1ns found in trlcllnlc BiNbO, are of type (v),

4
obtained by rotation about b in the,polysynthetic case, and ¢ in the
other case. Structural considerations make it cleér tbat the composition -
plane is be in both cases. Since'the.angle =4 >is very ngat;y 900, thg
be face is almést“a rectangle, i.e. the "incongruence" of the
parallelograms, A\ in Figure 5.5(b), is small. Therefore twinning of type
(b) is particularly easy on this face.
The twins may be pictured structurally aslalternative ways of stacking

the octahedral sheets. Figure 5.12 shows [OOIY and [010] projections
of the polysynthetically twinned structure. By>suitab1e slip on the
composition plane, an almost perfect continuity can te envisaged, The
twin is derived by rotating the octahedral sﬁéetzabout an axis
parallel to b and stacking on the previous sheet.

' The second mode of twinning, which was not polysynthetic, is dérived'
by rotating the octahedral sheet about an axis parallel té ¢, A small
slip on tne‘composition plane will again give reasonably gooﬁ continuity

through thetwin structure. (See Figure 5.13).



'ng

‘Composition

~plane

k\
. ‘i ~ - -
n\f

P\‘\f‘*~\ |

._h(b). ) ~ o IR [010]

Figure 5.12 - Triclinic BiNbO#, Polysynthetic Twin

~
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Triclinic BiNbO, in relationship to other ABO, compounds
4 : 4=

4

group of compounds under discussion. It is important to note that

Table 5.6 shbws the structuré} relatiﬁnships_féund in the ABO
- whereas the .orthorhombic and monoclinic structures are simply
related to one another, (seé Chapter 3 and Figure 3%.2), the triclinic
structure typve is nof derivable from either of the other two in

simple tefms. They are related only in a general way, in that they are
all Euilt up qf corrugated sheets of B'-0 octahedra. Whéreas the
ofthorhomfic aﬁd ﬁénoclinié.étructures éifféf only in.the manner of
stacking these sheets, in the triclinic structure an entirely new

type of double sheet is formed. The manner of corrugation is however

quite similar, as shown in Figure 5.14.

s

. Figure 5.14
Cut across the "double" sheet : View of the single sheet
of the triclinic structure , in the monoclinie structure



Form Symmetry SbIII, . BiIII
<3 | Nb' SbY ol NoY SbY o’
g1
)
[42]
. e . : -
. * *
Low Temp. %’ ,‘Orthorhombic SbNbO 4 o&-szo 4 SbTa0 4 BiNbO 4 ? BiTa0 4
[ I . .
51 T 52404 508.4 | 3369~ | 3309 3285
g ! ‘ : 323 - A
! Monoclini p-5b,0," ' pispo, |
i Monoclinic - iSb0
3 : 24 4
% U in & 3037 . 308.5 -
High Temp. ?; - - .
5 X * %
E Triclinic BiNbO, BiTa0,
@ .
“! Uin & ;. 395,2 325’
| | * ;
*
Table 5.6 stable form
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The irreversiblé trdnsformation from the low témperature fbrm_to
the hiéh tempefature form in each case iﬁvdlﬁes a reductién in-the
cell volﬁme df about 1%, and in theAanoclinic caée-a centre of
symmetry is gained. TheAtriclinic stiucture probably aisq contains a
- centre of symmetry, hence a gain of a centre of symmetry accompanied by -
a>l%% increése in density oh'the transformétion to the stable high

temperature modifications may be taken as a characteristic of the group as a

whole.
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6. The Crystal Structure of 3B12_Q_3017Nb205 (B1203.6Nb295l

\\ \

Crystal Data

Bi Nb_ 0 M = 5916.8, Orthorhombic, a = 12.516 + 0.005,

634794’

b = 37.14 + 0.02, © = 3.922 + 0.002 £, U 5

1828.5 £7, D, = 5.37 g.cm.”
for 2=1, F(000) = 2644.
Space Group Pba2, (Cgv’ No.32)

For CuK« radiation, M= 72706‘cm—1.



e

Preliminary Examination o L
- ,

o ) ) .

~
~

The crystéls\were yellow irregular plates, often relatively thick.

N ‘
~ All aspects of tﬂé c;ystals showed sharp extinction directions.
Osciliation and Weiss;nberg.photographs indicated orthorhombic éymmétry
with a ~12.46, b~ 37.4, c~ 3.95 £; thoughréften the crystals were
twinned so as to give a pseudo—tetragénal unit cell with a ~ 37.4 X.
Many crystals were examined from preparations (c) and (d), Section 3,
to find.;ne coﬁplétei& frée of this twinning. 6ne such c?&sfal was féuﬁd,
but this showed the presence of a fragment at a random orientation to
the main crystal. As this did not in general interfere with intensity
measurement, this crystal, ﬁﬂe best‘of many examiﬁed,‘was used for data

collection.

Unit Cell and Space Group

The Laue symmetry of mmm was quite clear ffom oscillation and
Weissenberg photographs. Exaﬁination of thenlatter for éystematic
absences showed that' of the type

hCl only h‘=-2n, whereas of the -
Okl only‘ k = Qﬁ‘ were present. No other systematic
: aﬂéences occurred. This indicated Pba? (No.22) or Pﬁam (No.55) as

'possible»space groups. The former héé_four-fold,vwhereas the latter



has eiéht—fold generéipositions° Due to the_shoftAé aﬁis,.the eight-fold
gggeral position in Pbam»could-nqt be considered. Of the four-fbld positions
in'thié'sgace group the most genefal-are of the type :x, y, 0 or
‘x, Vs 3o Tﬁgre{ere thg space‘gfoups differ essentiélly only in whether
&;coms occur in ;v;o strict planes at =z '= 0 and 3, or not. 'I’hé s‘l?rict
planarity was thought unlikely and in fact Pba2 emerged as.the correcf space
group. |
The initial unit cell constants were useﬁ to index the first few
lines of Roth's powder pattern for "B12Q3.6§b205". These were refined by
least;séﬁéfes to ﬁroduce ﬁore acéuréte valueso'The éompiéfé powder B
péttern was then indexed with the aid of>the 1ist of single-crystal
intensity measurements. All reflections with intensities greater than a
particular threshold appeared as lines in the pow&er pattern., Least-squares
fefinement on the basis of all the uniquely indexed lines gave the final

cell parameters of a = 12,516 + 0,005, b = 37.14 + 0.02, ¢ = 3.922

+ 0,002 2. The complete indexed powder pattern is listed in Table 6.1.

Data Collection

Intensity data were collected using a Nonius Weissenberg camera from
a crystal approximately 0.05 x 0.04 x 0.01 mm in size, mounted about
the ¢ axis. Layers hkO to hk3 were photographed, but due to the small

cfystal size exposures of over three weeks duration had to be taken with



" Table 6.1 - 3Bi

2%

Roth and Waring(l'z)

- I

10

100

25
15
.30
35
10

20
40
25

a(d)

749

6.15

5092
3.929

3.673
3.619
34455
30442

3,310

3.274
3,206

3,129

2
sin Qobs
0.01059

0.01571

0,01696

0.03850

0.04405
0.04537
0.04978
0.05016

0.05424

0.05544

' 0.65782

0,06070

017Nb205, X-ray Powder Pattern

Cu Ko radiation

\ = 1.54178 R

sin™@

2 |
calc
0.01072
0.01565
0.01556
0.01522
0.01694
0.03848
0.03809
0.03876
0.04400
0.045%8
0.04973

0.05015

- 0.05410

0.05539

0.05780

0.06078

0.06057

LE



Table 6.1 continued -

20:

40

60

: ié.

40

10

30

55

%‘I"

.
~

10

40

35

10

- a®)

3;089

3.032

3,000

‘ 25964

20930.

2,854

2,788
2.713

2,736
2.596
720592
2.439

2.402

L2
sin Oobs

0.06228

 0.06464

0.06603

0.06764
0,06922

0.07296
0.07645

0.07728

0.07939 .

0.08818

0.08845

Q.O999O

0.103C0

12

11

N

12

S I Ve T« N

ON = N0 O

sin29calc
0.06180
0,06250
0.06466
0.06445
0.06592

vd.06739

0.06767"
0.06919
0.06913
0.07308
0.07630
0.07653
0.07720
0.07731
0.07954
0.08816
10.08859 |
0.09964

0,10309

30



“Table 6.1 continued -

H o

10

10

10

a(®)

2.386
2.352

20294

2.275

sinZO
o

0.10439

- .0.10743

0.11293

0.11482

bs

1l 12
39
4 11

4 6

. 2. - _
Sin 9calc o
0.10435
0,10756
0011295

0.114753

Cu-Ket radiation. In spite of‘this, much of the data were recorded only

dn the top two films of the packs.

The crystal was remounted about the a axis, and the 2kl layer was

recorded for corfelatione A total of 1299 reflections were measured

visually. Data were punched on cards and processed using X-ray 650

Scattering factors used were for Bit, Wb and 0. (See Section 4). .

The real part of the anomalous dispersion correction was applied for

bismuth énd niobium

(L.9)



The Structure in Projection
The size of the unit cell suggested immediately a connection between
this structure and that of Nb, W,

: 8%94? .
(1.18) A : L
. This is orthorhombic with a = 12.251, D = 36,62,

determined in brojection by
- Sleight

c = 3.94 £ and space group P21212. The structure illustrated in

Figure 6}1 is related to that of tetragonal potassium tungsten-bronze

(I.19)

shown in Figure 6.2, but has one cell edge tripled.

Figﬁre 6.1
The crystal structure

of Nb16W18094

Figure 6.2

The crystal structure
of tetragonal potassium

tungsten bronze

The bronze structure consists of a complex netwofk of»WO3 octahedra,

sharing corners. The resulting pentagonal tunnels and perovskite-like



e
[y

;cages are partially filled with potassium atomso'Nb16W18094 has the same

basic MO, octahedral network with extra metal and oxygen atoms.in four

3

out of evéry twelﬁe pentagonal tunnels, producing pentagonal bipyramidso
- The niobium and tungsten atoms are statisticaliy distribgted at'the
- various sites.

‘.A check on the intensifies of an hk0 Weiséenberg photograph of
"Bi,0,.6Nb,0." éhowed.surprisinglj gooa agreement with thoée published

273 275

for NbléW18O94

twinning occurring in Nb16W18094 was one which gave an apparently

. Sleight(I'ls) found. that the most frequent type of

tetragonal cell with a ~ 37 £. This correspohds to the mode of twinﬁing often

found in crystals of "Bi203°6Nb20 ",

The'fofmula given by Roth, Bi203.6Nb205, canno?’easily be reconciled
with this strucure, However it would be expected that niobium atoms
occupied the metal sites of Nb16W18094’ givigg a unit cell content of
34Nb + 94 O. The nearest approximation to this is three 1:6 formula units

giving 3x(31203.6Nb205) or 6 Bi + 36 Nb + 99 0. A reduction in the

niobium content of the cell to 34 results in. 6 Bi + 34 Nb + 94 O

or 33i203017Nb « It was thought that the structure was based on a

205
M34094 matrix, and therefore the ideal formula is in fact "3:17" and
not "1l:6". The difference between the two compositions is very slight

. -3 _ I '
(15.0% 31205, 85,05 Nb,0c; D, = 9e3Tgecm.”” for 3:17 ; and 14.3% Bi 0z,
calc

85. % Nb205, D = SOBOgocmo—.3 for 1:6). The density of this compound

. was not measured since the product of the preparation was alweys a



o4

mixture‘of phases.'ln any case, a'deﬁsity measurgment would not have been
accurate enough to distinguish. between these two alternatives. . .
VThen data for the hko projectibn becane available, a structure

.analogous to Nb16W was tried. Refinement on just the Nb-0O framework

18%4 ,
~with oxygens fixed gave an R of 0.27. A difference Fourier synthesis
showed electron density in all three of the still unfilled pentagonal
tunnels, as well as the diamond.shaped hole at the origin. When bismuth
atoms were placed at some of these peaks and refined, they were found to
have very high temperature factors. Difference Fouriervsyntheses showed
" appreciable electron density left both in the '"uhfi.lie'a;"ta}xnéis' and in
the oﬁes where a bismuth atom had already been placed. |

In projection, a bismuth atom with a high témperature factor could not
be distinguished from a niobium. In three dimensiéns however it was expected
that a niobium in a pentagonal tunnel would be at the same level as the
other niobium atoms with octghedral environment, whereas the bismuth

atoms were thought to be approximately half way between the niobium

layers.

Phree-Dimensional Refinement of thé Structure

In the initial stages of three-dimensional refinement only data from

layers hkO-hk2 were vsed. The third layer was included when it became

"~ available,

The first refinement was based on just the niobium atoms of the M54004 '
- ) . t - . . . . - - -/



‘network. x and hg co—ordinétes,were.ﬁhpée‘obtained.from the f&o-dimeﬁsional
:refinement, whereas the z co»ordinatés were takeﬁ to be approximgtely
.0.5 with a small variation from gtom'to atom. Thié arrangement gave
R =0.29, and a diffgrénce Fourier synthesis showe@‘all the oxygen atoms
of the skelei:on structure, though some 'of thoée at z‘~ 0 were ra;ther
indefinite, |
A large peak waé visible at z.~ O in pentagonal tunnel A, (Figure 6;5),
its heighf was hdwever less than that expected for a bismuth atom. There
was more electfon density elsewhere in tunnel A and also some in B énd c.
Réfinéﬁent Sn fﬁe ﬁioﬁiﬁm-étoms,ia bismuth at the ﬁighest electron
density peak iﬁ tunnel A, all the oxygen atoms at z ~ % and four of those

at z ~ O reduced R to 0.23. On the basis of a difference Fourier synthesis

Figure 6.3. ::
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further blsmuth avoms were added, éne more into tﬁnnel A and oné into

VB and C. Although it was reallsed that nelthﬂr tunnel was large enough

: for two separate bismuth atoms, it was decided to try to refine this
configuration. The ré?inement wﬂich waé otherwise nbrmai, gave individual
- temperature factofs ofA6.O - 9,0 for the bismuth at&ms; compared with a
very uniform value of approximately 1.0 for the niobiums.

In the next round.of refinement the ocdupancies of the various bismuth
sites were used és parameters. This gave occupancies ranging from 0.5 to
‘ 0.2, w1th temperature factors of about 2.0, and R fell to 0.18.

B The correlatlon coefflclent between occupancies and temperaturé
factors was between 0.8 and 0.9, but refining them together did not
appear to have any adverse effects. Some experimental runs with the
two~dimensional data, with one or other of these fixed and with
different initial valﬁeé produced very similar final résultso A bismuth
atom in tunnel D was added to one run, but its occupancy refined to a -
very low level in a few cycles.

"A difference Fourier synthesis indicazted the need to add two fﬁrthef
fractional occupancy bismuth atoms into tunnei B, and to allow the
atom in C to move off the special position O, 0, z thereby reduciné
R to 0.15. ‘ |

With the completé‘sef of infénsity data (1299 reflections) and the
full complement of oxygen atoms, the structure refined to R = 00138;
A.weighting scheme of the type recommended gy ﬁughes(l';o) was used
throughout with F* = 110. The occupancies optained are listed in

Table 6.1.
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In éil previous refinements iﬁtéi—léygr scale factorslweré allowed to
refiﬁe° At this stage the 2kl layer-photbgraphs %ere used for correlation‘
of the data. There were'approximatelj 30 common refléctions per layer,
The data were brought to a{bommbn scale before the start of anisotropic
- réfinement, élthough absorption errors mﬁst have reduced ﬁhe accuracy of

" the correlation process.

Tunnel - Atom Sife ¢ - Qccupancy
Occupancy per cell

Bi(1) 0.51 0,02 2,04

A

Bi(10) 0.24 0.02 0.96

Bi(2) 0.23 0.02 0.92

B _Bi(21) 0.16 0.02 | 0.64

- Bi(22) 0,09 0.01 ‘ 0.36

c Bi(3) 0,16 0,02 0464
Total 1.39 0,05 (romo.s.) 5056

Table 6.1

A few cycles of anisotropic refinement of the metal atoms ( with the

bismuth occupancies fixed from the isbtropié refinemenf) reduced R to



i 03122. On removal bf'nine of thé strongést refleotions which were {thought
'tovbe suffering from extincﬁion; and the releaée of the oxyéen atoms in
block~-diagonal refinemenﬁ, R dropped-to 0.101. A fﬁrther 12 refiecfions were
removed for extinction and R of O, 098 was reached,

A dlfference Fourier synthesis showed evidence of small peaks ( 2 - 3 e )
at a site in tunnel D and one fu;ther position in tunnel A. These were
far too small however for inclusion in refinement as very low occupancy’
bismuth sites.

At thls stage 1t was thought that the values of the occupanc1es of the
.blsmuth sites obtalned from 1sotroplc reflnement in whlch 1nter-layer'
scales were refined, were no longer valid, since different inter-layer
scales, ﬁerived from correlating data, were now used, and also the
dispersioﬁ correction héd not been abplied previouély. At this stage
therefore, the real part of the dispersion correction was included for
bismuth and niobium. (After the final convergencevof 1east-squafes
refinement, further cycies were completed toAtest in which sense the
- imaginary part should be applied. Neither sense gave an improvement in
.R, or changed the positional parameters significantly. The imaginaxy
part -of the correction was thereforé neglected. ) |

Isotropic refinement with the dispersion cor:ection applied, end
scales fixed at the “correlated" values gave a total bismuth content bf
5.5 per unit cell, with the individual occupancies virtually unchanged.
.Tabie 6.2 shows these occupancies, whibh wefe_fixed parameters in

subsegent anisotropic refinement. It was felt that the occupancies of



the bismuth atoms could not beAdetérmined'ﬁith very good preciéion due to
Athe high correlation between tempefatﬁrg fac{ors ér scale parameters and
the occupancies. The agreement between these values and those gquoted in
wble 6.1 (different inter-la&er scales and no dispersion correction)
appears to_in&icate howeyer that these occupancies are rea} effects and

not simply artefacts of neglected corrections. As & further check, some

Table 6.2 - 5Bi203.17Nb205, Final occupancies of bismuth sites

Tunnel ) Atom Site o Occupancy
occupancy . per cell
Bi(1) 0.51 0,02 ' 2.04
A _ .
Bi(10) 0.24 0.02 . 0.96
Bi(2) 0.25 0,02 0.92 -
B - Bi(21) 0,15 0,02 ’ 0.60
Bi(22) - 0.09 0.01 0.36
c ‘ Bi(3) 0.16 0.02 - 0.64
Total © 1.38 0.05 (r.m.s.) 5052

cycles of refinément in projection were completed, using hkO data. Two
rung, of which one had occupancies and temperature factors refining, and

the other had bismuth temperéture féctors fixed at B=2._OlX2 but'occupanciés
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varlcd, gave results whlch ‘were not 51gn1f1cant1y dlfferent from one
‘another or from those in Table 6.2. -

| For the flnal cycles of anlsotroplc_block-diagoﬁal least-squares
refinement, the occupancies listed in Table 6.2 were rétained. (The ‘
-meaning and relevance of these fractions is discussed in Section'7.)_

Only 0.4 of the calculated shifts were applied ét‘first, but this restriction
was raised to 0.7 later on. After 12 cycles of refinement 5 parameters

" gtill had shifts greater than 0.2 (but less than 0.3) standafd deviations,
The flve atoms concerned were then refined by full—matrlx least-squares

%xor two more'cycles, when the maximum paraﬁeter change was 1ess than 1/5

of the corresponding standard deviation.

The a#érage shift/error for the 224 parameters refined on the last
cycle was 0,05. The final value of R ﬁas 0.092 for i279 independent
reflections, 20 having been previously removed for suspected extinction.

Calculation of structure factors on the basis of the final parameters
for all 1279 observed data gave R = 0.097. Structure factors were also
calculated for the 608 "unobserved" reflections which were too weak to
appear on the photogfaphs. A few reflections calculated greater than the
minimum observable F, but none exceéded twice Fmin’

The final atomic positional parameters and their standard deviations
‘are listed in Table 6.3. The final thermal parameters are given in |

Table 6.4, either as B for the isotropically refined oxygen atoms, or as

ﬁ.. for the metal atons.
1)



Table 6;3 - 3Bi

Atom

Bi(1)
Bi(10)

Bi(2)

'731(2;) .

Bi(22)

Bi(3)

Nb(1)
Nb(2)
Nb(3)
Nb(4)
Nb(5)
Nb(6)
b(7)
. Nb(8)

Np(9) -

o(1)
0(2)

0.7509
©0.7367

04080

0.3370

0.2822

0.0228

0.33%61
0.0771
0.0779
0.4505
0.2943

0.2268

0,3002 .

0.0200

. 005

0.337

0,109

203.17Nb

0.0003
0.0008

0.0007

0.0015

0.0010

0.0010

0.0003%
0.0003
0,0003
0.0003
0,0003

0.0003

0.0003

0.,0003%

0. =

0.002

0.002

2059

0,2929
0.2619

0.0588

0.0362

0.0687

0.0062

~ 0.39084

0.07056
0.40151
0.23195
0.47821
0.30777
0.13816
0.17166

0.0

0.0033

- 0.0196

Standérd Deviations.

0.0001
0.0003
0.0003
OoOQO5
0.0004

0.0003

0.00008 -

0.00009
0.00010

0.00008

0,00008

0,00009

0.00009

0.00009

0, -

0.0008

0.0007

Final Pbsitional Parameters énd

0.060
0.070

0,065

. 0.049

0.081

0,068

0.553
0.565

0,595
0.558
0.565
0.575

0.566

0.520
0.578

0.527

0.604

0.002
0,005

0.006

10,007

0.008

0.007

0.003
0.003
0.003
0.003

0.003

0.003

0.003

0.004

0.015

0.014

101



Table 6.3 continued

T~

~

Atom )

0(3)

o(4)

0(5)
0(6)
o(7)
o(8)
0(9)
0(10)
0(11)
0(12)
0(13)
0(14)
0(15)
0(16)
0(17)
0(18)
- 0(19)
0(20)

. 0(21)

0.501

0.442
0.212

-0.004

072

0.346
0.293
0.073
0.019

0.3%63

©0.190

0,218
0.415
0.335
0.078

0,077
0.422
0.295

0.223

 0.002

0.002
0,002

0.001

0,002

0,002

0,002

0.002

0.002

0,002

0,002

0.002

10,002

0,002
0.004
0.003

0.003

0.003

0.0513

0.1228

0.0917

0.1176

0.1652

0,1913%

0.2628
0.2940
0.2251

0.3359

0.3625 

0.4300
0.4419
0.3898
0.0703

0.4004

| 0.2320
10,4795
0.3059

0.0008

0.0008

0.,0008

0,0005

0.0008

0.0008
0.0009
0.0007

0.0008

10,0007

0.0006
0.0006

0.0006

0.0005

© 0.0008

0.0014
0,0010

0.0009

0,0009

0.608

0.612

0.521

00544
0.636,

00561

0.577
0.614
0.516
0,507
0.514
0,523

0.520

0,135

-0,029
0,171

0.106

0.162

0.172

0.016
0.012
0.015

0.014

0.010

0.022
0,022
0.011
0.01%

0.011

- 0,011

0.011
0.011
0.007
0.009
0.015

0.018

- 0.011

0.010

LOR
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Table 6.3 continued

Atom X & ‘ y « : z s

o x ¥y z

0(22) 0.302 0,005 0.1428  0.0015 0.131  0.022
0(23) 0.022 0,002 0.1712  0.0008 0.087° 0.018
0(24) 0.5 0, 0.0 0O, -0.048 0.014

SessoRc09r e

Table 6.4 - 3B1205.17Nb205, Final Thermal Parameters

P11 Bao B35 Pro - Pis B3

B1(2) 0.0031 0.00075 0.036 -0.00039 -0.002 0,0036
Bi(10)  0.,0042 0.00076 0.036 0,00130 0.016 0.0051
B1(2) 0.0040 0.00060 0,041 0,00057 =0.009 =-0.0009
Bi(21) 0.0091 0.00062 0,035 0,00200 =-0.001 =-0.0007
Bi(22)  -0.0002 0.,00009 0,008 0.00014 0,000 =-0.0048
Bi(3) 0.0046 0.00037 0.043 -0.00011 0.010 0.0038

¥ ps s . . , 2 2 2 -
coefflvc:L'ents ‘1n the expression vfoexp (_(/311}_1 +/322k + /3531

4 gﬁlzhk + 2 1 + gﬁ25kl))



Table 6.4 - continued

- Wb(1)

Nb(2)

Tb(3)

- W(4)
Nb(5)

nb(6) .

~ w(7)
Nb(8)
Nb(9)

0(1)
0(2)
0(3)
0(4)

o(5) -

0(6)
o(7)
0(8)

i

0.0013
0.0020
0.6011
0.0017

0.,0025

. 0.0017

0,0013
0.0014

0.0069

B3(2)2
1.2
1.1
1.6
1.2

1.5

- 0.1

0.8

L71°9'

By

0.00002
0,00006

0.00012

- 0,00007

0,00006
0.00017
0.00024
0.00003

0.00032

j ﬂ;;'

0.073
0.072
0.066
0.028

0.084

..0.071 .

0.042
0.098

0,013

0(9)

0(10)

0(11)

0(12)A'

0(13)
0(14)
0(15)
0(16)

:A/312

10.00009

Fis.

0.004

0.,00026 -0,003

-0.00004 -0,001

0.00000

0.,00018
—0.00006‘
~-0.00122

B(R?%)
2,0
0.3
1.0
0.4

0.2

0.003

©-0.,00008 -0.004
- 0.020

0.042

0.024

0..

"Ool . '

"'Ool

' "008

0.0004

0.0024
0,0005
-0.0007

-0.0037

.=0.0001 .

0.0004
0,0012

0.

0(17)

o(18) -

0(19)
~.0(20)

o(21)

0(22)
- 0(23)
- 0(24)

ﬁbﬁ

164
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It is felt that the positions of the oxygen atoms ot the bismuth
zlevel aie less cértain thaﬁ the standard deviations wogld ihdicaﬁe,

- since thg bresence or absence of a bismuth atom at a neighbouring sifg .
must effect the precise pbsition of aﬁy particular oxygen gtom. This .
is reflected in the rather high temperatﬁre factors of two of these
oiygens.

Some of the anisotrdpic thermai parameters are-nonrpositive definate,
" and a few isotropic ones are negative. These are probably due to various
errors, the most significant of which is uncorrected absérption. No
.a£tempéf ié ﬁédé fd discuss thé anisdtrépy.bf.the bigmﬁfﬁ éﬁd.niobiuﬁ -
atoms,

The observed structure amplitudes and the caiculated structure
factors are listed in Table 6.5. (The decimal parts of F should not bé
regarded as significant.) Reflections marked with an asterisk are those
removed from refinement for suspected extinction. Three reflections were

inadvertently omitted from least-squares refinement and from Table 6.5.

These are h k 1l Fo Fc
1 20 0. 108 99
7 4 0 102 90

0 28 2 90 ‘ 115.
A final Foﬁrier synthesis”énd an error synthésis were calculated. The
latter showed no remarkable features. In the Foufief synthesis multiple
pecks appeared for some of the oxygens in the bismuth layer, as well as |

two small extra peaks in tunnels A and D, possibly cqrresponding to very



low occupancy bismuth sites. Both these indications were noted, but

refinement was not continued further.

186
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-~

. Pable 6.5

' 3Bi,0,.1Tb,0; - Final Structure Factor List
Tabulated as:

h k 1 |Fo[ |7

¥ indicates a reflection affected by extinction,

énd omitted from least-squares refinement



FQ
263.04
117.03
154. 04
125.59

$9.30
305.37%
B8l.66
346,08
215.11
48.85
39, 71
259,10
115.23
334,10
185.49
492,33
130.68
108.33
58.38
465.53
237.20
99.20
139.27
52.94
126.30
93.58

T 221.45

201.73
112.28
139.57
197.55
135,83
68.49
103.75
62,32
92.64
100,52
155,47
‘93.05
148,82
6,61
27.41
435,94
115.44
13l.47
435.33
B8.82
125.43
49,60
83.2¢
510,17
49,02

145.09
251425
102,85
177,61
120.22
30.99
154. 73
228,11
147.97
105.26
135,61
95.51
109.%4%
198,44
187.16
157,08
85,21
55.45
96.16
58,59
307.35
90.44
114.10
400,50
216.00
411.83
125.57
30,20
16.63
26, 04
531.41
159.26
66.03
297. 25
228,77
55,70
37.91
202.70

'135.19

169.25

92,28

103,32
132.00
129.55,
203,44
114,34

‘111.83

36.96
109. 3%
334,02
145,22
272,14

T,

FC A
353.33 303.38

U 10%.06 103.n%

165,06 185,056
114,63 114,563
94,87 —94.87
324,22 <324.22

71.86 71.86 -

219,24 419.24
2%0.25 -250,2%
63,84  63.9%
31.88  31.A8
241.00 241.00
1n9. 38 100.88
361.92 -361,92
216.08 218.78
640.49 640,49
122.28 —-132,28
100.73 100.73
4714 -47.14
541.19 -561,19
203.09 203.09
10641 -106,41
121.51 -121,51
51.95  51.95
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7.Discussion of the Crystal Structure of 3Bi.0,.17Nb.O..
- 2=5 2=5—

A large number of cémpounds have structures which may be considered to
be built gp.of two—dimensional networks of corner-sharing octahedra, In
the third dimension, these neiworks are often placed directly one upon the
other, and»are joined by sharing corners cof the octahedfao

Thé tw;—dimensionai nét%g;k may éon%éin hﬁles fg;med b& rings.oé

octahedra, which become tunnels in three dimensions. Tunnels formed by

3-, 4-, 5- or 6-membered rings of octahedra are known(I°20—23>. These

may be -empty(I°32) or filled, wholly or partially.
(1.19)

Tetragonal potassium dbronze , Figure 6.2, is such a structuré; in

which the square and pentagonal cross-section tunnels contain the alkali

cations.

A

Nbi6W18094 was described as related to the bronze structure,.with:all

the four-cornered, and two thirds of the five-cornered holes empty. The

remaining one third of the pentagonal tunnels contain both metal and

oxygen atoms, giving rise to a pentagonal bipyramidal co-ordination for
(1.18) |

the metal atom. Sleight pictured this structure as ons of 2

family of (MeO)yMEOv structures, based on various MeO, octahedral networks

3 3

in which some tunnels are filled with (Me-0) chains. He predicted a

compounds, containing further cations, A, in some

family of AX(MaQ)yMeO3
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Figure 7.1 - The {001] projection of the structure of 3131203.171\15205, showing the

M954O94

matrix and the occupancies of the bismuth sites.

9TT
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or all of the unfilled tunnels.

\\n3B1 o 17Nb, 0

275

3)30
diagram of the.(Nb0)4(NbO

is just such a compound,; and may be re-written as

273

’B16(Nb0) (NbO or x=1/5, y=2/15. Figure7.l shows a schematic

3) 50 Matrix found in 3Bi0,.17Nby0g, with the
- bismuth occupanciés‘indicated at sites where this exceeded 0.08.

The fact that the bismuth atoms are spread out among a numbef.of
sites of fractional occupancy, is not unreasonable. The pentagonal
tunnels are ovér 52 across at the‘heiéht of the bismuths, and are
therefore too large for these atoms, (1on10 radlus O 96A), as shown in
Figure 7.2. The diamond shaped tunnels are smaller than the pentagons |
(nu4K at the height of the bismuths) but are still too large for a
central bismuth atom. |

~ Consequently, the bismﬁths are located awéy frém the centres of the
holes. They show a very strong tendency towards a one-sided four-fold
éo-ordination, similar to that found in a number of other oxides and

(I°24'28), The bismuth atoms could achieve this

‘bxyhalides of bismuth
co-ordination at a number of sites. The bismuth occupancies at these sités
are uneven, but add up to 5.5 per unit celi, whereas 6 would be expected
from the formula., With a standard deviation of 0.2 in the total occupancy,
this_difference_is only marginally significant. There are several further
sites of similar oxygen environments which may have véry low occupancies
of bismuth atoms. Small peaks were observed in Fourier maps at two such
_ piaces. This could 5ring the total number of bismutﬁ atoms from the '
Mobserved” total of 5.5 to the,expecﬁed total of six, if indeed this

difference is reals
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central

c $37%  bismuth -
\’4
. Figure T.2

Showing a cut
across a pentagonal

tunnel

(b)




The low Qccupancieé of the 5ismutﬁ sites accouﬁf-for the‘femarkéble-
simé%arity of the inténsities of :eflectionS‘of'3B1é03.17Nb205 tb the
correéﬁdnd{ng ones of Nbl6W18094' Had the six bismﬁth‘étoms been
localised t;\six‘sites of unit occupancy, they would have had a much more
-marked effect o;\fefle;tion intensities,

Vhile the distribﬁtion pf the bismﬁth atoms may represent real
energy differences between the availablé sites, and therefore would be
expected to be the same in different crystals, no generalisation can be
made on this. The actual occupancy of any given site may well be a
variable Qﬁéﬁtityvfrom cryétallité té cryét%liife;'éﬁd cdﬁid ﬁeAdepenﬁeﬁt
on the mode of preparation and subseguent heat treatment. This crystgl
structure determination might, therefore, be regarded as.the elucidation
of the structure of the particular crystal examinea. The Nb~-0 matrix

found will certainly be the same for all crystals‘of 3Bi .17Nb205, as

203

would be the tendency of bismuth atoms to achieve a one-sided four-fold

co-ordination.
The idesl structure corresponds to the formula 3Bi205.17Nb205. A
formula of B1205.6Nb205, as originally proposed, would have 5% bismuth

atoms per unit cell, but electrical neutrality would require the random

removal of half an oxygen atom per unit cell., This would in fact

correspond to a cell content of BngNb3409 1+ Thus it is felt that there
. 2 Co
are no reasonable grounds for supposing that the ideal fermula is not

in fact the true one.

«170b, 0. are situated near two levels which are

All atpgs in 3Bi 205 .

203



a apprbiimately c/2 afart.Aihe holosymnetric space group, ?bam,'ﬁould have

' réquired‘all étoms'to_be exactly at z = O;"gr z = %. Refinement in the
space group Pba2 showed that this wﬁsinot the case, since the sheet of
-octahedra.is significantly buckled. In any case Pba2 must be regérded as
" an ‘overall! sPaée groﬁp. On an atomic level, it is the exact afrangement‘
of the bismuth atoms that defermines the local symmetry. It is only
possible to>say that the statisticél distribution of the bismuth atoms
is such that the overall effect is that of orthogonal crystal class and

of the apparent space group Pba2° |

The final set of positional parameters (Table 6o 3) were used to

calculate the various inter-atomic distances, angles and standard deviations
given iﬁ Tgbles 7.1 and 7.2 respectively. Figures 7.3 (a) and (b) indicate
the positions of the aﬁpropriately named atoms within the asynunetr’ic
portion of the unit cell. The suffices in the tables refer to the following

symmetry operations:

1. $+x%x, £-y, 3z
2, Xy <Y, z + 1
5. » X, ¥, z - 1
4. E-X Bty 2
5. 1 -, -y b4
6. X‘Jé's j‘%e“'ya 2
7 F-% ¥y-% =z
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ﬁ_.i\?}o)(g/j/x L . /
sl 0o17) \Ot(? o %‘O(IQ\\
~Lo(z) o ~<
§%§§“§~ )sﬂ“”“5°0(7) » ////

|

a 0 0(21)

! S 0(22) \ 0(9) . - 0(20)
( .

i

]

i 0(12) 0(16)

/0(8) - P 0('15)emw

,0(4)

| Figue 1.3



Table 7.1 - 3Bi,0,.17HDb

T

N “

275

- Niobium-Oxygen Distances

Nb(1) - 0(6)1
M(1) - 0(12)
- Nb(1) - 0(13)
Nb(l)-— o(14)
W(1) - 0(15)
Nb(1) - 0(16)

Nb(1) - o(16)2

Mean

Nb(3) - 0(13)
Wn(3) - 0(14)
Nb(3) - 0(3)¢
Nb(3) - 0(4)
Nb(3) - 0(18)

Nb(3) - 0(18),

Mean

\\\

2,02

2,08

2,11

2.08

2,14

1.65

2.29

2.05

205, Some inter—Atomic'Distances and

. Standard Deviations in 8. /

-

0.02
0.03 Nb(2) - 0(2)
0.02 ~ W(2) - o(5)
0.02 ¥b(2) - o(6)
0.02- Nb(2j‘—'0(15)6
0.03 Nb(2) - o(17)
0.03 ¥b(2) - o(17),
Mean
| 0,02 “ ¥b(4) - 0(8)
0.02 Nb(4) - 0(9)
0.03 Nb(4) - 0(10),
0.03 wb(4) - 0(11),
0,06  m(4) - 0(19)
0.06 Nb(4) - 0(19)2
Vean

1.94

1.87

2,03

"2.09

2.34
la 60

1.98

. 2,00

2.28

1.83

'1.82

1.81

2.19

1.99

122

- 0,03

0,03
0.02

0.02

0,04

0,04

0,03
0,03
0.03‘
0.03
0,07

0.07



Table 7.1 - continued

W(5) - 0(14)
Nb(5) - 0(15)
m(5) - 0(2),
Nou(5) - 0(1)4,
Nb(5) - 0(20)

- m(5) - 0(20),

Mean -
No(7) - 0(4)
wb(7) - 0(5)
Nu(7) - o(7)
Nb(7) - 0(8)

(7)) - 0(22)

w(7) - 0(22),,

'Mean

b(9) - o(1)
w(9) - o(3)
Nb(9) - 0(24)
m(9) - 0(24),

Mean

2,04

2,03

C 1,97

1.90

. 1. 59

2035

1.87
2,06
1,92
2,06
1.72

2,23

1.98

’2005,

1.91
2.46

1,48

1.98

0.02
0.02
0,03
0.03
0.04

0,04

0.05‘

0.03

0,03
0,03
0.09

0.09

0.03

0.03%

0.06

0,06

g

(6) - 0(9) -

. Wb(6) - 0(10)
'Nb(6) - 0(12)
W(6) - 0(13)
Nb(6) - 0(21)

© Wb(6) - 0(21),

* - Mean
ub(8) - 0(6)
Nb(8) - 0(7)

Nb(8) - 0(11)
Nb(s)‘— 0(12)4

Nb(e) - 0(23)

~ Nb(8) - 0(23)2

Mean

(x2)
(2)

1.87.

2,00

2,02

2,10

1.59

2035

2,03
1.97
1.98
1.98
1.70

2,23

"1.98

foh
)

0,02

. 0.03

0.02
0.05

0.04

0.02
0,03
0.03
0.03
0.07

0.07

£2



_-' Table 711 - continued

Bismuth-Oxygen Distances

Bi(2) - 0(3)4
Bi(2) - o(3)
Bi(2) - 0(24)

Bi(2) - 0(18)1 |

- *Bi(2) - b(l)
Bi(2) - 0(4),
Bi(2) - 0(1)3
Bi(2) - 0(4)
Bi(2) - o(5)

Bi(2) - 0(22)

Bi(22) - 0(5)
Bi(22) - 0(5)3
Bi(22) - o(17)

Bi(22) - 0(22)

Bi{22) - 0(1)
Bi(22) - 0(1)3

- Bi(22) - 0(3);

Bi(22) - 0(4)3

Bi(22)-—‘0(2)3

2.16

2.45

2,51

2,64

2,89
3,00
3.09
3.23
327
3040

2,12
2.52
2.59

2,77

0.05

0.06

0.01

0,06

- 0.05

0.05

0.04

0.04

0.04

0.06

0006

0.06
~ 0.03

0,06

0.05

0.05
1 0.06
0.05

0.06

Bi(21) -

Bi(21) - 0(1)3

Bi(21) -

Bi(21). -

Bi(21) -

Bi(21) -
Bi(21) -

Bi(21) -

- Bi(21) -

Bi(3) -
Bi(3) -
Bi(3) -
Bi(3) -

Bi(3) -
Bi(3) -
Bi(3) -
Bi(3) -
Bi(3) -

2.24
2,39

2,47
2,71

2075

3,06
3219
3,32
3040

2.18

20,42
2,51

2,52

2,64

2.84

2,95

2.95

- 3,08

L34

0,06
0,05
0,05

0.06

0.06

0.05
0,03

0,04

0.06
0905
0,04 .

0.04

- 0.04



Table 7,1 - continued

B1(10) 4'0(9)5
Bi(10), - 0(9)

-Bi(10), ~ 0(19) '

Bi(10)6 - 0(21)

Bi(10)6 - 0(8)
Bi(10) ¢ - o(é)3
- Bi(10)¢ - 0(11)

Bi(lo)é - 0(7)3

Niobium-Niobium Distances -

2026
2,31

2434

2.55

2,94
2,98

3,28

3,25

Nb(1) - Wb(2),
Nb(1) - Nb(5)
Nb(1) - No(3)
Nb(1) - Nb(6)

Nb(1) -,Nb(s)1

5340
3.287
3,260
5431

3,276

0.06

0,06

. 0.04

0.03

. o

Bi(1)6

fBi(l)é

31(1)6
Bi(1)6
Bi(1)6

Bi(1) -

‘ 31(1)6_

Bi(1)6

Bi(1)6

Pentagonal Nb-s

0,005
0.004

0,005

C.005

0.005

0(19)
0(8)3

o(e)

o(7)

0(22)

0(9)3
o(7) ...

o(9)
0(23)

2.34°

2.37
2.38
2,49
2.49

2,86

2,92 .

2,95

3,16

0.04
0,08

0.08

0.04

0.06

0.06

-0.04

0.06

0.03 '



Table T.1 - continued

~.

gen Distances

Oxygethxy

.

Nb(1) Pentagon

0(6)1 -

o(12) -

0(13) -
0(14) -
0(15) -
o(16) -
o(16) -
0(16) -
o(16) -
o(16) -

0(16)2

0(16)2

0(16)2
0(16)2

0(16)2

Nb(3) Octahedron

0(12)
0(13)
0(14)
0(}5)
o(6),
0(6),
0(12)
0(13)
0(14)
0(15)
0(6),
0(12)
0(13)
0(14)

)

_0(15

0(13) -

- 0(14)

2,39

2,38

2.53

2,51

2043
2,58
2,51
2,56
2059
2,62
3.09
3,20
3.21
3.19
3025

2.53

0,03

0.03

0.03.

0,03

0.03

0.05

0.04

0.04
0,04
0,04
0.06
0.04
0.04
0.04

0.04

0,03

"Nb(2) Octahedron

4 0(2)

0(5)
0(6)

0(15)4

o(17)
o(17)
o(17)
0(17)
o(17),
0(27),
0(17),
o(17),

o(5)
o(6)
0(15),
o(é)
o(2)
o(5)
o(6)
0(15),
0(2)
o(5)
0(6)
0(15)¢

Nb(4) Octahedron

| 0(8)

o(9)
0(11),

0(10)l

0(9)
0(11)l
o(io)l

o(8)

2,99
2,87

2:43

2,83

3.14
2.85
3.04
3.01
2.41
2,56
2,65

2075

2,74

2,86

2,68

2,90 .

1286

0.04
0004-
0.03
0.04 .

0,06

- 0.06

0.06
0.05
0,05
0,06
0965

0.05.

. 0.05

0,04
0,04

0.04



Table 7.1 - continued '

0(14)
o(3)
0(4)¢
o(18)
0(18)
0(18)
o(18)
0(18)2
0(18)2
o(;a)2

0(13)2

Nb(5) Octahedron

~,

AN

0(3)g
0(4)g

0(13)

0(13)

0(14)
0(3)¢
0(4),
0(13)
0(14)
0(3)¢
0(4)¢

0(14)
0(15)
0(2),
0(1),
opzo)

. 0(20)

0(15)
0(2)4

0(1)4.

0(14)
0(14)

0(15)

Nb(j)‘Obtahedron (cont.)

2,82

\\22076

3,18
2,41

2,49

2,66

2,58
3.26
5.28
3.00

2,90

2,51
2,92
2,94
2,81

2,51

2.49

0.04
0.04
0.04
0.06

0.06

0,06

0,06
0.07
0.07
0.07

0.07

0,03

0.04
0.04
0.04
0.05

0.05

e

Nb(4) Octahedron (éont[)

1 0(19) - o(s)
0(19) - 0(9)
0(19) - 0(10),
0(19) - 0(11)l
0(19), - 0(8)
9(19)2 -,w0(9)
0(19), - 0(10);
0(19)2 - 0(11)l

Y

Nb(6) Octahedron

' 0(21),,

0(9) - 0(10)
0(10) - 0(13)
o(13) - o(12)
0(12) - 0(9)
o(21) - 0(9)
o(21) - 0(10)
o(21) - o0(12)
o(21) - 0(13)
- 0(9)

2023
2,71 .

- 2,91

2.58

2.79

2,87

2.88

3,06

2,99
2,96

2.38

2,87

2043
259
2.47
253

2.97

0.09
0.08
0.07
0.07

0.09

K¢

0.09 .

0.07

0.07

0.04
0.04
0.03
0.04
0.07

0.05

0,05

0.08



- Table 7;1 - continued

" 1b(5) Octahedron (cont.)

;o(zo)
0(20)
0(20),
0(20)2
0(20),

"0(20)2

Nb(7) Octshedron

o(g)4
o(2),
0(14)

.0(15)

o(2),

'0(1)4 o

0(4)
0(5)
o(7)
o(8)
0(22)-
0(22)
0(22)
0(22)
0(22),
0(22)2
| 0(22)2

0(22)2

0(5)
0(7)
o(8)
0(4)
0(4)
0(5)
o(7)
0(8)
0(4)-
0(5)
o(1)

- 0(8).

2,59
2.36
3,26

" 3425

2.91

5012

0006

0.06

0.05

0.05

0.06

- 0.07

0.04

- 0.04

0.04

0.04

0.09

0-08 .

0.08
0,10

0.08

0.09.
0,08

0.10.

-

~ Nb(6) Octahedron (conts.)

‘0(21), - 0(10)

6(21)2 - 0of12)

0(21)2 - 0(13)

Nb(8) Octahedron

o(6)
o(7)
0(11)
0(12)6
0(23)
0(23)

- 0(23)

0(23)
o(23),
0(23),

0(23),

0(23),

o(7)
0(11)

0(12)6

0(6)
o(6)
o(7)
0(11)
0(12)6
0(6)
o(7)
0(11)

0(12)g

2,92

3434

3.36

2,85
2,97
2.98
2.39
2,70
2,87
2,62
2:59
2:.94

- 2.59

5.01

3.03

0.05.

0.05

0.05

0.04
0.04
0,04
0.04

0.07

0,07

0.07
0.07
0.07
0.06
0.07

0.07
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Table Tol - continued

1

Nb(9) Octahedron -  ‘ " Bi(2) Environment
o(1) - o(3) 2.74  0.04 0(3) - o(24) 3,21 ‘0.07
o(3) - (1), 2,86  0.04 S o(3) - o(ie)l - ‘2066‘. 0.06
0(24) - 0(1)  3.04 0,06 o(3)5 - 0(24) ‘2034 0.06
0(24) - 0(3) 321 007 0(3)3 - 0(18);  3.00  0.06
_ 0(24)2 - 0(1) - 2,64  0.06 ©0(24) - 0(18)1 >3.5
0(24), - 0O(3) - - 2.34. .0.06 |

Bi(22) Environment

Bi(21) Environment

| ~o(s) - ox7) 2,85 0.06
9(1) - 0(24) 3.04 Q.06‘ . o(5) - o(22) 2.69  0.08
o(1) - 0(20)7' 2,36  0.07 o(5)5 - o(17) 2.56 0,07
0(1)3 - 0(24) 2,64 0.06 | 0(5)3 - 0(22) 3,26  0.08
0(1)3 - 0(20)7 3,12 0.07 Co(a7) - o(22) >3.5
0(20)7 - Q(24) >3.5
9(3)3 - o) 335 - Bi(3) Environment
0(3)5 - 0(1)s 2,74 0.04
0(3)5 - o(24)  2.34 0.05 0(2)- - 0(20), - 2.59  0.06
o(2) - o(17) 3014 0,06
0(2)3 - 0(20)7 2,92 0.07
’,9(2)3 - o(17)A' 2,40 0,06
- o’(‘ijr)’v' 73.5 |

0{20)



Table 7.1 - continued

Bi(io) Environment
o(9) - o(19)
0(9) - o0(21)
0(9)5 - 0(19)
o(9); - o(21)

- 0(21)

- 0(19)

2.71

2,43
2,87

2.97
>%.5

0.08

0.07
0.08

0.08

Bi(1) Environment

0(8)

0(8)
0(8)3
o(g)3

- 0(19)
“0(9)

0(9)

0(19)
0(22)
0(19)
0(22)
0(22)
o(7)

o7,

2.53
2,53

2079
2,95
3.5

 >3.5

>3.5

130

- 0.10

0.09
0.08

0.09



Table 7.2 - 3Bi

~——

-~

~

0

273"

" Deviations in R.

Nb(l) Pentagoﬁ'\

0(6)1 - Nb(i) -

- 0(12) - mp(1) -

0(13) - Nb(1) -
0(14) - mb(1) -

0(15) - Mb(1) -

0(16) -:ﬁb(l) -
0(16) - Wb(1) -
0(16) - (1) -
0(16) - Nb(1) -

0(16) - - ¥b(1) -

0(16)2 - Nb(1) -
0(16)2 - Nb(1) -
0(16), - Nb(1) -
0(26),, - Wb(1) -

6(16)2 - Nb(1) -

0(16) - Nb(1) -

o(lé)
0(13)
0(14)
0(15)

0(6)1 |

0(6),
0(12)
0(13)
0(14)
0(15)

0(6),
0(12)
0(13)
0(14)

0(15)

0(16)2 1776

17Nb,,0

275
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sy Some Inter-Atomic Angles and Standard -

- T1.4

69.4
T4.2
T2.9

T1.5

89.1
83.8
84.8
87.3
87.9

91.3
94.1
93.4
95.8
94.4

0.9
1.0
0.9
0.8

0.8

1.7
1.7
1.4

1.4

1.3

1.7
1.3
1.3

1.4

1.3

0.9

//,

L

" Nb(2) Octahedron

0(2) - m(2) - 0(5)
o(5) - Wb(2) - o(6)

o(6) - wp(2) - 0(15),

0(15)¢ - Wp(2) - 0(2)

o(17) - w(2) - 0(2)

0(17) - wb(2) - o(5)

0(17) - §b(2) -.0(6)

o(17) - mwv(2) - 0(15)

0(17), - M(2) - o(2)
0(17), - ®(2) - o(5)
0(17)2 - Nb(2) - 0(6)
0(17), = ®(2) - 0(15),

o(17) - m(2) - o(17),

103.6 1.2

95,1 1.1
72.4 0.9

98.3 1.0

94,3 1.8
84.5- 2.0

88.0 1.8

8505 l°4

85.0 2.0
95.0 2,1
93,0 2,0

95.3 1.6

178.9 1.3



Nb(3) Octahedron

0(13) -~ ¥u(3) -
0(14) - ®(3) -
0(3)g - M(3) -
0(4)g - Wo(3) -

0(18) - Nb(3) -
0(18) - Nb(3) -
0(18) - Mp(3) -

o(18) - mb(3) -

o(18), - w(3) -
0(18), - wp(3) -
o(18), - Nb(3) -

0(18), - Wv(3) -

0(15) - Nb(3) -

o - Table 7.2 - continued

0(14) 76,0 0.9
0(3)6 8709 1.1

0(4)6 89,1 1.3

0(13) 104.6 1.1

0(13) 80.4 2.1
0(14) 83,2 2.2
0(3)6 . 93,0 2;6
0(4)g 9.4 2.3

0(13) . 98.2 1.8
0(14) 98,4 1.8
0(3)6 89,1 2.3

0(4)6 87.1 2.0

o(18), 177.4 2.2

Lo

0(8)

0(9)

0(11), - No(4) -

0(10), - mn(4) -

0(19)
0(19)
0(19)
0(19)

0(19),
0(19),
0(19),
0(19),

0(19)

b(4) -
Nb(4) -

Nb(4) -
Nb(4) -
Nu(4) -
¥b(4) -

Nb(4) -
Nb(4) -
Nb(4) -
No(4) -

Nb(4) -

132

- Nb(4) Octzhedron

0(9) 79.4
0(11)1 88.0

0(10)1 94.6

0(8) . ?87.6 )
o(8) 83.0
0(9) 82.1

0(10)1 106.3

0(11)l 90,5

o(8) 83.5
0(9) 80.0
0(11)1 99.2

0(10)1 91.3

0(19), 159.2

1.2
1.2
1.2

102

2.8
265

1.9
2.1

2.7
2.4
2.0

1.8

1.6



~ Table 7.2 - continued

Nb(5) Octahedron

0(14) - Nb(5) - 0(15)
0(15) - m(5) - o(2),
0o(2), - m(5) - 0(1),
- 0(1),. - m(5) - 0(14)
0(20) - Wb(5) - 0(14)
0(20) - Wb(5) - 0(15)
0(20) - Nb(5) - 0(2),,
0(20) -~ ¥b(5) - o(1)

0(20), - Nb(5) - 0(14)
0(20),, - Wb(5) - 0(15)
0(20),, - W(5) - 0(2),
0(20)2 - Nb(5) - 0(1)4

0(20) —ANb(5) - 0(20)2

4-

T6.0 0.9

93.8 iQO

99,2 1,2

91.0 1.0

86.9 1.8
- 86.1 1.8

93.1 2.1

84,8 2.2

95.8 1.6

95.7 1.6
84.4 1.8

94,0 2.0

177.1 1.5

Nb(6) Octahedron

0(9) - m(6) - o(10)
o(io) - Nb(6) - 0(13)
0(13) - Nb(6) - 0(12)
0(12) - m(6), - 0(9). .
o(21) - Nb(é) - 0(9)
0(21) -~ Nb(6) - 0(10)
0(21) - Nb(6) - o(12)
0(21) - m(6) - 0(13)

0(21)2 - Nb(6) - 0(9)
0(21)2 - Nb(6) - 0(10)

0(21)2 - Nb(6) - 0(12)

0(21)2 - ¥b(6) - 0(13)

6(21) - Wb(6) - 0(21)2

foy
T3
3

101.6 1.2
92,7 1.0

70.7 1.0

949 1.3

88.8 2.9
92,0 1.8
85.3 1.8

85,5 1.8

88.7 2.8
8490 1.6
99.5 1.6
98.0 1.5

174.8 1.5



. Pable T.2 - continued

¥b(7) Octahedron

0(4) - mb(7) - 0(5)  105.2
o(5) - m(T) - o(7)  90.0
o(7) - m(7) - o(8) 4.6
o(8) - mb(7) - 0(4)  91.7
0(22) - W(7) - O(4) 964
o(22) - Wo(7) - 0(5) 9004
0(22) - mo(7) - o(7) 961
0(22) - ¥b(7) - 0(8) 83.8
0(22),, - Wb(7) - 0(4) 85.1
0(22), - ¥(7) - 0(5)  99-0
0(22)2 - §b(7) - o(7) 80,0
0(22)2 - Wb(7) - 0(8) 86,1

0(22) - Nb(7) - 0(22)2 169.8

‘ Nb(9) Octahedron

87-4

0(1) - mp(9) - 0(3)
0(3) - ¥b(9) - 0(1)5 95.3
0(24) - Wo(9) - 0(1) 843

0(24) - wp(9) - 0(24),

1.3
1.2

'103

1.3

205

2.6

2.3
3.1

2.2

2.3

1.9
209

204 )

1.2

1.2

1.7

134

e

o(6) - w(8) - o(7) .

o(2a) - w(9) - 0(3)

 Wb(8) Octahedron

90.8
o(7) - Wb(8) - 0(11)  97.6
0(11) - - NB(8) - 0(12)6 977
0(12)6 - Nb(8) - 0(6) 7302
0(23) - Nb(8) -‘0(6) 92,2
‘0(23) - mb(8) - 0(T)  102.T
0(23) - §b(8) - 0(11) 90,2
0(23) - Nb(8) - 0(12)6 89,3
0(23)2 - Nb(8) - 0(6) 87.0
0(23), - Wb(8) - O(T) 758
0(23)2 - Nb(8) - 0(11) 90.8
0(23)2 - Nb(8) - 0(12)6 9199

0(23) - 1(8) - 0(23), 1783

93,6
- 0(24), - W(9) - 0(1)  95.7
0(24), - ™(9) - 0(3)  86.4

180

1.1
1.2
1.1

1.0

1.9
15
1.9
1.7

1.8
1.4
1.7

105

1.3

1.9
1.9
1.9
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The Niobium Co-ordination
One niobiuﬁ atom has a pentagonal bipyramidal cg-ordination, whefegs the
eight others are OCtahedraliy surrounded by oxygen atoms (Figure 7.4)0
- The octahedra are all distorted but have mean ¥b-0 distances ranging -
from 1.98 to 1;992; which are gquite usual, In.every case however, there is
one very short Nb-0 bond perpendicdlaf to the octahedral sheet, but hot
always in thé séme sense. These short distances are usually of the order
of 1,608, except in one case, (¥b(9) - 0(24)2), where there is an ultra
. short distanée of .1.48 1.600é 2. Ig'ié fﬂéuéhf that‘tﬁé céﬁét;aiﬂt éf'.
these two atomslto the diad axis is responsible for this very shori
distance. The disorder of the bismuth atoms inevitebly leads to.a
breakdown iﬁ the symmetfy at the unif cell level, énd these two atoms
must move off tﬁe'diad' axis slightly, as required by -the local environment.
It is therefore reasonable to suppose that the Nb(9) - 0(24)2'distance |
quoted does not represent reality. The other short Nb-0 distances may
be compared with the shortest Nb-O distance reported(l°65’l°64) of 1057 2.
The fact that the bismuth atoms are disordered, makes the positions
- of the oxygen atoms at the same heiéht as the bismuthé much less certain
lthan the estimated standard deviations would imply. The high temperature
factors of some oxygen atoms'a;e‘élso an indication that the refined positioné
represént mean values of slightly different positions, depending on the
,présence or absence of a bismuth atom in the vicinity, Since(tﬁe short

bond is not élways in the same sense, it is not thought to be a function
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of some systematic error or erroneous refinement..it may be concluded
that the presence of very'shortva-O bonds is a structural feature.

(b, 6160,
The very short Nb-0 distance is accompanied by a longer than usual one

was solved in projection only). L

- to the opposite apex. Very short Nb-0O dictances have been found in some

"shear" compounds e.g. Nb16042F (1.573)(1'63’1'64? and TiNb207 (1.64X)<I'§5).

In both these cases, as in BBi203.17Nb205, the average of the six

" octahedral Nb-0 distances is gquite no;mal at 2.QX, and there is one longer

distance (2.332 and 2.348 respectively) to compensate for the short one.
Thc-oxygeﬁ-oiygén contacts and thé‘oiygch-hicbium-cxigeﬁ'éhgiec'iﬁ -

| Tables T.1 and 7.2 respectively;indicate the distortions of .the octahedra

205 17,0, . |

Since the very short Nb-0 distance is accompanied by a longer then

in 3Bi

ususl one to the opposite apex, one may conclude that the niobium atom
is displaced along the body-diagonal of the octahedron, perpendicular to
203.171\1‘0205. This is an over-simplified picture

however, only true of some octahedra. Consideration of the displacement of

the octshedral sheet in 3Bi

the niobium atom f;om the plane of the equatorial oxygens for each
octahedfon (Figure 7.5) shows that in only five céses is this displacement
towards the close apical oxygcn; In the other three instances, as well as
in the case of the pentegonal niobium, the metai atom is in the half of the
octahedron (or pentagonal bipyramid) opposite to the close oxygen atom.

Thig is illustrated schematically in Figure 7.6.
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By (15)a~=r
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Figure 7. 5 - show1ng the Tractional helghts ‘of the oxygen and niobium
‘atoms . t

.Octahedra are marked + if the niobium atom is closer to the
"~ "top" apical oxygen than the bottom, and ’-P if the nlo'blum atom is
-above the plane of "the equatorlal oxygens. :
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" Octahedra of type (2) Octahedra of typs (b)

@
3]

+® - _ -®

Nb(4) Nb(2) - . 'Nb(1)', Nb(3)
CE(n) o m)y  m(5), m(6)
Nb(8) | |

Figure 7.6 - Schematic diagram of the various types of displacements
of the niobium atoms in fheir octahedra. The ghort Nb-0 distance

is indicated by a heavy line corommm .

Octahedra of type (a}, where the niobium atoms are displaced towards
the close oxygen, would be expected to show relatively large dipole moments,
Octahedra of type (b) would be expected to be rafher less polar, since they
are distorted to minimise the effect of the displéeed niobium atem.
Therefore type (a) octahedra are the principal contributors to dipole fields. -

Table 7.3 lists the ratios of the two apical Nb-0 disfances for each
octahedron. Of the type (a) octahedra Ih(2) and>Nb(9) have larger niobium
diaplacements'than do their ﬁnegative" counterparta, Thereforé, in spite of

the fact that "positive" and "negative" octahedra are not equal in number



_the variations in the magnitudes of their displacements tend to minimise

“the dipéle fields set up. - —

.17Nb205, ratios of apical Nb-0 distances

?able Te3 - 3B1205

Nb | Nb-0/Nb-0,, . Ratio Type
1. 1.65/2.29 | 0.72 b
2. 2.34/1.60 1/0.69 at
S s R .,,“.b...
4. 1.81/2.19 . | | 0.83 - a-
5. © 1.59/2.35 . 0.68 b
6. 1.59/2.35 " 0.68 ' b
7e 1.72/2.23 0.77 . e
8. 1.70/2.23 | 0.76 a-
9. 2.46/1.48 1/0.60 e

It is interesting to note the menuer in which f&pe (a) octahedra are
arranged in the continuous strudture. Figure 7.7 shows that polar regions
oceur in sheets perpendicﬁlar to ¢, and are stacked alternately alﬁng'b.'
A schematic [100] projection, Figure T.8s shows these sheets running

through the structure, giving rise to a small scale "domain" effect.
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. A comparison of the space groups Pba2 of 331203.17Nb205 and P2,2,2 as

in Nb, (W, Og (Figure 7.9) shows that although the [001] projections are
identical,-all equi-points are at the same z height in Pba2, but they are

not in P21212. It is therefore inevitable that the buckling of the sheet

of octahedra, as well as the arrangement of the "domains" must be different

in the two compounds.

A o T o
20 0 _ ¢ .§ a g : Lu, Pba?2
. . N A P, | J
. {
ol 0] L )
e | - !
+O 0O o ' , ! -
@+ _ ﬁ‘o_f_ o -\f~ .w;
5 O- o 0 G P22.2
1O sQ] I

Tigure 7.9 - Comparison of space groups Pba2 and P2, 2,2



"The méan niobium—éxygen distance in'thé pentagonal Bipyramid is 2.052.
Again the diagonal consisfs'of & rather short énd a longish Nb-0 distance
as in the dase of the octahedra. The pentagonal bipyramid was treated'as a
(b) type octahedron in the preceeding discussion.

The pentagon itself is quite regular and rather compact; Both these

(1'1891057‘59). The shortest oxygen contact

features are quite usual
occurs in the pentegonal ring, and in fact all five distances are below
2,538,

The closest nloblum—nloblum dlstance a1°o occurs in the v101n1ty of the
pentagon, where there are flve-such dls;ances between 3 26 and 5 583 (Thls
does not correspond to metal-metal bonding.)

\

The Bismuth Co-ordination

Of the six separate bismuth sites included in least-squares refinement
four may be described as having a one-sided four-coordination (although
one of these, Bi(3), is a border-line case). The other two also have
this environment, but with a fifth close oxygen neighbour.(Figure 7010).
It is difficult to decide. where the‘upper limit of Bi-C distances should
be drawn, and Table 7.l goes up to ~3. k.

In elmost every case there is one very short Bi-0 contact of ~ 2. 13
(s1m11ar1y to triclinic BleO4)vand three or four rather longer ones.
There is & gap of 0.2 - 0,48 in the list of Bi-O distances between those

representingxthe inner cp-ordination of 4 or 5, and the next shortest ones.
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The one-sided four-codrdination, a consequence of a lone péir ofv
electrons, is found in a number of oxides and oxy-halides of'bismﬁth,'
(Refs:v1:24eg8), but it is more often sssociated with tervalent entinony,
(Refs. 1.1,1.20),\&:1& is also fownd for arsenicli*31),

The mean of the }irst four Bi-0 distances are in the range 2.40 =~ 2.50&.
The oxygen-oxygen distahces within these sets of four indicate thét thefe

'is g rectangular distortion, such that twoe pairs of oxygens are rather close

together, while the pairs themselves are further apart; Figure T7.11.

Yigure 7.11

' Oxygen-oxygen distances iq g, ‘



Of the other two bismuth atoms one, Bi(21), may be pictured as having

a fifth oxygen atom co-ordinated to it as well as the four which form

a one-sided four-coordination. -

N
~

The most frequently occupied bismuth éite, Bi(1), may also be thought
of as eight co—ordiﬁated, there being a one-sided four set of oxygens,

and a'furthef four almost coplanar with the bismuth atom.

Oxvgen~-oxygen contacts

Genefally oxygen atoms are over 2.53 from oﬁe anothér.id£yéen;oxygen
distances below this 1limit are found essentially. in two places;‘either in
the ring about the pentagoﬁal niobium étom, or on the contracted sides
of the rectangles of the one-gided bisﬁuth co-ordinﬁtions.

All the bxygen atoms are associated with the Nb matrix.

34094
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8, Investigations on "Bi 0,.5Nb_0." and Discussion of Some Related
= < <)

)
Compounds
The compound "BiZOBOSszos" was first prepared by Roth. He found it

to be stable from room temperature to a dissociation temperature of

1095°C, He recorded its powder.pattern, but did not index it.
Unit Cell

‘If was found possiblé to index and refine by least-squares the
previously unindexed powder pattern given by Béth‘fof B3'.203°5Nb205
(Table 8.1) with the exception of the first doublet of 4 = 12,2 and
12&4K, on the basis of an orthorhombic unit cell with

| a = 17,632 + 0.006

b 3.949 + 0.002

i}

17,167 + 0,006 £.-

c
-Given this unit cell, there should only be one line in thevpowder
pattern in the neighbourhood of ’d>=‘123, which is the 101 at
d ~ 12,38, | | |
A Guinier photograph of the prodggté of preparation (d), (Section 3),

which consisted mainly of the 1:5 cémpbund, showed only a single line

.

oy
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Table 8.1 - "BiZOBOSNbéOS", X-ray Powder Pattern -

.~ Cu Ko radiation

A =-1.54178 A

Roth and Waring!l*?)
I ‘\d(X)‘\ sin®6, b k 1 sin®0__, _

15 12.4 0.00386 } _ -

' 10 1 0.00393
15 12,2 0.00397

15 8.55 . 0.,00813 00 2 0.00807
00 - 34945 . - 0.03818 -0 1 0. -.0.03810
45 3.921 0.03865 4 0 2 0.03865
30 3,854 0.04001 2 0 4 0.05991
30 3.599 0.04588 2 1.0 0.04575
20 3,523 0.04788 2 1 1 0,04776
20 3,453 0,04984 5 0 1 0.04961
80 3,367 ©0.05242 10 5 0.05233
15 3.319 0.05395 2 1 2 0.05361
15 3,276 | 0.05537 3 1 0 0,05531
50 3,196 : 0,05818 1 1 3% 1 0.05816
20 3.073 0.06295 4 O 4 0.06285
30 3,062 0.06338 ¢ 3 1 2 0.06337
90 3.001  0.06599 5 0 3 0.06594
. 3 0 5 0.06762

35 2.964 0.06764



Table 8,1 continued -

30
45

60

15
15

20

45

at the appropriate © angle. In order to Verify this, further careful

N

2,940

a(8)

2,900

2,859

‘20843

- 2,781

2.763
2.722
2,601
2,566
2,487

2,424

2.373

sinzgobé
0006875'
0.07066
0.07270
0,07352
0.07634

6.07784 |

0.08021
0.08784
0.09026

0.09593

0.10114

0,10553

L2
sin 9calc
0.06882
0,07070
0.07259
0.07345

0.07688

0.07801

0.08024 -
0.08791
0.,09043
0.09565
0.09617
0.10108

0.10572

-- ‘preparations, (f), were carried out. The Guinier photograph of the

152

product showed only a single line at d A/12.3ﬁ. Several high-resolution

scans on the General Electric XRD-6 powder diffractometer also showed a

" unique iine’in each case at the appropriate 28 aﬁgle._

A manual step-scan was made on the diffractometer to examine the



T
ot

neighbburhoodlof 29f~7;1° more thoroughiy° The line was rather weak,
and. therefore three ten-second counts were taken every 0. 02o of 20.
Thelr average and spread is plotted out in Figure 8.0 (a), while a

AN
smoothed out function is plotted in (b). This latter set of points was

" obtained by plotting the means of three successive intervals. A curve is

drawn in each case, showing a single peak.
The conclusion drawn from the above results was that no splitting
occurred. The rest of the powder pattern was identical with Roth's for

B120 5Nb 57 but contained a number of extra lines. These could all be

3*
explained by

(a) the presence of a small proportion of 3Bi °17N‘o205, and a trace

203

of high-temperature BiNbO,, and

4’

(b) some weaker lines, not recorded by Roth, but indexable on the

same cell data.

Comparison with Sb0'67§2296

Roth's powder pattern of B12 3¢ 5Nb2 5 showed a remarkable similarity

to that of the compound Sby0y.3Ib,0c, recently prepared by Skapskill®>3),

273"

He recorded its powder pattern, which resembled those of the tetragonal

~ bronzes, and indexed it on the basis of an orthorhombic unit cell of

a = 17.635
b = 30968
¢ = 17.219 &,
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There was single-crystal evidence that this was the true cell and absences

" showed the possible space-groups to be Pmnzl,or Pmnm.

273"

included several weak lines not recorded by Roth. The eguivalents of

As mentioned above,vthe author's powder pattern of "Bi, 0. 5Nb205" _

_these weak lines are héwever, present in the powder pattern of Sb203°3Nb205.
The resemblence of these two powder patterns, and the fact that in the
case of the antimony combound there is single-crystal evidence for a
17 x 17 cell, is taken as further justification in regarding the unit cell
of ! B1 0..5Nb,0
3210205

The powder patterns of the two compounds dre compared in Table B.2.. '

" as anplogous.

Since the indices are the same in all but one case, the powder pattern

of 'B1203 o ONb O5

compound, i.e, hkl, no COndltlons, hOl, h+l=2n present. These imply

" satisfies the same absence conditions as the antimony

Pmn21 or Pmnm as possible space groups, although absences in powder

patterns cannot be considered as conclusive.

Relationship with the Tetragonal Bronze Structure

The nal7ﬂ unit-éell edge corresponds to a diagonal of the tetragonal
bronze structure (Figure 8.1), which was described in Section 6.

It is‘proposed‘that the crystal structure Of."Bl 5 . 5Nb Ob" is based
on a distortion of such a 17 x 17 £ unit cell.

The normal complement of such a cell would be 20 Nb + 60 O. A

compound of the type xA,0 .be would requlre y =10 and x = 10/3,

2 3 275



Table 8.2 - Powder patterns of the compounds

Sb 03 . 3NDb 05
31205 5Nb2 5
d(X)Roth d(R)Author
12.4
12,3
12.2
“ . . 808
8.55 806 .
| 6.1
5.52
4,40
34945 3.94
3,921 3,91
3.854 3.87
3.599 3.60
3.52% 3.51
3.453 3.44
3.367 337
3.319 _ 3032
3.276  3.28

273"

Sb 0
273

hk1l

(in both cases)

N
-
o

"Bi, O SNb 0

" angd

°3Nb205_

156

d(X?Skapski

12.42

8.65
6.17
5.46

4.412

4,110
3.971
3.927
3.873
3.781
3,621
3,609
3.542
3,456
3.380



5+196

"5f073
3,062

3,001

2,964 -

2.940
2.900

- 20859
.. 2,843 - ’

2,781
2.763

2,722

2.601

2,566

2.487

2,424

2,373

3.20
2.99
2.96

2,93

2059

2.48

2,42

2.39

- 2.38

2,37

.-1'1 3

50 3
305

4
6

4

1

0

1

0

0

1

«2153%1312->

01

o

315

5011
3,077
5,063,
: 55604
2,971
12.950

2.941
2,907
2.870

- 20856

2,790
2°7é2
20771
2.730
2,622
2.614
2,605

2,573

2,520

20495

2,426

- 20405

2.396
2,378

157
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the ﬁetfagbhall

1:‘

" Figure 8.1 - Sﬁéwing féuf~unit pélié o

bronze structure .

" Possible cation positions

3
‘
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Outline of 17.5 x 17.58 unit cell .
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No. of Nb-filled

Basic Structure pentagons per Cell Content - . Formula
~ ' 17 x 17 cell. (17x17) ‘
~ n Bi N» O
~ 2 o | '
0 63 20 60 3120303Nb205
) ) 2 . 11
l 53 21 61. 31203°517Nb205
20 Nb + 60 0 2 4% 22 62 Bi203°4$NB205
+ n(Nbv,0) é ' 3 :
3 35 25 63 Bi,0565711b,0;
B . 2' L e e .._' . .
4 25 24 64 Bi, 05+ 9Nb,0g
5
4 per 12 x 37 cell :
= gverage per 17x17 (17 x 17)
cell of
2 2 2 2
2= 22= 62= Bi 5z
3 4 5 5 1,05+ 55,05
(331203,17Nb205)
Table 8.3

i.e, a formula of A203°3Nb O.. This fits the formula given for

275
5Nb205), but not Bi

'06 (or 8b,0,. .5Nb

Sboo67Nb2

A structure of this type may-achievé a Nb:Bi :atié greater than three

205+ 58,05

\W
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either By oxygen deficiency in the matrix, or by the p:esencehof some
niobium (plus oxygen) atoms in some of the_pentagbhal tunnels. By

structure, (Section 6-and 7), it is

. ‘analogy with the 3Bi .17Nb

203 205
reagonable to take the second alﬁernative.

The basic Bronze ffémework contaiﬁs four pentagonal tunnels per
12 x 122 unit cell, whicﬁ is eqﬁivalent to 8 per 17 x 17X éell. By‘
adding sucpessive (Nb-O) units into the pentagons, one achieves the
possible formulae shown in Table 803.

Cléarly the élosest approach to 1:5 occurs when two péntégonal
tﬁnﬂeis are fiiied; The formula then'beé6ﬁes Bizb3.4%N5205; ohlyfa
small deviation from the nominal 1:5. A cell content of two filled
pentagonal tunnels is easily accomodated by some orthorhombic space
groups (including Pmn21) . The non-integral number of bismuth atoms
per cell is undepstandable, if the 4% bismuths are unevenly distributed
at a number of sites of fractional occupanéy in the other tumnels, as
in the 3Bi

«17ND structure.

2031780505
Due to the short'oxygen—oxygen distaences found in’ the ring of &
pentagonal bipyramidal niobium atom, it is extremely unlikely that
two neighbouring pentagons should be filled with niobium.‘if this were
the case, Figure‘B.Z, the centra} octahedron would have tc have two
very short oxygen-oxygen distances clamping déwn on tﬂe niobium atom.
‘at the centré. No such configuration has yet been found, and it seems
‘reasonable therefore to exclude it from consideration.
There are two potential sets of‘mirror-planes inherent»in the;basic

Nb~-0 structure as seen in Figure 803;A(The'possibility~of.a third



transverse mirror plane in thefplane'of the paper exists,'but-is unlikely,

cf. 331203.17Nb205). It is clear that in the preséhce of both mirror
ﬁlanes, the filling of any one pentagbn in Figure 803'produces a
situation such as shown in Figﬁré 8.2, Thus if such a situation is to
be a.voidedA,‘o;qe of the mirror planes ‘has‘ to be Abroken (changed into a

glide or a screw for instance). In this case, a sensible structure may be

(potenﬁ}al)
m':

g

(potential)

Figure 8.2
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‘  Figure 8.3 - Sbowiﬁg four unit cells of the tetragonal
bronze structure, with two potential sets ‘of -

7 . mirror planes

.ﬂ‘t:} Me-0 octahedron {pé Possible cation positions

emm=m  potential mirror planes -



drawn, as in Figure 8.4. Since the structure is eésentialiy ﬁlanar,
the pfesence of therscrgw axis or tﬁé glide plane-giye two alterngtive
ways of buckling the sheet of oqfahedré. The projectioﬁ shown is valid
in either case. |

It is 1nterest1ng t; gote that two filled pentagonal tunnels per
17 x 17 cell represents the mailmum allowed by these con51derat10nso If
the last basic mirror'plane is also broken, a greater number of tumnels
can be filied, but the 17R unit cell repeat is lost. In fact the

‘maximum density of 2g tunnels per 17 x 172 cell can be déduced, corresponding

3

to the Nb34094 ﬁet&ork'of'thé‘BBi 0 05

with the sheet of octahedra in the ab plane). The 3Bi_0

17Nb 0. structure (space group Pba2

V3 17Nb205 structure
therefore contains the maximum possible number»of niobium-filled
péﬁtagonal tunnels, given the restriction that a situation such as shown
in Figure 8.2 should not arise. | |

The resemblence in all respects (positiéns_of lines, indices, inteqsities)
3053Nb 05" and Sb O5 5Nb205

the bismuth compound also has the space group Pronnm or Pmn21. The former

of the powder patterns of "731 implies that

is inconsistent with two niobium-filled pentagonal tunnels per cell, as the
two-fold positions are already occupied, and in any case a pentagon (in 2D)
cannot have mm symmetry. Pmnm is also excluded by the above structural

arguments. Pmn2, howsver is one of the space groups which fit the requirements.

1
The avallable evidence for the structure of "}31203 5Nb205" may be

summarised as follows:-



484

22O62 framework

Figure 8.4 - Projection of tne Nb

_pr?posed for 7B1205.53Nb205



203.5Nb205

o (b) the powder pattern can be indexed-on the basis of. an orthorhombic

(a) the composition is near Bi
unit ééilarelated to tetragonal bronze ’ -_ -

(c) the powder pattern is almost jdentical with that of Sb205.3Nb205;

S

-from which a pfobgﬁle space group may be deduégh.
This evidence, together with

(a) considerations of various structurasl features,

(b) structural knowledge of the 3:1? compound, led to the postulate of
the following structure.

" Ina 17.x“173vuﬂit céll.of tge'baéic bronzé ﬁé%%ofk'a ;é%iﬁué.of t%o.

of the eight pentagonal tunnels may be filled with Nb and O atoms without
producing clashes of the type shown in Figure 8.2. To acﬁieve eléctrical
neutrality.4§

diamond-shaped tunnels at a number of sites, in a manner exactly analogous

bismuth atoms have to be included in the pentagonal and

203.17Nb205. In fact the ratio of the number of bismuth

atoms to available sites is quite similar to that in BBiZOB.IYNQZOS. The

to that in 3Bi

proposed framework for this structure is illus%rated in Figure 8.4. The
"overall' space group is probably Pmnzl.
Ry . . 3 . . 5N
The actual formula of 7B1205.331b205 is very near to 31203 Bhbzo5

('17.5.«;"3. 31203_, 82. 5% 1r0205 for 7:33; 1@7% ,.131203, 83.3»;? szosfor 1:5).

The differénde is of the same order, and in the same sense as that between
©n3.17" and "1:6¢ (Section 7). The overall effect is simply to move the
appropriate region of the phase diagram (Figure 3.1) slightly towards the

bismuth-rich end..
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PbOQXNbZOB; BaOobe295

There is evidence for the existence of similar compounds in the systems

Pho- Nb205and Ba0- Nb205

PbO0.xNb,0. is knovn to be variable in the range 1gxg3. At the

275
composition Phlb,0y it has a rhombohedral (1342 1+35) (1.36)

(I.36,1.37)

y tetragonal

and a ferroelectric orthorhombic form

(1.37)

.-According to Francombe

and Lewis ) for x> 1 , the symmetry appears orthorhombic with a cell

of 17.6 x 17 9 x 7.72 2 As x—»3 the orthorhombic distortion

dlsappears, as does the doubllng of c, untll at x-} the structure is

Ro‘ch(I 36)

truely tetragonal. however arrives at a different conclusion,

and states that there is a range of composition 1<x<2 and that there

is an ordered phase at Pb0. 2,0«

Later work of Roth and Waring( -38) on the BaO—-Nb 0. system stated

275

that 3Ba0.5Nb,0. and BaOOBNbZ_O5 were end members of a solid-solution

275
series.

All workers realised that these structures were all based on the tetragonal
bronze structure in some manner, which was unexplained. The powder
as(136,1.38,1.39)

patterns were not indexed, except for the 1l:1 compoun

and 3BaO. 5Nb were virtually

The powder patterns of PbO.2Nb205 V5
identical, and showed family resemblence to that of BaOOBNb265. The former
two were also very 51n11ar to "B1 203 5Nb2 5' and Sb203 3Nb205, though not B

as close as these iwo.patterns were to one another.

An attempt was made By the author to index the powder patterns.of



Table 8.4 - X-ray powder patterns of BBaO 5Nb 2051 PBO. 2Nb2 52 Sb O3 3Vb205

" [T
and B120305Nb205

e o (138) o o o (1.36) (133) o ey g n(102)
3Ba0. 58,0, PbO.ZNbZQS szo3 5 3;203°5§b205
d I - d I - a I —hkl— 4 I
8.81 10 8,84 T
_ . 8065 m 002 8,55 . 15
6.25 14 6,18 15 617 vw 202 ,
5.60 .. 6 . . _5.516 15 S . .
, , . 5.46 w 103
4,412 " m 400
A 4,110 m 303 '
3,964 51 3,971 s 010 3.945 100
5.948 32 3,927 m 402 3,921 45
3.860 5 3.857 6 3.873  ms 204 3,854 30
3,778 4 ' 3,781  vw 111
3,619 10 3,621  mw 210 3.599 30
36015 3.609  vw 012
3.545 9 3.528 8 3,542  w T 211 3,523 20
3.463 35 3.455 14 3.456 m 501 3.453 20
3,350 25 3,380 s 105  3.367 80
3.333 16 - N 212 3.319 15
A R e om ds 0 dak %
‘ ' ‘ 3.077 m 404 3.073 20
3,067 8 3,063 W 213|312 3.062 30
3,026 100 3,020 100 3,004 s 50% 3,001 90
. : - 2.971 ms 305 2,964 35
y ' . 2,950 m 410
2.94> 52 2,942 32 2,941 m 600 2,940 65
B ‘ 2.907 . w 2411 2.500 5
2,872 - 6 2,861 5 1 2.870 - mw 006  2.859 30
' 2.856 m . 313 2.843 45
2,796 90 _ 2.790  mw 412 '
g 2:786 60 2.782  m 602 2.781 60
- 2,771  w 214 2,763 15
: 2.730 w 206 2,722 15
2.636 6 L 2.627 4 2,622 W 41%
‘ . ' w

S84 w314



Table 8.4 - continued

3Ba0.5Nb20

.Olib

a
Qo

o

5. PpO.2Nb0p 5,05« 3lb,0p "Bi 93

d I d I ‘a I hk1 d I
2.601 35 2.596 23 2,605 m 511 2,601 20
2,573 m 115  2.566 5

2,520 4 2,520  vvw 512
_ 2.495 mw  215/701 2.487 5

2.453 15 2.441 9
- 2,426  mw 604  2.424 5
. 2.405 7 - vvw 406 - - - -

2,396 mw 513

2.365 5 2,376 ms 315 2,373 45

3Ba0. 5Nb

275

2O5 and Pb0.2Nbh,.0. on the basis of an orthorhombic unit cell

of approximately 17.2 x 17.6 x 3;92. This was.ﬁot entirely successful,
for although all the lines were indexed, the agreement was not ‘as good
as expected.

These powder patterns are reproduced in Table 8.4, togethér with
those of the bismuth and antimony compounds, to éhow the very marked
resemblance.

It is interesting to note that the ordered compound analogous 1o

'

7B1203.33Nb20 in an xAO.ylNb

2OBSystem would be 7AO.lle205, not far from

those reported (Table 8.5).
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' xA0.yWb 0, I /I . b
T40.11Nb,0, C24.1 ~ 75.9
3Ba0. 5Nb,0, “ 23,1 76,9

PLO.2ND05 20.0 80.0
Table 8.5

It seems probable that in ﬁhe lead gnd'ba?iqm systems tw9~ppa$§s'érg'
present concurrently. One may have a raﬁdom arrangement of niobium—fiiled
pentagonal tunnels and is therefore pseudo-tetragonal. The other phase,
definitély orthorhombic,’may be of the type discus;éd; with two niobium-
filled tunnels per cell, arranged in aﬁ ordered manner. The presence of
two phases was realised by Francombe and Lewis(1'37) for PbO.xN5205.
This would explain some of the contradiction and confusion apparent in
the literature. |

The present interpretation considers bcth phases to contain niobium
atoms in pentagonal tunnels, but only the second_phéée to be ordered.
This‘goes some way toward explaining the range bf compositions of

PbOobe2O and BaO.xNb,.0..
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Survey of Some Teiragonal Bronge-Type Structures

It is becoming increasingly clear that the tetragonal bronze structure

W@
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is a basic unit upon which many compounds are based. The three types

“of interstitial site in the parent structure may accomodate various

metal atoms. A large number of compounds crystallise with variants of this

structure. Jamieson et>a1(I'4o) divided these compounds into three

-categoriess: -

1.;conducting, highly—coloured, non—stoichiométric bronzes,

-

2. compounds of the type (AO)ox(B 5)

3, ferroelectric materlals of the type (Al) (42) (C) (Bl) (B2),0

8730

The 1ist of tetragonal bronze-type structures given by Jamieson etﬂai -

is reproduced here, with the addition of some compounds of the type

(A20

3)cx(3205) to category 2.

Table 8.6 - Some tetragonal bronze-type structures

Cat.

Formula

wa206
Na W O6
Pbxw206
_ Ba W O6
KxM°206
BaNb O

2°5
BaTaZO

5.

Composition
Range
X =
009"101
0.56-0,76
003"'007
0.22-0.44

"_\’ 1.0

af

12.31

12.10

12.20

12,15

12.32

12.60

12,60

bk

cf

3,84

375
3.78
3.84
3.86

3,95

5,95

Ref.

(I.19)
(I.41)
(I.42)
(I.44)
(1.45)
(I.46)
(I.46)



. Table 8.6 - oontinuéd.

Cate.

4

Eoimula B 4

Na20 «4Nb 2O5

K20.5Nb205
5

PbO.xb,0, 1-3

BaOoXNb O 107"'500

K20.2Ta20

20

1
SrO.Zg(Nb205)
Ba0.2Ta,0;

"BiQQB.SNbZOB"

Sb205.3Nb205

Wby ¥ 6004

BBiZOBOIYszos

Pb5NblOo5O

"~ Pb_Ta

57810030

Clea M
u15¢810050

Ba5TalOOBO

(Pb,X)5NbloOEO, X= Ca,Sr,Ba

Ba4R2ﬁ02Nb8030 R=Nd,Sm?Gd

Ba,Sry_ Nb, (0.0 1,25-3.75

Baersleoao

Ba4N32NblOOBO

~

ce® o

o
3
e

af g - & - Ref.
12,02 232 391 (1.47,1.48).
12,57 - 3.94 (1.48)
3%x12.43 = 5088 -~ (1.48)
1752 17.59 2x3.94 (at x=2) (I.37)
A (1.78)
1234 -394 (1:49)
17.55  17.65 3.91 (1.50)
17.6% 17.17 3,95 (Section 8)
17.64  17.22 3.97  (1.33)
12,25 3x12.21 3.94 (1.18)
12.52 3x12.3%8 3,92 (1.51)
17.65  17.91 2x3.84 (1.37)
17.61 17.91 2x3.87 (1.52,1.53)
12.45 o 2x3.85 (1.52)
12,59 - 2x3.92 (1.52)
17.85  18.14 2x3.90  (1.52,T.50,
(for 60%Pb, 40%Ba) 1.53)
12.47 - 3,93 (1.54)
12.45 - 3.91 (at x=1235) (1.40)
12.54 - 4.01 - (1.55)
17.59 - 17.65 4.00.° A(IQSG)
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"
43120 o 9ND 2__5___

Preparafions from 4:9 mixtures of BiQO3 and Nb205 did nbt yield
single crystals. Some crystals of the 4:9 compound were however found
in the pfodﬁcts of preparations (c) and (e), (Section 3), which
consisted main;y of 3Bi 050 17Nb,0;. E

The crystals were badly formed hexagonal plates. Oscillation and’
Weissenberg photographs showed the Laue symmetry to be 6/mmm, and gave
an approximete value of the unit cell as a~ 7¢5y, ¢~ 1965 £.

Much better quality crystals were grown accidentally at a later time,

during an investigation of the solid solution range between SbNBO, and

. 4
orthorhombic BiNbO4. A mixture of the composition 30% Sb?OB, 20% 31203,
and 509 Nb205 was sealed in a platinum capsule and heated to 67000 for

24 hours, and then fired for one week at 97000. The gquenched product

was highly crystalline, and contained well formed hexagonal plates of the
4:? Qémpound. Sb O3 seems to have acted, unex?ecteﬁly, aé’an excellent
flux for the growth of these crystals. There is however a possibility of

Sb contamination in this product.
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Unit Cell) and Space Group

-~

Roth recorded the powder patterﬁ of thé 4:9 comﬁoundAand indexed ‘it
fully on the basis of_a hexagonai unit cell with ‘a = 6.441, ¢ = 1907782.
In Yiew o£ th; values obtained from osoiilation-and Weissenberg éhotographs,
the powder pattern was re-indexed on the basis of the larger cell,'using
8 o = 2a01@/j§, 'cnéwl = C 4 The transformation of indices therefore
affected h and k 6niy. The re-indexed powder pattern is listed in Table 9.1.
These cell paraﬁeters were checked using a single crystai on the Sieﬁens
fouf-éirclé diffraetométef..ﬁ%éct-agfeehéht %és kouhé Betw;eﬁvthé
transformed and measured values.

The unit cell may therefore be taken as

a

7.445 + 0.,0004 &
19,778 + 0.003 %

c

The Laue symmetry observed was 6/mmm. Absences were found for hh2ﬁi,
when l#Zn. This indicated P63mc, P62¢ or PQJmmc as possible space groups.
It was also noted that reflections of the type hkl, h-k=3n and 1%2n were

generally weak and often unobserved. This is consistent with metal atoms

-

in special positions in each.cf the possitle space groups.

The formula for the cell contents, 4Bi ON'b

203. 205 is inconsistent wlth
any of these space groups. Thus a unit-cell content of Z=1 would give
an odd number of oxygen atoms per cell. In all three- space groups, all

positions have an even number of equipoints. For Z <1, only Z=2/§' gives

even integer numbers of niobium and oxygen atoms per cell, i.e. Biséﬂb12osé.
' . A : ) . 3 ) / .



Pable 9.1 - X-ray powder pattern of "4B3 )00 9ND,0,"

3 “

Roth aﬂa‘wgring
T ad)
13 9.86

4 40946
93. .  3.294
83 3,179
100 3,063
10 2.895
73 2.699
28 2,499
6 2,471
4 2,308
11 2,125
7 1.9778
29 1.9616
_. 57 158610'
11 1.8158
27 1.6857
8’ 1a6483

39

1.6210

(1.

L2
sin Gob

S

0.00611

0.02429

.0.05477

0.05880

0.06334

0,07091

0.08158
0,09516
0.09733

' Oe 11156

0,15160
0.15192
0.15444
0.17159
0.18024
0.20913
0021873

0,22616

X = 1.54176%

@ v W

- . o

10

10

12

174

Cu Ko radiation

sin29
calc

0.00608

0.02431

0.05470

0.05869
0066324
Q,O7084
0.08148
0.09515
0.09724
0011186
0.13161

0.15193

© 0.15440

0,17150

© 0.18023

0,20910
0,21878

0,22620



Table 9.1 - continued

B i

11 ™

18

14

N

O 2 B N

10

T T S U ST SR

106070 -
25915

11,5703
1.5524

1.4931

- 1.4869

1.4133

- 124000

- 1.3554

1.3503
1.2496
1.2340
1.2203
1.2162
1.2096

1,2003

1.1833%

1.1646
1.1539

1.0749
1.0376

1.,0215

1.0088

0.23012

0,23%468
0024160
0.25307
0.26657

0.26880

0029752

0030320

0.32348
032593
0,38058
0,39026
0.39907
0.40177
0,40616

0,41243

0042442’

0.43816

0.446%2"

0.51434
0.55198

,0056952

© 0.58395

C -

[ TR\ T O S

A

NN A

g N

o M~ [ea) n KN e

S

A

O

o O

14

10

10

12

17S

0025019‘
023475
0,24101

0.25298

" 0.26665

0,26874
029779

0,30312 .

0.32344
0.32591
0,38060
0.39029
0,39902
0,40169
0.40625
0.41251
0. 42448
0.43816
0.44612
0.51451

0.55211

) 0.56920

0.58401°
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The quoﬁient of the unit cell volume divided by the-humber of oxygen atoms
1s usually about 18 - 21 for this type of compound The measured volume
(949 283) Would therefore indicate: 45 - 52 oxygen atoms per cell.

N

With the obs€rved unit cell, a small deviation from the supposed formula
to, for example\ghl 5 7Nb 05, would glve an acceptable and even number
of metal (6 + 14) and oxygen (44) atoms per cell for Z = 1.

Single-crystal intensity data have been collected for this cﬁmpound on the
Siemens automatic diffractometer. The indications so far are that the

structure is not straight-forward, and in the time available, no conclusive’

results have been obtained. This work is being continued.
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.

10, Summary %o Part 1

N

Structural Features of the Bti,-NbZQC System
<7 D

The present work has resulted in a better understanding of the compounds
occurring in the Bi O N02 5 system, in the region from 1:1 towards the

nloblum—rlch end.

The crystal structure of triclinic BiNbO, was fully analysed and was

4

shown to be an entirely novel structure. It is built up of sheets of
Nb-0 octzhedra, each infinite in two dimensions, and linked in the third

only through the bismuth atoms.

The formula of Bi O 6Nb 0. was corrected to the ideal of 3Bi 17Nb

203500505 203

on the basis of single crystal structural work. The powder pattern of

25

this compound was indéxed on the basis of an orthorhombic unit cell of
a = 12,516, b = 37, 14, c = 3,922 8. The structure was shown to be based
on that of the te trago nal bronzes, with an hbj4 94 matrix, continuous iq
three dlmnnslons. The bismuth atoms are dxstrlbuted among a number of

51tes. The Me matrix is rlgld and can exist on its om (e.g Nb LIPS 91)

54 94

The bismuth atoms, which hold the octahedral sheets together in triclinic

BiNbO4, are in that sense redundant in this structuré.

© The powder pattern publlshed for B12 3° 5ﬂb O5 has been 1ndexed on the



basis of an orthorhombic unit cell of a = 179632,~ b = 3%.949, c =-17.1672,
in which a and ¢ correspond to distortions>of the diagonal of the

tetragonal bronze unit cell (a = 12.4%, /2a = 17.58). If the structure

~

proposed for‘%his phase is correct, then the formula would ideally be

7TBi_ O BBNbéO . Thé»proposed structure would have much in common with

273"
3Bi20

)
3.17Nb205, essenfially differing only in the positions.(and humber)

~ of niobium-~filled pentagonal tuﬁnéls. The slight errors in tﬁese"formulae-
 are both in the éame'sense, and of similar magnitudes, effectively
displacing the aépropriate part of the phase diagram away from the niobium- -
rich end. . | | B o o ‘

The unit cell published for "4Bi20 .9Nb_0_" has been corrected on the
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bagis of single-crystal work and the powder pattern re-indexed. Reasons

have been advanced fof considering the structural formula to be incorrect.

Niobium Co-ordinations

In all these structures, as would be expected, the basic building
block is the niobium-oxygen octezhedron. The only exqéption to this is the
péntagonglwbipyramidai nicbium atom in 331203.17Nb205. This cc-ordination
however, can be regarded as & secondary effect, the nigbium atom filling a
pentaéonal hole wﬁich is léft’by Nb-0 octahedra.

All the Nb-0 octahedra encountered were distorted, with the niobium
atom displaced from the centre of the octahedrom. The average Nb-0 bondlengths

for each octahedron were, however, very uwniform at just under 28.



The displacément of the metal atom from the centre of the octahedron"
in-some oxides androther compounds is pften’éssociated with ferroelectric
belongs to one of the crystal clasées with

behaviour. 3Bi,0,.17Nb

03+ 110,05
unique polar axes, and therefore there is a definife possibility of its
“exhibiting ferroelgﬁtyio properties.

The pentagonal bipyfémidal'niobium co-ordination is rare but nbt

" novel. The pentagon of oxygens in 5B1205.17Nb205, as in earlier examples,
(Refs. I°18,I°57;I.58,Io59), was found to be regular and compact. Some of
the shortset oxygen-oxygen distances encountered were in this "five—membered
ring". The niobium atom was found to ﬁe dispaced toward oﬁé gf tﬁé apéceé |

of the bipyramid, by a fraction similar to that in the octahedra of the

same structure.

Bismuth Co-ordination

One of the difficulties in describing the oxygen environments of
the bismuth atoms is the setting of a meaningful upper limit on the
Bi-0 distances considered. |

In BillbO, the two independent bismuth atoms had very similar

4

co-o;dinatiops, which were one-sided and irregular. The co~-ordination
number of 8 is arrived at by comsidering Bi-O distances of up to 5003.
There is a distinet gap above 3;02, the next nearest ones being at
app;oximétely 3052.

. In 3Bi.0,.17ib

2O5 six independent bismuth sites were encountered.

93
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In all of thése there was an almost continuous range of Bi-C distances

to-well over 52, except for a gap of usually 0.2 - 0042 after the fourth

or the fifth distance. In the cases where the cut-off could be considered

N
.

after four, the geometry was clearly that of a one-sided four-co-ordination

(1.24-1.28)

similar to ones reported previously + The other two bismuth

atoms could also be considered to have such a co-ordination, with one

further oxygen attached on the side, but one of these was better described
by a rectangular anti-prism, more regular than in the case of triclinie

BiNv0O,. It 1s 1nterest1ng to nota that this last 51t° was the one with

4’
the largest bismuth occupancy in the 5B12 3 17Nb2 5 structure.

Some bismuth-oxygen co-ordinations and distances have recently been

1(1.60)

reviewed by Abrahams et a . Their table is reproduced here, (Table 10.1),

. with the addition of the independent bismuth co-ordinations found in

triclinic BiNb04, 3Bi,. 0 17Nb2 51 and four other mixed oxides and

273"
oxyhalides with one-sided four-co-ordinations. In each case, an inner
co-ordination, wi%h Bi-0 distanoes'less_than fhe limit stated is considéred
separately from the total co-ordination. In some cases, one or other of
these is rather indistinct. For example, the inner co-ordination can

only be found by drawing an afbitrary 1imit in the case of triclinic

4 203017Nb O5 on the other hand it is the total co-ordination

that is difficuit to decide for some of the bismuth sites.

BilNb0,. For 3Bi



Table 10,1 - Some bismuth co-ordinatioﬁs

Total Co-ord.

Compoﬁnd Range of Bi-0 Upper break in
distances in R distance
B,S150, 9 2.15 - 3.55 2,62
Bi,Ge0g | 7 2.13 - 3,18 2.66
BiOHCrO4(mono) 9 2.228-3.326 2.579
BiOHbro4(ortho) 9 2.185-3.089 2.678
Bi,0,80,.H,0 10 2.22 - 3.45 2.57
" 10 2.10 - 3.35 2.59
BiOHSe0, . H,0 9 2.19 - 3.16 2.64
BilzGeOZO 7 2,076-3.170 2.640
iBiNbo4(tric) |
C T BI() 8 2.10 - 3.01 -
Bi(2) 8 2,10 - 2.96 -
,33i203.17Nb205 |
- Bi(1) 8 2.34 - 2.95 2.49
Bi(21) ? - 2.74 ¢
S Bi(2) ? - 2.64

Inner Co-ord.

Average Bi-O

distance

239 ,
',2:55
| 2.376
2.382
2.38
2.32
2,40

2.357

2,41
2.51

2,40

Reference

I.61
I.62
1,17
1.17
I.16
T.16
1716

1.60

A

Section 5.

"

Section 7..;

1}

1"

T8



Table 10.1 - continued

. Compound

2R 1
)31203°1‘Nb20

. 5
Bi(22)

-2

Bi(10)
Bi(3)

;s
BaB}4 14015
‘ BiQNbOSF o 8

-

-2

" Bi,Ti0 o 12

4773712

BRI b0, 8

Total Co-ord.

2,28

- 2.29

2.29

2.29

Range of Bi-0
distances X

2.89
2,90
2.79

2,82

Upper break in
distance

2.77
2,55
2.52
243
2.3
2.3

2,3

Inner Co-ord. Average Bi-0  Reference

distance,

4 (,2:50 Section 7.
4 2,36 o |
4 2.41 "

4 2.28 (1.27)

4 2.29 {I.28)

4 2.29 ‘(1.26)

4 2,29 v (I.25)

?37
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Oxygen Environments

In>bbth_the structures fully investigated, i.e. triclinic BiNb0

4

and 3Bi .17Nb205, as well as orthorhombic BiNbO4, all oxygen atoms

0
273
are associated with the niobium-oxygen network, usually in octahedra.

The structure proposed\for 7Bi .55Nb20 would also be included'in

0]
273 >
this.

Closest oxygén—oxygen contacts occurred in 5Bi205017Nb205 in the
pentagonal ring, and in the rectangles of the one-sided bismuth

co-ordinations.

S0 00 e s 0 eC S EROERTL S NON
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"This agreeth not well with me, therefore

I will not continue it."

-

Francis Bacon

PART IT

STUDIES ON SOME NOVEL FLUORITE-TYPE

SUPERSTRUCTURES



11.Some Superstructures of the Fluorite-Type

Introduction

The compounds which are discussed in this Part were all supplied by
Dr A. E, D.\White:pf the Crystal -Growing Laboratory of the Electrical
Engineering Department, Imperial College. They were by-products in the
preparation of some rare-earth niobates.

Equimolar proportions of the rare-carth oxidesv(Ndzo La,0, or YZOB)

37 7273
and niobium pentoxide were heated together with an eight-fold eﬁcess of
PbF2 to 125000 in a platinum crucible, Crystals were grown by evaéoration
at constant temperature or by slow cooling to.900°C over a period of five
or six days, then quenched to room temperature. In either case, two types
of products were obtained, one of which was identified as the niobate,
and the other was an unknown compound. These three compound§ are given
the name ND, LA or Y according to the rarc-earth present in the’
preparation. o

A fourth compound named PB/NB_waé prepared by.the above method,lbut
the rare-earth oxide was omitted. |

Vhen the powder patterns and unit cells of these four compounds were

obtained, a thorough search in the literature révealed that they were
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o]
o

ehtireiy novel comboundso

This Eéft of the Thesis offers an accbunt‘of some of the work doné
in connection with these compouﬂds.ASince their formilae are still not
.established; they are referred to by the symbols qﬁoted above., Singlei
crystal intensity data were collected fér LA and ND, but their solution,

which is not yet complete, is not described in éhy detail.

Preliminary Anslysis

'The LA aﬁd ﬁﬁ éampleé Qefé’anélyéed b&.fﬁeilnter-béilegiét; Anél&fiéél
Service, using X-rey fluorescence methods. The ratio;(at.%) of metals
found were:- ,
LA Lész:Nb _ ‘ . 19.4:15.1:1808

ND ) Nd:Pb:Nb _ 1:68,7:11.2
It was not possible to analysec for oxygen or fiuorine at the time.
Since the accuracy of the anelysis is rafher crucial in the single-
‘crystal structure determination, it is being repeated by the Service
using a combinstion of X-ray fluorescence, electron probe and classical
wet methods. It is hoped that accufate percentage contents will be

obtained for the metals, as well as a less accurate indication of the

oxygen and fluorine contents.

_ Optical Exsmination

A1l four materials were highly crystalline hexégonal plates, sometimes

~.
>
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a

The phdtographs show much resemblence, those of ND and Y are apparentl&
identical;b |
Tablés 11.1, 2 and 3 list the powder lines of thgée compounés. Those
of ND ;ﬁd LA have been indexed on the'basis of the unit ceils obtaiﬂéa
from single gryétals én the four-circle diffractometer. The ND powder
fattern is fuily indexed on the basis of a hexagonal cell of a = 7.468,
c = 66.78 & with rhoﬁbohedral ébsences, while all but five»weék (impﬁrit&)
lines of the LA powder pattern éould be indexed on the basis oI a
hexagonal unit cell of a = T.458, c¢ = 48.21 £, again with rhombohedral
absences. S S
The powder pattern of‘Y is listed alongside tha% of ND for comparison.
That of PB/NB is not indexed, except for some of the very strong lines.
These are indexed on the basis of a he%agonal cell of a =17.5, ¢ =96 2,
obtained from single-crystal photographs.
A1l the powder ﬁatterns were corrected for film shrinkage, using the
accurately known d spacings §f~some of the uniquely indexed lines.of the

ND powder pattern as a standard.

Unit Cells and Space Groups

Accurate values of the unit-cell parameteré for LA and ND were obtained.‘
from the four-circle diffracfometer, using a slit collector aperture

for maximum © resolution to perform 6/20 scans for a number of reflections.



. Table 11.1 - X-ray powdér pattern for ND and Y. -

Guinier camara, Cu K¢ radiation

(-h+k+1=23n)

Y ND
A — — , I
I egbsz T O B K1 Oalo-KD
vw 1.95 0 0 3 | 1.98
S e 0o 6 g
m 6.02 m 5097 0 0 9 5096
ms 6.95 s 6.99 01 2 6.97
" 737w 131 10 4 T34
w 7.62 w 7.62 015 . 7.60
w 7.96' - 0 012
Vv 8.25 W 8.25 10 7‘ 8.27
w 11.04 w 11.07 . 1 013 11.04
v 11.98 w 11.98 0 018 11.98
Vi 12.59 @ 12.58 11 3 12.57
w . 12,71 w 12,71 1 016 12.69
m 13.56 m 13.37 119 13.35
w 13.86 w 13.87 2 0 2 13.85
vs 14.03 | Vs | 14,02 | 0 021 14102
w1419 w 14.19 2 0 5 14.19

vs  14.58 vs  14.60 0 2 T 14.57



, 'Table_ll.l continued

w

ms

'15.04
15.66
16.09
'16073
16.93
17.56
18.44
18.69
18,90
19.18
19.60

20.20

20.41

20,87

21.44
21.82

21.94

W

15.05

15.66

16.06

16.73

" 16.91

17.54

18.42

218067 7

18,85

19.19

19.61

20.21

20,42

20.90

21.44

21.83
21.96
22.54

20

11
24
14
23
16

26

10

24 .

30
13
23

116

25
26

12

19A

15.05
15,66
16.07

16.72
16.91
17.54

18.38

18.68

18.82
19.17
19.61
20.20
20.24
20.42
20.89
20.93
21.42

21.84

21.96

22,52
22.53
22,57

w0
15



. “Pable 11.1 - continued

vw
Vs

vs

vw

vw

vw

vs

vs

123,39
' 23.64
24.35

25.18

25,46

25,62

25.80

26.03

26,30

2730
27,52
28.00
28.30

28.62

28,94

29.05

vs

vs

VW

vw

vs

vs

 25.46

23,40
23,65
24,37
25,19

27.36
27.51
2795

'28;62

28.92

N

SO R

15 -

28

23%.39
23,66

24.37
25.18
25.44
25.44
2547

25.67
25.79
26,05
26,06
26,30
27.36
27.51
27.95
28,30
28.58
28.59
28.89

28.98

29,03

e o



Table 11.1 - continued -

V}‘T

29,30
29.85

130,21

vw

29,27

29.82 -

30023

0]

3

N

2 37 7

0 36
4 14
1 31

29,26

29,83

30.20

30.20

<
s
Crchd



Table 11.2 - LA, X-ray ?owdef patiern

Guinier camera, Cu K. radiation

(-h+k+1=23n)

(o} y o

Cobs-LIA ok o1 Ccalc-1A
m 5550 -0 0 6 5,50
ms 6.92 1 0 1 6.91
w 7,10 | 0 s > 7,09
o el . 104 T
W 8,28 0 0 9 8.27
W 11.08 0 0 12 11,05
W 111.94 1 1 0 -~ 11.92
w 12,19 1 1 3 12,24 °
m 12.23 0 1 11 12.26
W 12.43 - .
n 1315 1 1 6 13.16
vs 13.87 0 0 15 13.87
W | 4.33 0 2 4 ‘ 14,30
vs 14.59 2 0 5 14.57
viv 15.27 o 2 7 15.27
n 16.45 1 0 16  16.38
vs 16.71 0o 2 10 16.68
m 1727 0 1 17 17.26

vw . 17.54 R

i)
-3



Table 11.2 - continued

vw

vw

vw

w

vs

Vs

18.48

18,80

19,08

19.61

19,92

20.52

20.74

- 20,97

21.17

21,75
21,87
22,16
22.43
22,68
23051
23:95

24.39
25.06

N W W

N

14
21
28

20

16

18

11

13

19
20
12
16

18.49

18.78

19.09

19.60

19.90
19.94

20,46

20.74
20,96
21.16

21.17

21.74
22019

2271
2%.50
23.95
23;96
24,40

25,09

en

J



Table 11.2 - continued

w

vw

[#]

- 25630
. 25.50

25.81

2597

26.31 |

QTOOB
27,31
27;69
28,53

28069

29.39
30,20

15
24
19

25

12
10
25
15
30

21

10

2549
25.51
25.82 .

25:97

25,98
(2638

27.09
27,30

27,72

28,53

28.64
28.77
29.37

30,20



Table 11.3 - X-ray pouﬂer pattern for PB/NB.A

vw

A7

vw

vw .

. Vs

vw

vw

6,06
6.26
6.91

7,06 .

T.30
8,81

A 12.59

12.91

13.17

13,41

13.53
13.90
14,10

14,21

- 14066

15,11

15.78

15.86

115.99

obs

2 010

3

B

g

vw

i3

obs

16.85
17.03

17.66

17.85
18.52

18.61

18.75

18.91

19.07

20457
20,90

21.04

21.32

21,57
21.70

22,11

22.35

122,60

~ Guinier camera, -Cu K& radiation

0 2 20



Table 11.3 - continued

vw

=

]

i 3 3§ %°

23,64
2%.80
23,95
24,09
24.49
25,36
25,62

25,89

26,25
26.83

27.18

2

v

vw

ms

ms

27.48
27,67

27.98
28.14
28033
28,57
28.79

wggl

29.45
30043

2 220

4 020

261
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The values obitained for the hexagonal cell were:;--

7.458 £ e
7.468 2 c

f
1l

1 a 48.21 £

66.78 &

n
il

ND - s

~
~

It was found ﬁbésible to align an LA crystal about the 48 ﬁ axis,
and a Laue symmetry of 3b was observed photographicaily. '

In the case of ND, it was not possible to find the 56 XA axis
photographically, and therefore no phétographs could be taken to show
the full Laue symmetry. ThlS was checked however on the four-circle
dlffractometer, both for the 1ntensitles of équ1§alent reflectiOns and.
for the angle between the a* and b axes.

in both cases rhombohedral absences were found on the Weissenberg
photographs and on a 9/29 scan of a central 1attiée row. Since there
were no absences other than h - k + 1 = 3n (or the converse) in either

case, there is a choice of space groups from Rgh,‘Rim or R32.

Interpretation of Sinéle—Crystal Photographs

050111at10n and Weissenberyg photoalaphs were taken of single crystals
of ND, LA and PB/WB. From the numerous crystals of the first two
compouﬁds examined it was clear that each was a highly crystalline,
definate phase. All photographs of each sample appeared tolcome from

identical structures.
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From these photégraphs it was clear that all the éompounds were
built up from a subcell which was rhombohedral. The equivélent.-

hexagonal subcell has & ™ 3.75, ¢ ~ 9.45 2. The three compounds

sub

LA, ND and PB/NB répresent five-fold, seven-fold and ten-fold

- super-lattices of the subcell., In fact

814 = 2asub . °La = 50sub
ayp T PRy % = T%w
%B/NB = “Zsub %p/B = up
o ay . o= 2asﬁb L e By = hicsubu. .. :{tﬁnﬁipgy).-

The subcell reflections were 106 tp 1000 timeg as intense as the
weaker ones in between them.

In each‘case, the positions of the metal atoms-are essentially
arranged on a rhombohedral 1atti§e, shovm iﬁ Figures 11.1, 11,2 and
11.3, for LA, ND and PB/NB respectively. For LA there are 15 discrete
"layers" per true cell, for ND there are 21 and for PB/NB there are 30,

In any rhombohedral space group one third of the hexagonal cell
is repeated thfee times along ¢ ( with a rhombohedral stacking sequence).
In space groups R32 and Rgh thenpresence of the.diad or centre of
symmetry ensure that the contents of only 1/6 of the cell are independent.
If one of thess space groups 1s assumed, the number of crystallographically'
independent.layers is 3 for LA, 4 for ND and eifher 5 or 6 for PB/NBO

This is illustrated schematically below, where the various layers are
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stacked in a “cubic"'close packed pattern, having positions denoted by

a,~b{;c. The crystallographicaily independéﬁt layers are denoted by a:>

sequence of capitals A, B, C etc. The symmetry operafion of 2 or 1 is

denoted by s;\and the rhombohedral repeat by r.

\‘.

I' T I‘ ) I’ S Zl[‘

C B A B C C B A B C C B A
15 wmits— “{

r S r S

LA ABC

| L

r s T
L aeo)
KD AaBchDanC B AbB C DchCaBbAcBaCchDaCbBcAa

}a 21 units \b : >f

PB/NB _
T s r S T s r
1)‘, AaBbCcDaEbr‘cDaCbBcAaAbBcCanEcEanCcBa AcBaCchEaEchCaBbAcAa ‘
30 units } e
T 8 T T. T | f T
| B
2) - B C DaEchEanCcBaAbBcCan“ PaEbDCCaBbACBaCbDCEanE D CbB A

30 units
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The number of posSiBle metal atom positions in each layer isAféur,'
‘one,jp a fhree~fold,'and a{qryétallographiéélly indepéndent one in a
one—fold‘quition. The totsl number of metal sites afé 60, 84 aﬁd 120
for LA, ND and P?/NB respectively.

In the space g;bup R3m there is no symmetry operation relating the‘
layers within one third df the cell. There would then be 5, 7~Qf 10

independent layers for the three compounds, as shown below.

r .r r T )
14 AaBchDaEbAcBaCchEaAbBcCanEcAa
: ’—&—“w—-—-~15 un1ts-———~——-*l
r T r r
ND AaBchDaEbF G AbBCCanECFaGbACBaCbD EanGcAa

< 21 units i

r :’C .

] |
l

: PB/NB A BchDaBbF G HbI J A B C D E r G H I J A B C D E F G H I J A
Fc 30 units - ~4

Strlctly upeaklng, the materials need not have the same space groups, but

. in any case, space groups R52 or R5m.offer a much 511p1er and more p1au81b1e
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structural reason for the 5 7 or 10-folding than does R3m.

-

sub

the one-fold and fhree—fold positions in a layer. On ‘some layers at least,

The fact that the subcell has a = -af2 differentiates between
the one-fold and three-fold positions must be distinguishable, either
- chemically (inolﬁding the possibility of a vacancy, or of differing

environments) or by displacements from the ideal positions.

Geometrical Considerations

..iﬂsfeétién Ef.Fiéuréé ii;i;B ého%s fﬁéf'fof LA ﬁhéAé;£u;i o
rhombohedral cell and the rhombohedral subcell both have the same Sense,;
both obverse say. In the other two cases the subcells are of the
opposite sénse to the actual.cell.

It is simple to show that for "N-fold" compounds (i.e. 3N layers
per hexégonal cell) will have subcells of the same sense if N=3n-1,
and opposite senses if N=3n+l. If N=3n, the structure cannot have true

rhombohedral symmetry.

Structural Speculations

Phe sublattice can be interpreted on the basis of a primitive
- rhombohedral cell, or a pseudo-cubic face centred cell. (Both are
shown in Pigures 11.1—3.) Phe pseudo-bubic cells for all stz_'uctures

in this group have a parameters close o 5.4 2. This may be. compared
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with 5 94 R for the fluorlte—type structure of PbF (1. 1)

, which was

present in the Dreparatlon as a flux, and- Wthh contains Just such a

1att1ce_of Pb positicns. It seemed natural therefore to try to

~interpret the dlffractlon results as an ordered variant of the PbF2

- fluorite-type lattice. NAOF also has a fluorite strucure(II 2)
= 5.59 R, as has LaOF(II°5) with a = 5.8 &.

Tt was difficult to see at first how niobium, vhich-prefers an
octahedral co—ofdiﬁation, could fit into a fluorite—type structure,
where the co—ordlnatlon of tha metal is elght fold and takes the form
of a cubic hexahedron, ﬁut this can in fact be accomplgshed 15 two wa&é.

(1) A single niobium may be placed on the triad axis. An octahedron
may be formed by the displacement of the apical anions in a typical
fluorite co-ordination (uee Figure 11.4 (a) and (b))

(2) As an alternative, the three symmetry related atoms in a single
layer could have octahedral environments of the type encountered in the
hexagonal bronzes(II'4), Figure 11,5, where'the structure is truly
hexagoﬁal,consisting of the Me-O octahedral sheets shown in the Figure,
stacking directly on top of one another. A hexagonal layer is exaotly
'the‘right size for such a configuration, since in KO 31W03 for instance
the hexagonal cross section has a = T.37 1. This may be compared with
a = Ts46 and T.47 ﬁ for LA and ND respeétively. In these structures
" however, the metal sites are on a rhombohedral lattice and not
_di£ect1y above one another, as‘iﬁ the'bronzes; A discrete bronze-type
layer (Figure 11.6 (a)) could fit into a fluorite lattice (Figure 11.6 ‘(b)).

connecting by'ﬁhe apical oxygens on the octahedra. The fluorite-type



Figure 11.4

(a) ()

Pigure 11.5

-. The hexagonal bronze structure (Kiwoa)




-Niobium at centre of octahedron
Metal with fluorite-type environment

(oxygen directly above and below)
%oxygen directly above and below)

Metal with fluorite-type environment
0 above plane of metals

(oxygen above and below) -
0 below plane of metals

Figure 11.6 (a) -
Figure 11.6 (b) A
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néthrk can continue across thisllayer through the six-ﬁembefed’hole.
An atom at this one-fold positiohiin the layer is>surrounded by the
apical énions of the metals in the héighbouring layers. With two more
anions directly above and béléw'this metal, a normal fluorite
" co-ordination is obtainedo-(There are six further "oxygens" forming a
ring in the layer making the total co-ordination 8 + 6.)

The structures en&isaged therefore have a mixture of fluorite—type
and octahedral.environments for metal atoms, which are arranged on a
"rhombohedfa; s?blattig§o Thg overall formulae would then be near MXQ.

It was decided to colleot.single-crystal intensity data for two
of the compounds, LA and ND, so that the full three-dimensional structure

could be determined.

Collection of Single Crystal Intensity Data for LA

At the time of the collection of single-crystal intensity data for
LA and WD, only cobper radiation was available on the diffractometer.
There was no prospect in the then foreseeable future of obtaining a
molybdenun X—réy tube, which would have been far more appropriate for
these compounds.

A crystal (TFigure 11.7) §f L4 was mounted with the c axis parallel
to the axis of ﬁ on the four-circle diffractometer. It guickly became
aﬁparent that additional peaks were present aﬁong the weaker onas, which

occurred in unexpected ?ositionso A continuous Q/2@_scan along the 00f =



Figure 11.7 - LA

'Average
thickness
0,005 cm

Average
thickness
0.003 cn

BY34
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row revealed that these were the Fe and W radiation peaks of ‘the strong
subcell reflections., The>dirty radiation from the tube had not previéusly' .

been.défected since it was only about 1% of the Cu-Ke radiation. The
~ . ’
~ .

subcell reflect%ons were however 100 to 1000 times as strong as the
- others, and 1% o%*sﬁch a strong peak was exactly of the order of the
wezker ones, among which it fell. Furthermore, the close spacing of tﬁe
reciprocal lattice in the c* direction meant that these extra peaks ofteﬁ
interfered with either the background'or the‘peak counts for a given
intensity measurement. |

This typified the difficulties encountered with LA and ND in the fact
that any error which would normally be negligible, e.g. extinction, '
Renninger effects, radiation stresks, caused by the subcell reflections
affects the weaker ones to an uﬁusual extent,

When a "clean" X-ray tube became available, (Cu), automatic data
collection proceeded normally. The five-values method was used to
measure 618 reflections in a twelfth segment of the reflecting spherec.
68 of these had peak counts which were less than 2.6 standard deviations
above the background, and were treated as unobserved reflections.

The intensity data were corrected for the Lorentz and polarisation

factors and for absorption errors. ()L was estimated at 1500_cm-1).'

Collection of Single-Crystal Intensity Data for D

A crystal (Figure 11.8) of ND was mounted on the diffractometer



with aé pafallel to the axié of £. Intensi{y daté were collected
autométically for an ocfaht of- the reflecting sphere, of ﬁhich_only
the indeéendent twelfth was used. A tptal of 860 independent reflections
were measured, of which 45 were rejected on the basis of counting
statistics, and were treated as unobsef#eds. |

The date were corrected for the Lorentz and polarisation factors and
for absorption errors (M was es%iﬂated at 14600m—1). Table 11.4 lists
F2 after absorption correétion for two symmetry equivalent rows. The'
discrepencies of the first few reflections are caused 5y inaccuracy in
tﬁé'ébéofp%ioﬁ ééfrécfiéﬁ;(fﬂé léweét'fééﬁéﬁiééibnifééfofsnﬁefe'$flfhgA

order of 0,003,)

310 21¢ . 3TL 214 3140 2110
PP F2 P2 p P2
< 0 0
1 306 132 25 54 58 49 15 17
4 1335 57 28 39 36 52 333 379
7 175 a8 31 488 _ 508 55 380 - 380
10 339 219 | A34_ 524 586 8 354 422
1% 862 636 37 693 789 61 9 6
16 1614 1319 40 20 35 64 82 105
19 532 481 43 40 45 67 54 58
22 32 24 46 35 - 43 o 5 1
| 3 98 109

Table 11.4



ay |
P>

Progresé of Structure Solution

Work on the solution of the structures of LA and ND is being carried
on. simultaneously. Although curfent values of R are as low as 15 and 18,
- there is an ;bundance of false minima.

While the current structure for ND gives good agreement with the
results of the first.analysis, that of LA indicates-a different result.
YMost of the light atoms have been localised, and the structures appear to
" be based, as proposed, on fluorite and hexagOnal -bronze the bulldlno
"bIOAQQ. Aé a molybdenum tube.has recently bncaéalavallable on the |
four-circle diffractometer, it is proposed to collect a new set of
intensity data for ND, using a crystal of more optimum shape. It is
hoped that the results of an acourate analysis wiil be available shortly.

The reduction in absorption errors and the analytical results should

enable the completion of the solution of the structure.
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'“The_fly sate vpon the axle-tree of the chariot wheel,
and seid, What a dust do i raise!"

Aesop

PART IIT

THE CRYSTAL STRUCTURE

~OF DICALCIUM NITRIDE



.
na
S

Introduction , | | -_" ) o

Dicalcium.nitride was first_preparéd by Ahmad and Tomlinson(l)v
during aﬁ investigation of the thermodynamics of the Ca-CaBNz system.

They ;howed that the new phase found had the stoichelometry CazN.
The compoﬁnd was prepared by heating a 1:1 ratio of pure calcium and
Ca3N2 in a sealed iron tube for 20 hours at 110000, and»quenching.'
"Thé'x;réj'pbw&er'pattérn of‘CaZN was réédidedjby'Aﬁméd; énd en”
investigation of the electrical properties of powder compacts was
subsequently carried out by Tomlinson.

Ca2N forms greenish black lustrous crystels, which quickly decompose
in air., Ammonia and hydrogen are gi#en off on contact with water. The
analoguous subnitrides of strontium and barium, SrZN and BaZN, are also
knowm, They were prepared by Arya and Prokofyava(a), vho measured the
electrical conductivity of powdered BazN, and found it to be 10"2 ohmsnlqm'}

Tomlinson's preliminary measurements showed powdered Ca2N to have a
conductivity of 0.2 ohn™tem, ™1 at room temperature, i.e. well in the
éemicon&uctor range, with a positivé temperature-coefficient.

Ahmad(B) postulated an ionic, as opposéd3to an interstitial model

for Ce.W, which he pictured as consisting of layers of Ca’ end Ca2+ ions,

2

with N2~ ions sendwiched between them in the manner shown.



Cff 95 -, C¥+ ’Q;. - Cf+
! - T ,
cast ca” e P o catt
N5" N5" N3- N3—
CF% Ca.2+ Qa+ Ca.2+ Ca+
- 3
[ i []
Ca.+ Ca2+ ) Ca+ Ca.2+ Ca+_

-Other Calcium Nitrides

The usual nitride of calcium is Ca N2, which so far has been showmn

3

to exist in four pheses,

.l.) “,"Ca3N2 is black and is formed at temperatures below 35000.
It is p_seudohexagonal(4)o

2.) /3—Ca3N2 is b?own and is prepared at temperatures up to 105000.
It has a body centered cubic lattice with a % 11.408 (5), and has an

anti-in.0, structure. The N-Ca distance found is 2.472.

273
3.) ¥ -Ca3N2 is yellow and is formed above 105000(4’24).

- 4.) High-pressure Ca - formed at IBQOOC and 90kb, (Bradley et a1(6)

3N2
called this the e phase.).
(7,23)

Ca N, and CallN8 are also knowm.

34
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The Importance of the Structure of Ca. N

Cézﬁ‘is a chemically interesting novel nitride, for which an

~

ionic model had been proposed, An accurate determination of the
. ’ :

structure would ﬂelp to decide beiween this and a possible interstitial
model. If Ca2N proved to be ionic, the structure might>explain fhe |
unusual valency of calcium.

Electrical ﬁeasurements showed pow&ered CaZN to have an electrical
conduct1v1ty in the semlconduCuor range at room temperature. Knowledge
of the structure,.lt wés hoped, would pfov1délan insight 1nt§ the |
electrical properties and behav1our of a single crystal.,

This section offers an account of the determination of the crystal

structure of dicalcium nitride by three-dimensional X-ray methods.



A12° The Cryétal Structure of Dicalcium Nitride

Crystal Data

N, M = 100.2, Rhombohedral, & = 6.603 %, w = 31°59!,

v=7.78%, D= 2.17g.en. "%, 'D_ = 2.18 goom. ™0 for Z =1,
F(000) = 47 | ST

-~ [ =4
Space Group R3m, (ng, No.166)

' For CuKw« radiation, Vale 301 cm.—1

Hexagonal Cell; a = 3.638 + 0,003, c¢ = 18.78 + 0.009 £,

U = 215.1 £, % = 3.
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Experimental Account and Results

Preliminary Examinstion

Crystals of CaQN, gsealed in Lindemann tubeé uwnder argon, were
_.supglied_by_P;ofegsor_Jﬁ W, Tomlinson, rhg samples were prepared by
Mr, C. Lammas, using the tubes fhemseives to chip off small pieces |
from a larger block of the material. Obtaining a single crystal was thefefore
a matter of trial and error, énd'proved quite difficult in practice.
| The crystals were examined under s microscope, All samples
appeared lusirous and éreenish black in colour, No clearly defined habit
was observable since the large majority of the samples were not single
crystals, but some triangular faces could occasionslly be seen.

The crystals which were usable for taking'photographs vere thé size
of the diaﬁeter of the Lindemann tubes, (Oo5mm)o Smaller crystals, vhich
hed a higher ﬁrobébility of being single were loose in ‘the tube, and as
it’was impossible %Yo wedge them in any way, they were not usable for
pbotogf&phic methods, | | |

Oscillation photogrephs of some thirty crystals were tsken, and‘if

these looked promising, & zerc-layer Yeissenberg photograph wag obtained.



One crystal was selected for the determination of the unit cell and
space-group, and preliminary boilectipn of three—dimensional'datao

Examination of further crystels was meanvhile continued.

Unit Cell and Space-~group

From oscillation and Weissenberg photographs the crystal class
initially appeared to be monoclinic, with & = 6.299, b = 3.638,
e = T«535 R, p= 123051'. This corresponds to a volume of 143.4 23.

A cell content of 2 formule units gave a calculated value for density

- -
of 2.18 g.cm. 3, conpared with the observed value(lo) of 2,17 g.cm, 7

The absences found were h + k £ 2n for h k 1, and no extra conditions
for axial reflections, indicating €2 (No 5), Cm ('No 8) or ¢2/m (Ho 12)
as possible space—groubs, (Thevnumbers ip parentheses refer to |
‘International Tables(ll) Volume I.) C2/m emerged as the correct monoclinie
space-group, but the symmetry was in fact higher than this.

in alternative monoclinic cell is a = 6,299, b = 3.638, ¢ = 6.603 %,
ﬁ = 10904'; but the former cell was found tc be more convenient
computationzlly and moré sensible sfructurallyo -

On plotiing cui the lattice, it was evidgnt that the monoclinic side-
step brought every'thifd lattice ﬁoint into line, (Pigure 3.1). The eb
plane, which was centred, was cleariy hexagonal since a/% z'%f%%%
=‘1.731 (~[3). (Figure 3.2). The structure, which vas solved as

monoclinic refined to positions consistent with rhombohedral symmetry.
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- Figure 3.2

Shmadfs powder pattern was therefore indexed on the baesis of the
hexagohal cell o = 3,638, ¢ = 18,78 R, using the relationship

_ 2 - 2
8in°0 =-3&~(h2 + hk o+ k2) +-2;"12, with the rhombohedral
hkl 3a2 462
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conditicn that only'h - k +-1 = 3n are present.
“The rhombohedral cell has a = 6.603 &, o = 31959, with the.volﬁme
of T1.7 X5, and contains one formule per unit cell. The dimensions quoted
for-the Qarious cells are those deriveﬁ from the hexagonal cell, which‘was
»obtainéd by 1§ast-squares refinement of'the inter-planar épacings, d,
as given by Ahmad(B)° The indexed powder pattern with observed and
calculated values of d is listed in Table 3.2. The least-squares refinément_
of cell-dimensions was performed‘hsing a program written for the Atlas
computer by R. Diamand. The program has an optional weighting scheme of
" the type w = i/éiﬁeccsel'wa”refinéméﬁﬁé;'bﬁé-ﬁsiﬁg this'séhemeé'the.bther"
with unit weighis were performed, but showed no sigﬁificant difference.
The standard deviations in both cases were 0.00}X for a, end 0.009& for c.
Figures 3.1 and 3.2 show the relationship of the hexagonal and |
rhombohedral cells to the-monoclinic cell which was used in the structure

determination. Table 3.1 summarises the dimensions of the various cells.

a b & c £ A ﬁ v 23' Z
HEXAGONAL © 3,638 ~18.78 } 215.1 3
REOMBOHEDRAL 6.603 ' ' 31%59! T1.7 1
MONOCLINIC - 6.299  3.638  7.535 - 123%510 143.4 2
(3) _ R - -3 |

Dobs -~ 2.17 g.cm Dcalc = 2,18 g-cm

Pable 3.1



Cu Ku radiation

.
~

Table 3.2

X~ray powder.data for Ca2§

A\

Ry)
w

Philips 11.54 cm. camera

Key
8s very strong
8 strong
ms medium strong
m medium
£ faint _
£f very faint
Line No. Intensity h k1 dobs(3) I
(hexegonal)
1 ss 0 0 3 6.21 6.21
2 ns o 0 6 3.13 3,12
3 s 1 0 2 2.98 2.98
4 sé 0 1 4 2,62 2.61
5 £ 1 © 5 é.427 2407
6 ff | 0O 0 9 2.080 2,082
7 £ o 1 T 2,034 2,038
8 ns "1 0 8 1.875 1.878
9 s 1 1 0 1.815 1.815
10 ff 1 1 3 1.743 - 1.T43




.

h

‘Line No. Intensity k_ 1 obs cale
(hexagonsl) -
11 7 o 1 10 1,605 1.611
12 ms 2 0 1 1.567 1.567
13 £ 0 2 -2 1,549 1.551
14 ms 1 0 1 1.494 1.499
15 £ 1 1 9 1.%69 1.369
16 £ 2 0 7T 1,356 1,357
17 o f 02 .8 1.309 1:307
18 £ o o0 15 1.253 1,251
19 £ 2 1 2 1.180 1.180
20 £ 1 2 4 15155 1.153
21 £f 1 2 7 1.089 1.088
22 £f 2 0 13 1,063 1.064
23 £f 3 0 0 1.051 1.050
24 £f 0 0 18 1,043 1,043
25 £f 3 0 3 1,033 1.035
26 £f 3 1 10y 0.792 0.792
27 £f 5 1 10 () 0792 0.792

Cecllection of Data

Three-dimensional data were collected using the equi-inclination

3]

e
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Weissenberg technique}and visual estimation of tﬁe'intensities. A
Unicam Weissenberg camers was used with Cu Ko radiation._The cfystals,
seaiéd‘un@er argon in Lindemann tubes, were mounted on Nonius

. : . .
goniometer\heags, The cryétal was set ,to rotate about the monoclinic
a axis; which b;ing approximately 6.3.2, made it rossible to
photograph layers Okl to 5kl.

The multiple-film technique was used, placing four Ilford Industrial
G films in thercamera—pot for each exposure. With Cu Ke radiation film
ratios of about 2.8:1 could be expected, giving a ratio of 22:1
. bet§een ihé £5p ;nd béttém fiimé. This.pro;édifgvbé'adééﬁété,”énd oﬁl&
one 24 hour exposure per layer was made.

The films for each layer were developed and fixed tégether, in total
darkness, for five minutes each, The intensities.were estimated by means
of a stepped wedge, made by exposing a reflection for s known number of
small oscillations of the crystal. The wedge stretched from 1 to 40 on
an arvitrary scale, with 16 enequal intervals. Every reflection was then
neasured, using thevvedge, on each of the films of the pack on which it
appeared.

Film ratios weré calculated‘frcm the intensity totale of refiections
common to_the given two films. All measurements were scaled up to the top
fiim of the pack. & meen iﬁ%ensity vas thén célculated for each
reflection using subjective weights to give maximum account- to
neesurements on the centrel part of the wedge, as these estimetes were

felt to. be most accurate,



ﬁo‘subsidary layer photographé were taken, §S'it was not possible %o
turn the crystal round in its'tube,.nof'was it poséible to obtain
anofﬁéf c;ystal. Thus no interlayer scaling was épplied at this stage.

A final fef{ection list of 124 was .then prepared. These were all
regarded as indéﬁéndent in the space-group C2/m. The reflection date vas

punched on cards ready for input intc the -X-ray 63~ system.

Solution of the Structure of Cazg

The (ij-l';o£recti6n.was.;béligd ta thekra%'int;nsif& ééﬁa'and
squafe-roots were calculated using the DATRDN link of the -X-ray 63=
system. In the same run a three-dimensionzl Patterson map was calculated
by utilizing the reduéeq data as input to the FOﬁRR link of the system.

This map isdshown in eight sections for the full unit cell in
“Figure 3.3.

-For the purposes of structure determination CazN wag considered to be
monoclinic, especially as this suited our programs better. The cell ‘
used was:

0
a = 60299 pis

b o= 3,638 &
- g =2
¢ = 7.535 &
IR 123%571

.The three possible space~-groups were C2, Cm or ¢2/m, of which the
last appeared most likely. This>wa5'a35umed.to be the actual épace—group

until it could be shown to bes otherwise. It wes clear that with a

-

~



Figure 3.3

- 'Sections of Patterson Synthesis -

Contours at equal but arbitrary intervals,
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'unit‘cell content of 2(Ca ¥), the nitrogen atoms would have to be in
two—fcld, and the calciums in fourufold, spe01al pOSJulOHS.

The {wo fold special positions in C2/m are points of symmetry Z/ﬁ

- ats
@ o & 3
(c) 0, O, a
() o % O |
(a) 0, 6, 0, and equivalent positions with respect

to (%4%4,0). The four-fcld ones are ats

o
[SE

(1) m x, O, 2zj ) . X,

() 2 O ¥y & 0, ¥ %

(&) 2 0, vy, O0; o, ¥ O

(f) 1 £ 'i s B I '2': , ¥

(e) 1 o & 0 4 % 0, and equivelent

"positions with respect to (%,4,0).
In the Patterson map all peeks are on v = O or %, therefore all
" atoms occur on layers separated by y = 5. The strongest ( 2/5 of>
éhe origin peak and therefore representing two Ca-Ca vectors) are at
¥(0.075,9,0. 63) (wish arother origin peak at 7,0, due to the C-face
centring vectovs b@tveen 2l) kinds of atoms) and other 2Ce-Ca peaks &t
»(O.)TS, 4,0.60), which again is related to the earlier peak (&) by
C-face centring vectors, Thus only peak A, (0.075,0,0,60) has to be
éonsidered. | |

| ThisAis.incompatiblg with special posifions e, fy,2,h, but if is
. compApible with i if x = 0.0375 and 2z = 0.30. Drawing the calcium

s
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atoms in the unit cell at these approximate co-ordinates, (FiguréA3.4),“

using a radius equivalent to 1 R, it was thought reasonable that the
nitrogen atoms should go at (0,0,0), (bleck circles in Figure 3.4)
instead of the other available two-fold sites.

"As the total content of the unit cell was'apparenﬁly deternined,
it wae decided to refine the structure by least-sguares immediately
without caléulating 8 Fourier'on the basis of the Ca atoms 6n1y.

For this, the DATRDY and ORFLS links of the system were utilised.



The latter is a revised version of the Busing-Levy full-matrix

least-squares program(9).- _ P

Atomic scattering factors were supplied in the DATRDN link for 0.1 -

. _1 o
E%?Q} The scattering factors used were those for Cal£+

intervéls of
and NB;. These were obtained by interﬁolation between vélues for Ca+
and Ca2+, and extrabolation from N and N“, foun@ in Internatiornal

‘Taﬁles(ll), Volume III., The prégram uses a four-point interpolation
function to evaluate the required values of form~-factors for a given

0.

" 'Phe input parameters were:

X ¥y 2 B
Ca ' 0.037 0.0 0.3 0.0
N 0.0 0.0 0.0 0.0

After five cycles of unweighted refinement on calcium x, z, B, and
nitrogen B, as well as the interlayer scales as parameters, pfodﬁced

“an R factor of 0.227 and the following parameters and standard deviations

X y -z B

Ca. | 0.03976 0.0  0.30571 ~0.641
o . 0.00315 - 0400156 0.267
N 0.0 0.0 0.0  31.89

c - - - 19.44



Clearly the calcium position was correct, and this atom refined

normally, the negative temperature faclior being & result of large,

uncorrected absorption errors. It was equelly clear from the temperature

\\

factor thafxthe nitrogen position was.incorrect.

~
~
~

. A Fourier map vias therefore calculated, using the refined Ca
position to phase tﬁe daﬁa, The interlayer scales obtained in fhe
refinement were also used. .This was accomplished using the DATRIN,
FC and FOURR links of the system. *

The Fourler obtained is shown in Flgure 3 5 for half the cell in

:%*sectlons. Tho map shomg cleally the poqxtlon of the nltvcgen atom at

%,0y%), plus the symmetry related position. The next highest peaks

"are of the order of half the height of the nitrogen peak, forming

ripples around the heavy atoms. The nitrogen posztlon of (#,0,%) is
consistent with the Patterson, where the corresponding Ca-N peaks
appear. |

Five cycles of least-squares refinement of the calcium and nitregen

paremeters gave an R factor of 0.188 and

b y 2z B
Ca 0.03688 0.0 . 0.30448 ~0.677
g . ©0.00141 - - 0.,00093  0.190
N 0.5 0.0 0.5  0.016

- - - 0.78
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Figure 3.5

Fourier synthesis using calcium positions for phasing.
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The largest éhift ocn the last'cycle‘waSVOOOOB stgndard‘déviatidns, with
~ an average shift of 0,002 stahdard deviations.-

On correcting six misindexed reflections, using the final'unit cell
constants, and removing tﬁfee strong 1oﬁ-ang1¢ fefléofioné which were
thought tp suffer from extinction, tso refinements were carried out
simultaneously. The first used unit weights, giving after five dycles

R = 0,160 and parameters:

x y z B

" Ca 0.03520 0.0  0.30453 0,972
¢ 0.00160 - 0.00103  0.177
N 0.5 0.0 0.5~ 0.016
g - - - 0.781

‘Maximum shift/error 0.0140
Average shift/error 0.0070
The second refinement used a weighting scheme of the type
, - «
w=l for F&F

* : #* ® o '
Ji=L  for FpF, with F =28 on an absolute scale.
F .

Five cycles gave an R of 0,162 znd paremeters:



X y z B
' Ca 0.03538 0.0 0.30426  -0.86
o  0.00130 -  0.,00081  0.17
N 0.5 0.0 0.5  0.14
- | . had —- 6068

On fhe laét cycle the maximuﬁ shift was 0.0035 standard deviations,
. while the averdge was 00,0015 gtandard deviations.
- 'These'parameters are the-final ones for refinement in the monoclinic
space group. Table'5.4 lists the observed structure amplitudes and the
calculated structure factors corresponding to. these parameters. |
Reflections are indexed inithe monoclinic system;- the scale is ten
times abéolute.

As a final cﬁeck, an error synthesis was calculatéd. This showed
no unusual features and fhe highest peak was.equivalent to 1/6 of
" the height of a nitrogen peak. |

Of the possible space groups in the monoclinic system, only CQ/m
is centrosymmetrlcc Since the structure refined with a centre of
symmetry, 02/m must be regarded as the correct monocllnlg space
group.

Table 3.3 shows the final hexagonal and rhombohedral co-ordinates.

Figure 3.6 (b) illustrates the symmetry of the space group Rgh.
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- - (continued)

The positions obtained from the monoclinic refinement are

. superimposed (Figure 3.6 (2) ) on this diegrem to show that they

comply with the symmeﬁry requirements of the rhombohedral space-group.

Hexagonal.

Rhombohedral

0, 0, O

Ca

L

b

"'X,J:,I

Cx = 0.268

Table 3.3:



Table-3,4

Observed Structure Amplitudes and
Calculated Structure Factors for

Ca2N

Scale: 10 x absolute

Format: 2 lFo' F,



&

M I~ O H © N~ O M N <+ M O N~ N O
© W0 W = ®© O &+ =~ - o~ = NI O e IR
- -~ o~ T o~ N o~ P A [ N M oM
) ' . i i ' i 1 ]
[ | —
- ® O M~ O T O 1N NN - M M N © O~ O O
o~ W ' 0w M O & M WO O o L I = v VN s S < M Yo
- — - N o~ A Sy - H N O R
- N
N < M N O o~ N NN N O M~ W o A N
' 1 i \ . 1 : i 1 ' h ' '
W <t O N O ~ < © o \0 M~ = % ~f o
-~ o0} MY (Ve [TaY - w (@] [ e N = [T —~ i t~ —i
~ P I B R L A e
3 : = :
= n O H O ®© - N+ 0N N < NO M~ O % O o
<+ O 6N <+ ~ < e AN M O O M~~~ O MmO - &~
- Y S~ - ~ o N N N - & N
o . .
O A &N M < : © o T o O H QK a0
i .
o 0N M~ O O N O O O O O 1 N O @® o
N © O I~ T 9~ o &~ AN H O = v N O W
- o~ N o e N o~ o~ N A
i ) . ) i i h
[ : =
- O O M~ M O M © N - O o t~ ® o~ ® O\ ~
o <+ O In N 1 .N O SN BN <& W < O M~ e~ O
- B e N T~ W= - B - N O+ = ~ o~
o o . o .
‘- N M < N WO I~ © o -~ o < w0 b~




2,2,L 3,1,L . 4,0,L
0 262 . 243 -4 145 158 -6 100  -65
1 200 -iaé#\ -3 114 122 -5 207 -191
2 11 -T -2 263 -297 -4 191 240
3 166 167 -1 135 115 -1 59 - 9
5 119 -184 0 135 163 0 96 166
1 160 -169 1 195 222
V2,4,L 2 go  -68 3. 202 172
5 139 223 4 130 -111
-5 137 -208
-4 174 137 353,51 4,2,'L
-3 11 93
-2 160 -178 -7 206 215 -6 64 64
o 177 197 -6 61 -54 -5 159 -171
1 134 -154 -5 145 -156 -4 186 210
-4 137 138 -2 179 -189
3,1,1 -3 98 90 180 90
-2 198 -225 0 178 150
-9 130 .-120 -1 76 84 .. 1 237 -209
-6 164 -111 0 144 142 2 40 16
-7 21 222 3 REVCRSY !
-6 105 -62 4,0,1 .
t5 180 ~172 A : : - 44441
| -7 269 - 187 2 183 -2
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_ 5,1,L>' 5,3,L

-7 284 212 -6 142 -135.

-6 167 -142 -5 92  ;96

-5 125  -98 -4 146 178

-4 189 . 187 -2 179 -198

2 164 -215 -1 143 155

-1 158 165

0 92 72 )
) T 155 = -183°

Least—Squéres\Refinement in the Space Group Rgh.

Due to no further single crystals being available, no single-crystal

photograph has been taken which shows a three-fold axis. However, since

the powder pattern could be indexed fully on the basis of a hexagonal

cell with rhombohedral absences, and the size of the unit cell is

consistent with a rhombohedral cell, it is fairly safe to assume tnat

the symmetry is in fact rhombohedral, especia}ly.if the simplicity of

the structure is taken into account.

“As a final step in the refinement of this structure, the space group

R3m was assumed and all monoclinic indices were transformed to



_ rhombohedral using the transformation -

h £ 3 1 h .
k = 1 0 1}l«x
. L
rhomb. 2 2 mono.

This produced 71 independént values of (hkl); Duplicate values of
(nx1), equi\}alent in the rhombohéd:'c'al system were averaged. Calculation
of structure factors using the final monoclinic positions transformed
%o this cell gave R = 0.133.

The full-matrix refinement program waé‘patched at this stage to
confine’the calcium atom to the body—diagonal'of the rhdémbohedral cell,
Tﬁus tﬁe nunber of parameters was reﬁuced to three’plus one overall
scale factor. Five cycies of least-squares refinement produced
virtually no change from the origingl transformed pérémeterso This is
understandable since the structure had been fully refined as monoclinic.
The improved agreement is thought to result from the fact thaé some of the
error introduced by absorption had been eliminated by taking mean values for
duplicate reflections reoﬁrded in different directions. The refinement
was based on all the data; no reflections were removed for extinction.

The weighting scheme used was the same as in the monoclinic refinement.
The final output parameters referred to Thombohedral axes are given in
i

Table 3.5. The list of observed structure amplitudes and the structure

factors calculated from these barameters are given in Table .3.6.



,

Table 3.5 - CaZN, final positional Parameters, rhombohedral refinement’

' ‘»_‘-A o a. X y - z B
Ca™~ - 0.2680  0.2680 0,2680  0.2680 = -0.59
& . 0,003 |
N 0.0 0 -0 0 0.30
g - ' V : 0.67
( where dD = =xa +yb +z¢ and D=a + b+c )

Unobserved reflections are included in the Table as the minimum

1oca11y> observable and are marked by "L". The scale is absolute.

Table 3.6 - CazN, observed structure amplitudes and calculated

structure factors, rhombohedral refinement

Lt 159 2406

[ [ 1 2 3 -1 1644 1T.45
1] [ 2 19,98 ~1B. T4 2 3 3 17.57 18.96
0 4 3 8589 1496 2 3 4 14,35 =~15.25
o 1 -3 14,20 ~15.68 2 3 s 8.52 -6.01
1] 1 -2 Tt 2.99 ~0.11 2 3 & 12.91 17.99
[} 1 -l 22.83 27.83 2 4 A 8.C3 ~b.22
[ } 1 19460 «23.84 2 4 5 20463 18.91
0 1 2 11.39 11.35 2 4 ) * 419 5.16
[ 1 3 1T.61 19,30 3 3 3 22,51 =11,96
[ t 4 9445 “7491 3 3 I3 2.37 ~6.56
[ 2 -2 18,00 19,48 3 3 E 19,68 20.24
0 2 2 20.63 22439 3 3 3 5,51 5433,
o 2 3 9.15 -8,23 3 4 4 2732 23,51
[ 2 4 12,47 =~12.22 3 - 5 TeAl 6,20
[ 3 3 12,99 ~12.43 .3 4 o 14,50  -16.15
0 3 4 12.76 14.03 3 5 5 19.47 ~lb.66
3 1 -3 ot 1e41 -0.52 3 s 3 3,63 1.83
1 1 -2 17.37 20435 4 4 4 - 10,62 1.73
3 T -1t 2447 0e47 « 4 5 20,88 ~17.94
1 1 1 12482 19.47 4 ) 6 L 2.67 2,03
1 1 2 23.31 30054 & 4 7 13.58 16457
3 3 3 7.98 -8.82 4 5 s 5,48 2.4l
1 1 3 12,39 =12.43 & 5 6 18413 20409
1 2 -2 L 2,41 -0.42 - 5 7 L 1.96 -2.66
1 2 -1 16,49  =16.83 4 I 7 . 13,34 14,99
B ! 2 2 11,22 =103t 5 5 5 26429 21.95
1 2 3 Thols  ~16,44 5 ) 7 13,65 ~=15.12
1 H & 14498 15.27 S s 6 L 2.27 -2453
1 2 5 1he 87 12435 S 6 & 16,96  =15.52
1 3 -1 7498 T.55 5 ) 17 12.65 9462
3 3 3 18.33 17.2¢ S 7 7 11.18 16,21
3 3 4 14,80 13.35 6. 6 6 13.25 10412
i 1 3 s 15,71 =13.45 & 6 7 2C.20 16.75
H 2 -2 15.93 =15,60 6 & @ 11.27 -9.70
2 2 =1 5,91 7498 6 7 7 9.93 -9.74
2. 2 2 17.44  =12.12 6 1 8 16.16  -10,82
2.2 3 21058 22028 T 7 7 Ile.2 =173
2 2 - 12.99 14.89 T [ 17.72 15,46
2 2 s 13.08 ~13.62 7 8 B 11.57 - 1G.46
.8 3 8 T 8.20 =14,47.

)
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. 13, Discussion of the Ciystal Structure. of Ca N

D

Description of the Structure of Ca. N

Figure 4.1 shows CaQN to have a layer st?ucture of the anti—Cd012 type.
_The projection shown corresponds fo [010] of the monoclinic cell. The
rhombohedral cell is also drawn in, with its calcium content hatched.

The [11i] rhombohedral axis runs down the page,'through these two atoms and
"a nitrogén>at the origin. Figure 4.2 shows a view qf'a single layer of the

Ca,N structure looking down the rhombohedral [lli] axis.

2
The structure may be thought of as 6onsisting of two sheets of calcium
with a sheet of nitrogen sandwiched in between. Such a-triple sheet is
congidered to form a single layer of the CazN.structure.

' The set of positional parameters and standard deviations from
rhombohedral refinement were used'tok1; calculate the various inter-
atomic lengths and angles. These are listed in Table 4.0. The s'tandard
devi#tions include the estimated error in the uﬁit cell.

The final atonmic co-ordinates from monoclinic refinement were also
. used to calculate the various distances and engles. These are listed in

Table 4.1 with their standard deviations (errors in the unit cell were

not included). The symmetry operations used, (monoclinic cell), arve
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inﬁicated by.Roman numerals according to the folloﬁing schemé;
I xid 3, oz . ._' I %, 0,z
I dex, 3, 12 W xb, B 2
Bond 1ength;\§nd\angies %hich are equivalent in the higher symmetry are
N
averaged. In all ;ésgg.the values obtainéd from monoclinic refinement
are ﬁithin one standard deviation of the mean, and are in agreement

with those in Table 4.0

The nitrogen and calcium co-ordinations are illustrated in Figures

4.0 (a) and (D).

-

Table 4.0 - CaZN, Inter-atomic distances angles and their standard

deviations - Rhombohedral Refinement

s
N - Ca 6 et 2.433 & 0.007 2
Ca - N 3 at 2.433 0.007
Ca - Ca 3 at 3.230 0.008
6 at 3,638 0,003
3 at 40347  0.008
Ca - N~ Ca 96.9 or 83,1° 0.2°

N -Ca-XN 96.9° , 0.2°




Figure 4.0 (a) .

The nitrogen co-ordination
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: Figuré 4.0 ()

The calcium co-ordination

1



CaQN, Inter-atomic distances and angles; Mbnbclinig Refinement

267

Bond Bond-length e Bond  |Mean Length | o7
2 X 2 £
N - Ca 2,436 0,007
N - Ca 2,429 0,005
Ca - Ca; 3,638 0.011 Ca - Ca; 3.6%8 0.011
Ca -'CaIi 3,230 0.005
Ca - Ca, | 3.225 0.006
Cap - Cary 3,220 0,011 _
-Ca-- Ot 4353~ . |..0.010 | Ca - Cay.| 4.353 0.010
Angle N Angle llean o
Ca-N-Ca 96.78° 0.19°
~N-C 6.9° 0.15°
. o o | Ca-l=Cay | 96.9 .
Ca-N-Car, 96.97° 0,20
) (o} 0
Ca-N-Cayy 83,22 0.19 . o o
‘ o a-N-Ca2 83,1 0.15
Cay-N-Cary 83.03 0.20
2
Table 4.1

The nitrogen shoms lie at centres of symmetry on inversion triads.

They have an octzhedral environment with six egual N - Ca distances of

) N . .- s
2.453A§, but there. is some angular distorticon and the octahedra are

flattened in the ¢ direction. The ¥ - Ca distancé in /Q-CaBN2 is

2,47 .

Within a layer, each calcium atom is in contact with three nitrogens

. R - R ) . o N
at 2,433 . There are three nearest neighbour calcium atoms at 3.230 £,
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aﬂd six more et 3.638 &, The nearent caleiums in the nextvléyér are at.
4,?4? 2. This is-in fact the closgst approach of thé adjacgnt igyers; Thué
theuéé;Ca\distance between the 1ayers-is very sigﬁificantly longer than
that found :In the metal; 3,947 2 in the a-form and 3,877 .gin the
g—form(lz)o | | |

Therefore CazN mzay be described as consisting of anti-Cdle typé
leyers, separated by remarkably large gaps, and stacked in an ABC
sequsnce,

" Tonic Naiture of Caé_li

Clearly, the postulated structure of Ahmad'is only partielly
correct in predicting a layer arrangement, but is incorrect in that
it requires two crystallographically non-equivalent calcium atoms.

It appears best , however, to think of the structure as being

esséntially ionic, The fact that Cs N gives off ammonia and hydrogen

2
in contact with water, and the difference in the electronegativities
of the two elements support this contention. There would be an excess
of one electron per formula unit, which would be essentially "free",

and would give rise to the lustrous, gravhitic appearence of the

crystals,

Comparison with Other M.X Compounds
. . [

A structura1'00mparison ﬁay be made with 0520(13)._This compound

e



‘also has an anti—CdCl2 type structure, the main difference being thet

2N the shortest metal-metal distence between layers is

substantially greater than the correspondlng one wlthln the layer,

in Ca

- whereas for Cs,0 (Wbere there is no excess of electrons) they are of the

2

sane order,
>0thér compounds known with the general formula Méx, which contain
excess electrons are AgZF(14), Tiéo(15), Tizs(ls), and Nb23(17) apart

from the barium and strontium analogues of CazN. The corductivities of

2 5 oTe had been measured 152 McTaggart(16), although he

was not certain whether these compounds exist as a separate phase or

Ti, 5, Ti.Se and Ti

‘not.

Ag T is hexegonal with =a = 2.989, ¢ = 5,710 £, 2 = 1, and has

2
an anti—CdI2 structure, Thig differs from the an'i:i—CdCl2 type only in

‘the manner of stacking the layers, the seqﬁence in this case being
AB&B.‘The atomic parameters were determined from powder data by
Terrey and Diamond as F at (0,0,0) and Ag at (3, &, w) and (%, 3, u),
"where u is approximately 0.3,

TiQO.is trigonal with & = 2,959, c¢ = 4.845 2, %2 = 1, space-group

P3ml (No 164). The atomic co-ordinates were stated by Andersson et &1(13)

as 0 at (0,0,0) and Ti at (%,%,2) end (5,%,2) where 3z = 0,263,

18) . . . . -
al( 7y but nothing further is known about it at the

219)

TiZS is hexagon

’ i
present time., Its structure is soon to be publishe

¥b,S is tetragonal with = 16,794, ¢ = 3,359 ﬁ, and has the

2



'spaée—group I4/m. it structure is being 1nvest1gated by F'anzen et
el )N o C

The first two compounds have metal-metal distances between'the
layers shorter than within them, though in the case of Ti 0 the
difference is not great. A "layer" is still being defined as an anion
sheet between two metallic éheets. Thus these compounds eppear to

have structures contradictory to that of Cazﬁ, as illustrated in

Figure 4.3,

Because of this appﬂrent contradlctnon, an attempt was made to

check the structLres of AgzP and T120° In each casc the publlshed

777777 I
777777 T

’7777// IIITT]

Ca N - AgF - 10

[
i

metai

///1/]/. enion
Eig’ure 403

gtructure and the alternative structure analogous to Ca2H vere refinesd

by least-squares of the powder data. Teble 4.2 summarisés the various i



&
ey

agreement factors obtained,

Compound ~ Atoms - R

Ag + F at (0,0,0) _ 0,312

'Ag?_F Ag + F ot (0,0,% 0,301
Ag only - 0,312

Ti + 0 at (0,0,0) 0,169

71,0 Pi + 0 at (0,0,% 0.181
?i + 30 at (0,0,0) and '

30 at (0,0,%) 0,169

Ti only 0.169

Table 4.2

In both caseg the results are inconclusive, Heither version leadé
to a significantly better agreement. Fourier methods were also tried,
end seemed to indicate in the case of TiZO that there may be disorder,
and both sites mey be occcupled by oxygens. With the Ti stom at f 0.263
in z, fhe two sites ave almost identical, and therefcre.disorder nay

well be presant.

In the case of gng the results appear inconclusive, though the

abillity of silver to form metal-metal bonds, and the reasonable Ag-F

distances would favour the published structure.

No data are available for KbZS and Ti25,>thus these compounds

cannot be considered at this stege. -

.

R
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‘Comparison with Cs.0
} J/

CaZN wés compared structurally with 0320, but its electrical

- properties would favour comparison with a lower oxide of caesium,

Cs,0. Tsal et 31(20) have found that powdered CSBO shows metallic
P4 . :

conducﬁi?ityo |

0s,0 contains columns of 0-Cs octzhedra. A slice perpendicular to

3

these columus is shown in Figure 4»4(21). The,metal—metal distance

within the columns ig 2,89 ﬁ, similar to that in Cs,0, - but the Cs-Cs

-

distence between th» columns is ~w5 8 2, compared with onl; 5 24 R

in metallic csesiun,

} OOO OQQ OOO"
'.QQO oy QQO
OQO |

_Ocsmo OMQ .o

Figure 4.4 .
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The metallic conductivity of powdexred Cs,0 implies'that a single

3
crystalvhave.metdllic condﬁctiviﬁy in‘all'directipns; and therefore
suggests fhat the "ffeeﬂ electrons are situated in the gaps betveen .
~ the columns‘as opposed to being localised to the columns themselveé.
The 1atter alternative would result in a vni-directional conducfivity,
wvhich would contradict the experimental observation.

This implies that in Ca2N the éxcess electrons should be localised
to the large gaps between the layers., Such an arrangement would give
~the required electrostatic stability to the Ca2+ environmgnt.’The
layers without the excess electfoas remain eséentially ionic in
charecter and form a barrier to conduction through them.

Thué the "free" electrons should be able to move with ease
parallel to the basal plane of the hexagonal cell, (i.e. in the gaps
between the layers), The lsyers themsclves form barriers which
‘become less effective as the electrons become more energetic with a
rize in temperature. ﬁndqr such conditvions ﬁorc electrons ére able
to surmount the barriers; so that in the trans-lasyer direction a much
lower value of conductivity may bq expected, which howaver would
increase with an increase in temperature in the manner of a
semi-conductor. |

These properties would éfplain the experimental observation for

a powder compect, since it is the poorer "conductor" which would

govern the conductivity of ‘a powder which was composed of a mixture

of two different conductors. The temperature cosfficient of o mixture



A

would however be a proportional average of the components. In the case

of Ca ¥ we can therefore say thet at least one direction in a single

2
crystal\mugt have a positive temperature coefficient of conductivity.

~

Before a fuli proposal of the electrical properties of CaEN is made

reference should be made to the known properties of other mzx compounds.

Electrical Properties of M.X Ccmpounds
‘ ' ” ‘

‘ Most elecﬁricgl peasurements on these compounds were made in the
powder form. The values of conductivity at reoﬁ geﬁperature afé ‘
listed in Table 4.3 with the conductivity of the appropriate metal
given for comparison. The ratio of the two conductivities is also
stated in each case, | '

The general trend in the Table shows that MéX compounds, other
than 0a2N and BaQN‘have netallic conductivities. They are of the
order of 1/10th of the value for the appropriate metal, The
conductivities of Ca2H and Ba2N can only be described as semioénducting;

6 of the metallic value.

the actual values being of the order of 10°
Two conclusions may; therefore be drawn from the Table. First,

_ that there is likely to be alsignificantistructural difference

between Ca2N end the other compounds, (BazN end Srzﬂ’are sssumed 0

be isostructural with Cazﬁ, élthough thers is no direct evidence for this)

The significant structural difference is the size of the interlayer

-meﬁal—metal digtance compared WithAfhat within the layer in each case,



Compound Conductivity | Metal Conductiyity ~ Ratio
of powder | of metal 7
ohrn.",lcm—1 V-ohm‘“lcm'1

Ca N 25107 Ca " 3x10° 1.5x10°
-2 : 4 6
BaZN 1x10 Ba 1.4x10 1.4x10
71,0 - | | -
71,9 35107 - 6
TiZSe ' 5;103"“ ' i 23{104 ’ -1 4
TiZTe 5x103 4
‘ Ag2F : gréphitic - Ag 6x10° _ ~ 6x10°
(~10%)
Nb,.S >10° Nb ex10t 10
2 .
Table 4.3

‘The second conclusion is that only Ca2N and itsbbarium and strontium
analogues should-be semiconductors, as the other compounds should
show single-crystal conductivities which are almost metallic; though
they should still exhibit marked anisotropy. The direction of poorest
conductivity still cannot be much worse than ﬁhe values for the
powder, since es stated préiiously, it is this direction that

governs overall conductivity of the powder sample.

Of this group, only_Ang had been examined_in detail for the -

&R



S SR 276

electrical properties of a single crystal. Andres et 31(22) have found

that flakes of Ag2F, being roughly nermal- to the crystallographic ¢

~
~

axis, showed conductivities of 4x104 ohm Yem™! &t room temperature.

N .

It was not 5os§ibleAto measure the conductivity of the flakes in the
perpendicuiar d;;‘eqﬁion, but it was st‘ated by the authors to be
almost certainly conéiderably lower; They also found that AgéF Became-
a superconductor at 0,066%K and a critical fiéld of 2.5 Oe at 0°%k.
Measurements of the Meissner effect in single crystals showed that the
supercurrents flow in all three directions;

'The last 6Bserfation ié importanf since ié'iﬁ;iies that the.ﬁarkeﬁ

anisotropy inherent in such layer compounds disappears in the

" superconducting state, although there may be a structural change

accompanying the transition. If one pictures Ang as consisting of

alternate layers of twin sheets of bonded metallic silvers and sheets

‘of ¥~ ions, one can localise the "free" electrons in between the

bonded silvef atoms. Metallic conduction would then be expected in this
plane, with lower conduction perpendicular to it; The effectiveness of
the ionic barrier of the F ions is expected to be lower than that of

the ionic layer in CQZN, wvhich effective}y consists of the>jriple sheet
2+

of Ca Na“, Ca2+ ions. A less effective barrier gives better conduction

through itself, and therefore the value of the conductivity for a

powder specimen is much ﬁighef for Ang than for CazN. Thus the

presence of the gap between the layers of Ca2N impliés excellent

‘conductivity parallel to them, possibly even better than in the metal.

Since electricelly the major'différence between the two compounds

:



appears t0 be the effectiveness of the ionic barrier, and since this

barrier disappears in the superconducting statey it is quite'likely

" that Ca,N would alsc become a superconductor at a suitably low

2
temperature. Superconductivity is already knowvn ‘to be exhibited by

some other nitrides, e.g. Mo, N, MoN, NbN, TiN, VN, ZrN etc.

2

Likely Electrical Properties of Single Crystals of Ca N

At room temperature, the electrical conductivity of CaZN is likely

~ to be mérkedly aﬁisotropic;”fn a'difecfioh'parallel tévthe layers 6f

the structure, conductivity should be metallic. Perpendicular to

the sheets it should exhibit semiconductivity., The temperature
coefficients should be negative and positive in ihe two directions
respectively, as for a usual metel and a semiconductor. Ca2N (s well

as Ba, N and Ser) should be the only N X compound of the group

2 2

discussed‘that exhibits semiconduétivity.

In view of its structure, and by analogy with Ag2F, Ca2N is
likely to be a superconductor at low temperatures.

In the powder form, no contradictions arise between the measured
values and theAproperties proposed. |

Clearly, a thorough electrical investigafion of single crystals of
CazN is very @esirable, and should give interesting results. It is

hoped that this work will scon be undertaken at a different

laboratory.

S a3
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(Reprmted fram Nature, Vol, 217, No. 5131, p. 841 only,
March 2, 1968) ,

N

!

Structure correspondmg to the Ideal
Composmon 3Bi,0,.I17Nb,0:; -

As part of a study? of the structures of compounds in
the Bi;0s-Nb,0; binary system, we have determined the
crystal structure of 3Bi,0;. 17Nb,0;, which we believe to
be the ideal formula of the compound prepared by Roth
and Waring? and referred to as Bi,0,.6Nb,O;.

The pale yellow plates of this material are orthorhombic
with a=12-516 + 0-005, b=37-14 + 0-02, c = 3-922 + 0-002 4,
U=1828-3 A3, Using this unit cell we have been able to

index fully the X-ray powder pattern published by Roth

and Waring?®. . Single crystal photographs suggested that-
-the structure was of the tetragonal bronze type® but with
one cell edge tripled, and the intensities showed a remark-
able similarity to those found by Sleight* for Nb,;qW;50,,.

‘'The structure has been determined from some 1,300
independent reflexions, obtained with Cu-Kua radlation
- and visually estirmated. Least-squares refinement, in space
- group Pba2, has now reached R= 0 10 and is bemg con-
tinued.

All atoms in 3Bi,O,. 17Nb5,05 are sntuated near two
" levels approximately c/2 apart. The structure is based on
an Me,,0,4 matrix in which four of the twelve pentagonal
tunnels are regular (in contrast with the other eight) and
contain niobium atoms in pentagonal bipyramidal co-
ordination. All the other niobium atoms have an octa-
hedral co-ordination. ;The remaining eight pentagonal
and six dmmond-shaped tunnels, which are empty in
Nb,;W;,0,,, contain all the bistauth atoms. We have
found that these are statistically distributed among a

' number of possible 51tes,’and have used the occupancy at

each site as a parameter in the least-squares refinement.
The resulting. structure is shown schematically in Fig. 1.
The apparent chaos among the bismuth atoms is not .
unreasonable. The pentagonal and even the diamond-
shaped tunnels are too large for the bismuth atom (ionic
radius 0-96 &) and, consequently, these atoms are located
away from the centre of the hole. Furthermore, the bis-
muth atoms show a very strong tendency towards a one-

» sided four-fold. co-ordination similar to ‘that found, for

example, in BiSbO, (ref. 5) and-a number of other complex
oxides and oxyhalides of bismuths-¢, This kind of eo-
,ordination, a ‘consequence of a lone pair 6f electrons, is
more often associated with tervalent antimony!®!! and
is ‘even found for arsenic’?. The bismuth atoms could -
achieve this co-ordination at a number of sites. The .
bismuth occupanecies of these sites are uneven (see Fig. 1)
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Fig. 1, 'The [001] projection of the structure of 3B1,0,.17ND, 04 showing the Me, 0,4 miatrlx (shaded) and the occnpancies of the bismuth sites.
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" but add up to 5:7 (20=0-2) per unit cell, whereas 6 would -
be expected from the formula.. It seems likely that the
. remaining 0-3 atoms are spread out thinly among some or
.all of the other possible sites. If, however, the true
formula is Bi,0,4.6Nb,0;, there would be 5§ bismuth atoms .
-per unit cell, but electrical neutrality 'would require the -
random removal of half an oxygen atom per unit cell.

It is difficult to reach a clear-cut decision between the
two- composutlons, the difference between which is very
“slight (15-0 'per cent Bi, 0, 85:0 per cent Nb,0;, Deale=

5:37 g em-? for 3: 17, and 14-3 per cent Bi,O,, 85-7 per
cent Nb,O;,. Deale=5-30 g em-2 for 1:6). We consider,
" however, that 3B1,Oa.l7Nb,05 represents the ideal struc-
tural formula.. E. T. Keve )
) A. C. SEAPsk1
Chemical Crystallography Laboratory, ‘
Tmperial College, ’
London.
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The Structure of Triclinic BiNbO, and BiTaO,
By E. T. KEvE and A. C. SKAPSKI
(Chemical Crystallography Labovatory, Imperial College, London, S.W.1)

THE group of ABO, compounds shown in the Table
falls into three structure types, all of which are
unique to this system. Previous studies!* have
shown the monoclinic and orthorhombic forms to
be related in a very simple manner. We have now

determined the crystal structure of triclinic
BiNDbO,, a representative of the third type, and
find it to have unusual features.

The triclinic forms of BiNbO, and BiTaO, were
first prepared by Aurivillius* who showed them to



be isomorphous. Subsequently Roth and Waring*®
found them to be the high-temperature forms and
prepared the low-temperature orthorhombic modi-
fications of these compounds. Triclinic BiNbO,
forms pale yellow elongated prisms., The crystals
are normally twinned on the &¢ plane in two

bsina

o sin B

if O

2.
i~
o

[§° fof

OBi ONb 00

Ficure 1b. [010) Projection of iriclinic BiNbO,,
(Dashed lines indicate bonds between niobium and oxygens
tn the cell above. The octahedra are joined at corners,
not edges).

different ways, one of them being polysynthetic.
The unit-cell dimensions* are: @ = 7-611, b =
6636, ¢ =7919A, «=289° 54, B=1T7° 28"
y =879, U=3252A3 The unit-cell content
is 4(Bi"®NbY0,). )

TABLE
Nbv Sbv TaVv
Sbirt SbNDO, a-Sb,0, SbTao,
. (o-rh.) {o-rh.) (o-th.)
— B-5b,0, —
) (mon.)
Bill BiNbO, — BiTaO,
(o-rh.} (o-rh.}
BiNbO, BiSbO, BiTaO,
(tric.) (mon.) (tric.)

One form of twinning could be removed by
splitting a crystal, but because of the very small
size of the resulting fragment Cu-K, radiation was
used to collect the visually estimated data. The
structure was solved by standard methods and all
the oxygen atoms were observed in a difference
Fourier. Least-squares refinement on 642 inde-
pendent reflections, assuming space group P1, has
reached R = 0-122. No absorption correction
could be applied because of the polysynthetic
twinning.

Figures (la) and (1b) show that the structure
contains puckered sheets in the b¢ plane consisting
of Nb-O octahedra joined by corners only. It
can be derived by slicing an ReO,-type structure
diagonally [parallel to (110) of the ReO, unit cell],
separating the sheets of octahedra so formed, and
sidestepping them to permit more economical
packing (Figure 1b). The voids in this framework
(Figure 1a) are then filled by the bismuth atoms.

The type of sheet found in this structure is novel
in having octahedra joined at four vertices so that
the two free ones are adjacent. The other way of
joining octahedra at four vertices to form a sheet
of the composition (AX,),, is found, among others,
in B-Sb,02 and SbNbO,? This type of sheet,
however, together with those, two-octahedra thick,
found in SryTi,0,* and Bi,NbTiO? (as perovskite
units) are analogous to slices parallel to (100) of
the ReO, structure.

The octahedra are distorted and the Nb-O
distances are within the normal range. The
co-ordination of the bismuth atoms is one-sided
and very irregular. Each of the two crystallo-
graphically independent bismuth atoms has eight
oxygen neighbours in the range 2-10—3-00 A;
there are other oxygens at distances greater than
3-48 A. The standard deviations are 0-04—0-08 A.



There are no unusually short oxygen-oxygen of twinning can be explained in terms of alternative
contacts. ways of stacking adjacent sheets.

Both the nature and frequency of the two modes (Received, October 25th, 1966; Com. 824.)
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Ca,N: A Nitride with a Layer Structure

By E. T. KeEvE and A. C. SKAPSKI
(Chemical Crystallography Laboratory, Imperial College, London, S.W.7)

Armap and TomrINson! have recently prepared a
new nitride of the stoicheiometry Ca,N and
recorded its X-ray powder pattern. Corresponding
subnitrides of strontium and barium are also
known.! We have determined the structure of
dicalcium nitride by three-dimensional .X-ray
methods, and find it to have some unusual
featureés.

Ca,N forms greenish black lustrous crystals
which quickly decompose in air, and have to be
sealed under argon. Their symmetry is thombo-
hedral, and the unit-cell dimensions, determined
by indexing Ahmad’s powder data, are a =
- 6603 A, &« = 31° 89, U = 717 A%, Dp, =
217 g. cm."®, Do = 2:18 g. cm.? for Z = 1.
The corresponding hexagonal cell has 2 = 3-638,
and ¢ = 1878 A. The space group has proved
to be R3m.

The structure was solved by standard methods
on the basis of a morphologically and computa-
tionally convenient momnoclinic unit cell (@ =
6299, b = 3-638, ¢ = 75356 A, B = 123° 51,
Z = 2 and space group C2/m). Least-squares
refinement has now reached R = 0-16 for 121
reflections, collected with Cu-K, radiation and
visually estimated. Further refinement using
data from a better-quality crystal will be carried
out.

Figures la and b show that Ca,N has a layer

structure. The nitrogen atoms lie on inversion
triads, and their co-ordination is octahedral with
some angular distortion (Ca~-N-Ca angles of
96-9° and 83-1°) and six equal N-Ca distances of
2:43 A. By comparison the N—Ca distance found
in the usual nitride, CagN,, is 2-47 A* Within
each layer every calcium atom is in contact with
three nitrogens at 2-43 A. Its nearest calcium
neighbours are three at 3-23 A and six at 3-64 A,
The shortest Ca—Ca distance between the layers
is 435 A. The Ca—Ca distances found in the metal
are 3947 A in the g¢-form and 3-877 A in the
y-form.4

The nearest structural equivalent is Cs,0,%
which has an ariti-CdCl, type structure. The
main difference is that in CagN the shortest
metal-metal distance between layers is sub-
stantially greater than the corresponding one
within the layer (see Figure la), whereas they
are of the same order in Cs,O. Further compari-
son can be made with a lower oxide of casium,
Csy0,% which is reported to have a greenish
metallic appearance. It has columns of O-Cs
octahedra with interatomic distances similar to
those in Cs,O, but the Cs-Cs distances bétween
the columns are about 0-5 A greater than those
in the metal. )

It is probably best to think of the structure as
being essentially ionic. Thus Ca,N gives off



FIGURE la

A view of the layer structure of Ca,N showing the
rhombohedyal cell and 4ts calcium content (hatcked).
The projection corresponds to [010] of the monoclinic
cell indicated. The estimated standard deviations of
the bond lengths are ~0-01 A,

ammonia and hydrogen in contact with water?
and the difference in the electronegativities of
the two elements also favours this view. The
greenish black -graphitic appearance is due to the
excess electrons. ~

Tsai et al.® have found that powdered Cs,O
shows metallic conductivity. This implies that
single crystals must have metallic conductivity

FiGgUre 1b

A single layer in the Ca,N structure.

in all directions, and therefore suggests that the
‘“free” electrons are situated in the gaps between
the columns of O-Cs octahedra. We favour an
analogous view of Ca,N, with the excess electrons
being situated in the large gaps between layers,
which, being essentially ionic, form a barrier to
conduction. Such a view also gives the calcium
ions a more balanced electrostatic environment.

A preliminary investigation of the electrical
properties of powder compacts of Ca,N? indicates
that the conductivity is in the semiconductor
range (about 0-2 ohm-! c¢m.-! at room tempera-
ture} and that the temperature coefficient is
positive. These observations are consistent with
the structure. A single crystal should have
excellent conductivity parallel to the layers, but
a much lower conductivity normal to them. A
rise in temperature should reduce the effectiveness
of the ionic layers as barriers, so conduction
perpendicular to the layers, which in a powder
specimen would be the determining factor govern-
ing overall conductivity, should increase.

(Recetved, October 21st, 1966; Com. 805.)
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